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"If I have seen further, it is by standing upon the shoulders of giants." 

- Sir Isaac Newton 
 
This thesis is dedicated to the exceptional scientists who came before me, leaving a vast treasure 

trove of exciting things to discover. I was led on numerous exhilarating adventures to find 
manuscripts from the 1800s and beautiful hand drawings of original studies (see images from 
His in 1865 below). I spent many hours on Google translating papers into English, often from 

the long-ago work of German anatomists or the occasional (and more challenging to translate) 
French or Japanese study. I am incredibly thankful for their valuable contributions. 

 

 
  

 
  

Images of the perivascular spaces around blood vessels by Swiss anatomist Wilhelm His, Sr., the 
first to attribute a lymphatic role to the perivascular spaces (1865).  
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Abstract 
 

Communication between the cells and fluids of the central nervous system (CNS) is incredibly 

complex and poorly understood, which has contributed to a paucity of CNS drugs. Despite the 

relatively limited understanding of drug transport between the cerebrospinal fluid (CSF) and the 

brain, there are currently three FDA-approved non-small molecule drugs delivered into the CSF 

for treatment of CNS disorders. Thus, there is a critical need to improve our knowledge of CSF-

to-brain transport mechanisms for macromolecule drugs (e.g., antibodies) to aid in interpretation 

of results from clinical trials.  

 

In the present study, we demonstrated two main mechanisms of CSF-to-brain transport following 

infusion into the CSF of rats: (i) slow, size-dependent diffusion at brain-CSF interfaces in the 

brain’s extracellular spaces and (ii) rapid, relatively size-independent transport along the cerebral 

perivascular spaces. We demonstrated using intrathecal infusion of labeled single-domain 

antibody fragments (4.5 nm), full-length goat IgG (10 nm), and dual-labeled nanoparticles (13.5 

nm) that access to the perivascular spaces was size-dependent and could be enhanced for goat IgG 

by administration of intrathecal hyperosmolar mannitol. Surprisingly, species-matched rat IgG (10 

nm) demonstrated extensive access to the perivascular spaces, which was attributed to Fc receptor 

mediated entry. These results suggested that rat IgG had a physiological role in the perivascular 

spaces, i.e., for surveillance of antigens. Thus we probed for endogenous rat IgG in untreated 

animals and revealed endogenous IgG was predominantly localized to CSF interfaces and 

perivascular spaces, suggesting that rat IgG under physiological conditions in vivo utilizes the 

perivascular pathways extensively for transport into the brain. However, in a primary rat model of 

glioma intrathecal infusion of rat IgG failed to access the tumor and there was a significant, global 
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reduction in rat IgG access to the perivascular spaces. Altogether, these results illuminate the 

mechanisms and pathways of macromolecule transport between the CSF and brain and suggest 

that rapid perivascular transport is likely to provide substantial delivery to the larger human brain. 

However, size-dependent CSF-to-brain sieving of molecules may significantly hamper distribution 

of large therapeutic substances, e.g., gene therapy vectors or species-mismatched antibodies and 

may require strategies to enhance access.  
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Disorders of the central nervous system (comprised of the brain, spinal cord, and encompassed 

fluids) have been historically difficult to treat due to a lack of successful drugs (Kaitin & Milne, 

2011). Several factors likely contribute to the dismal success rate, including off-target side effects 

(particularly when drugs are administered systemically), a poor pre-clinical to clinical translation 

(due to species-differences in physiology and size), a lack of knowledgeable biomarkers for 

gauging the efficacy of drugs once in clinical trials, and most critically, a poor understanding of 

the brain and its compartments, their communication, and the barriers to drug delivery  (Thorne, 

2014a). The seemingly greatest obstacles to CNS drug delivery are the blood-brain barrier (BBB) 

and the blood-cerebrospinal fluid (CSF) barriers (BCSFBs), formed by specialized cells joined by 

tight junctional complexes which exhibit very low rates of transport (Abbott et al., 2006). This 

excludes most therapeutics from the CNS, whether they are small molecule therapeutics or larger 

biologics.  

 

Biologics, so-called because they are produced by living organisms, are a highly-promising group 

of therapeutics for both CNS and non-CNS disease; biologics include peptide and protein therapies 

(e.g., enzymes and antibodies), nucleotide therapies (e.g., RNA- and DNA-based drugs), viral 

vectors, and cell therapies. These therapeutics range in size from 1-10 nm for peptides, proteins, 

and oligonucleotides (Bloomfield et al., 2000; Syková & Nicholson, 2008; Wolak & Thorne, 2013; 

Wolak et al., 2015) to 20-300 nm for viruses (Davidson & Breakefield, 2003) to 10-30 µm for cell 

therapies (Hoogduijn et al., 2013), as compared to most small-molecule drugs which are less than 

approximately 1 nm in size (<1000 Da)(Macielag, 2012). There are over 130 FDA-approved 

protein and peptide drugs (including full-length antibodies (structure detailed in Fig. 1), antibody 

fragments, and antibody fusion proteins), which are extremely promising due to their high 
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specificity (and thus, fewer off-target side effects), exceptional potency, and improved tolerability 

in the body (Leader et al., 2008). Antibody therapies in particular are consistently among the top 

grossing drugs each year—indeed, six of the top ten drugs were antibodies in 2017 with total sales 

of $51 billion dollars (Urquhart, 2018), attributed in part to their high cost of production.  

 

However, most biologics are unable to cross the BBB or BCSFBs in sufficient amounts (Abbott et 

al. 2006; Begley et al. 2008; Calias et al. 2014; Davson and Segal 1995) due to their large size and 

hydrophilic nature. This illuminates the need for alternative CNS delivery approaches, e.g., non-

invasive intranasal administration (Thorne et al., 2004, 2008; Lochhead & Thorne, 2012), invasive 

delivery directly into the brain parenchyma (e.g., convection enhanced delivery (Bobo et al., 

1994)), or semi-invasive administration into the CSF (the focus of the present work). However, 

even if central access is achieved we still possess an inadequate understanding of the transport 

limitations imposed by the complex cellular and fluid environment of the brain (Syková and 

Nicholson 2008; Wolak et al. 2015)—the ‘barrier beyond the barrier’. Thus, an improved 

understanding of the CSF-to-brain distribution mechanisms for these large therapeutics is critically 

needed because CSF delivery of biologics is ongoing in children and adults (Calias et al. 2014, 

clinicaltrials.gov), without a clear picture of drug disposition in the brain, the transport limitations, 

or the mechanisms driving the distribution. 

 

Possible routes of CSF administration include lumbar intrathecal, cisternal intrathecal, or 

intracerebroventricular (into the lateral, third, or fourth ventricles in the brain’s interior)(see 

(Greenberg, 2010; Schuenke et al., 2010)). Intrathecal lumbar administration can be achieved by 

direct injection/infusion into the lumbar spinal subarachnoid (CSF) space or by implantable 
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devices which may include a subcutaneous refillable access port (e.g., Soph-a-port Mini S device 

(clinicaltrials.gov) or Port-a-cath II (Muenzer et al., 2015) in intrathecal trials for lysosomal 

storage disorders). Catheters can also be inserted at the lumbar level and threaded through the 

spinal subarachnoid space toward the cranium. Intrathecal cisternal administration can be achieved 

by direct injection/infusion into the CSF of the cisterna magna; intracisternal administration is 

often used pre-clinically but is rarely used in humans due to its close proximity to the brainstem 

(which is critically important for vital functions). Intracerebroventricular administration is 

generally achieved using an implanted cannula that extends through the skull and brain tissue into 

the ventricular compartment and is attached to a refillable reservoir fixed to the skull that can be 

accessed subcutaneously (called an Ommaya reservoir (Ommaya, 1984; Kramer et al., 2007) or 

Rickham device (Rickham, 1964)). A recent study reviewed the safety and usage of 

intracerebroventricular devices in patients and suggested that it is a reasonable long-term drug 

delivery strategy (Cohen-Pfeffer et al., 2017). Additionally, therapeutics can also be administered 

directly into a surgically created resection cavity following removal of a brain tumor (placed during 

the time of surgery or after via an inserted catheter; see clinicaltrials.gov). 

 

CSF administration is of increasing clinical interest for delivery of biologics to the CNS because 

it bypasses the BBB and BCSFBs (Tables 1 and 2, Fig. 2). There are currently over 130 clinical 

trials administering non-small molecule therapeutics via the CSF (clinicaltrials.gov). 

Approximately 57 trials are administering proteins and peptides (e.g., 8 peptides, 9 proteins, 20 

lysosomal enzymes, and 20 antibodies) for CNS disorders including pain, lysosomal storage 

disorders, and primary/metastatic CNS cancer; approximately 15 trials are for gene therapy vectors 

(13 antisense oligonucleotide and 2 adeno-associated virus trials) primarily for spinal muscular 
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atrophy; and approximately 62 trials are for stem cells (mostly autologous or umbilical cord blood 

derived) predominantly for treatment of CNS injuries.  
  

Table 1. Clinical trials administering peptide and protein drugs into the CSF.  
NCT Number Conditions CSF biologica Phase 
NCT00002752 Brain and CNS Tumors | Metastatic Cancer 131I-81C6 Neuradiab* 1 
NCT00003484 Brain and CNS Tumors | Neuroblastoma 131I-81C6 Neuradiab* 1 
NCT00906516 Brain Tumors 131I-81C6 Neuradiab* 2 
NCT00615186 Glioblastoma Multiforme 131I-81C6 Neuradiab 3 
NCT00003461 Brain and CNS Tumors | Metastatic Cancer | 

Neuroblastoma 
131I-81C6 Neuradiab* 1/2 

NCT00089245 Brain and CNS Tumors | Neuroblastoma | Sarcoma 131I-8H9 Burtomab 1 
NCT03275402 Neuroblastoma | CNS Metastases | Leptomeningeal 

Metastases 
131I-8H9 Burtomab 2/3 

NCT00003022 Brain and CNS Tumors 131I-3F8 1 
NCT00445965 Brain and CNS Tumors 131I-3F8 2 
NCT00058370 Brain and CNS Tumors 131I-3F8 - 
NCT00406016 Acute Spinal Cord Injury Anti-NogoA mAb 1 
NCT00003020 Brain and CNS Tumors B3(Fv)-PE38 1 
NCT03233152 Glioblastoma Ipilimumab* 1 
NCT00002754 Brain and CNS Tumors | Melanoma | Metastatic 

Cancer 
Me1-14 F(ab')2* 1 

NCT00002751 Metastatic Cancer Me1-14 F(ab')2 1/2 
NCT03025256 Melanoma | Leptomeningeal Disease Nivolumab 1/1b 
NCT00210340 B cell Lymphoma Rituximab 1 
NCT00221325 CNS Lymphoma | Intraocular Lymphoma Rituximab 1 
NCT00416923 Brain and CNS Tumors | Lymphoma Rituximab 1 
NCT02253264 Primary/Secondary Progressive Multiple Sclerosis Rituximab 1 
NCT01719159 Progressive Multiple Sclerosis Rituximab 2 
NCT02545959 Multiple Sclerosis, Chronic Progressive Rituximab 2 
NCT00244361 Opsoclonus-myoclonus Syndrome Rituximab 1/2 
NCT01212094 Multiple Sclerosis Rituximab 1/2 
NCT01596127 Leukemia | Lymphoid Malignancies | 

Leptomeningeal metastases 
Rituximab 1/2 

NCT02774421 Posterior Fossa Ependymoma Trastuzumab 1 
NCT01325207 HER2 Positive Metastatic Breast Cancer Trastuzumab 1/2 
NCT01373710 HER2 Positive Metastatic Breast Cancer Trastuzumab 1/2 
NCT02598427 HER2 Positive Metastatic Breast Cancer Trastuzumab/Pertuzumab 1 
NCT01907087 Late-Infantile Neuronal Ceroid Lipofuscinosis Type 

2 (CLN2/Batten) 
Cerliponase alfa 1/2 

NCT02485899 Late-Infantile Neuronal Ceroid Lipofuscinosis Type 
2 (CLN2/Batten) 

Cerliponase alfa 1/2 

NCT02963350 Late-Infantile Neuronal Ceroid Lipofuscinosis Type 
2 (CLN2/Batten) 

Cerliponase alfa EAP 

NCT02678689 Late-Infantile Neuronal Ceroid Lipofuscinosis Type 
2 (CLN2/Batten) 

rhTPP1 2 
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NCT02232477 Mucopolysaccharidosis I (Hurler Syndrome) Iduronidase - 
NCT00215527 Mucopolysaccharidosis I (Hurler Syndrome) Laronidase 1 
NCT00638547 Mucopolysaccharidosis I (Hurler Syndrome) Laronidase 1 
NCT00786968 Mucopolysaccharidosis I (Hurler Syndrome) Laronidase 1 
NCT00852358 Mucopolysaccharidosis I (Hurler Syndrome) Laronidase - 
NCT00920647 Mucopolysaccharidosis II (Hunter Syndrome) Idursulfase-IT 1/2 
NCT01506141 Mucopolysaccharidosis II (Hunter Syndrome) Idursulfase-IT 1/2 
NCT02055118 Mucopolysaccharidosis II (Hunter Syndrome) Idursulfase-IT 2/3 
NCT02412787 Mucopolysaccharidosis II (Hunter Syndrome) Idursulfase-IT 2/3 
NCT01510028 Metachromatic Leukodystrophy (MLD) rhARSA 1/2 
NCT01887938 Metachromatic Leukodystrophy (MLD) rhARSA 1/2 
NCT02060526 Mucopolysaccharidosis IIIA (Sanfilippo A) rhHNS 2 
NCT02350816 Mucopolysaccharidosis IIIA (Sanfilippo A) rhHNS 2 
NCT01155778 Mucopolysaccharidosis IIIA (Sanfilippo A) rhHNS 1/2 
NCT01299727 Mucopolysaccharidosis IIIA (Sanfilippo A) rhHNS 1/2 
NCT02754076 Mucopolysaccharidosis IIIB rhNAGLU 1/2 
NCT01996605 Healthy Volunteers (Hyperalgesia and Allodynia) Oxytocin 2 
NCT02100956 Neuropathic Pain Oxytocin 2 
NCT00996983 Pain | Neuropathic Pain | Intractable / Cancer Pain Ziconotide 2 
NCT00047749 Pain Ziconotide 3 
NCT00076544 Pain Ziconotide 3 
NCT01373983 Peripheral Neuropathy Ziconotide 4 
NCT01992562 Painful Myelopathy | Painful Neuropathy Ziconotide 4 
NCT01888120 Severe Chronic Pain Ziconotide - 
NCT02193334 Spinal Cord Injuries KP-100IT HGF 1/2 
NCT01999803 Amyotrophic Lateral Sclerosis rhVEGF 1 
NCT02269436 Amyotrophic Lateral Sclerosis rhVEGF 1 
NCT00800501 Amyotrophic Lateral Sclerosis rhVEGF 1/2 
NCT01384162 Amyotrophic Lateral Sclerosis rhVEGF 1/2 
NCT01829867 Parkinson's Disease rhPDGF-BB 1 
NCT01807338 Parkinson's Disease rhPDGF-BB - 
NCT00866502 Parkinson's Disease rhPDGF-BB 1/2 
NCT02408562 Parkinson's Disease rhPDGF-BB 1/2 

aAbbreviations: Nogo-A mAb (neurite outgrowth inhibitor-A monoclonal antibody); Fv (fragment variable region of 
an antibody); rhARSA (recombinant human arylsulfatase A); rhHNS (recombinant human heparan-N-sulfatase); 
rhNAGLU (recombinant human α-N-acetylglucosaminidase); rhTPP1 (recombinant human tripeptidyl peptidase-1); 
HGF (hepatocyte growth factor); rhVEGF (recombinant human vascular endothelial growth factor); rhPDGF-BB 
(recombinant human platelet-derived growth factor-BB). *Administration into a surgically-created resection cavity 
following tumor resection. The table is roughly divided into sections by antibodies, enzymes, peptides, and proteins. 
 
Despite the vast number trials for CNS drug delivery there are only three approved biologics 

that actually act directly in the CNS—and all three are delivered into the CSF (Pizzo et al., 

2018). These include: ziconotide, a 2.6 kDa peptide delivered via lumbar intrathecal infusion 

approved in 2004 for chronic pain (Jazz Pharmaceuticals, 2004), nusinersen, a 7.5 kDa antisense 
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oligonucleotide delivered via lumbar intrathecal injection approved in 2016 for spinal muscular 

atrophy (Biogen, 2016), and cerliponase alfa, a 66 kDa enzyme delivered via 

intracerebroventricular infusion approved in 2017 for late infantile neuronal ceroid lipofuscinosis 

type 2 (CLN2) (BioMarin Pharmaceuticals, 2017). CLN2 is unarguably a whole-brain disease for 

which delivery of the enzyme to every cell is desired; preclinical studies have generally reported 

pharmacodynamic responses and increased survival (Xu et al., 2011; Vuillemenot et al., 2015), 

but the whole-brain distribution and potential association with perivascular spaces have not been 

well-described. This is why preclinical studies of the mechanisms for macromolecule delivery in 

the brain are of the utmost importance for understanding the potential translatability and scalability 

of intrathecal therapy.   
  

Table 2. Clinical trials of CSF-administered antisense oligonucleotides and gene therapy vectors.  

NCT Numbera CNS Disorder CSF Biologicb Trial Phase 

NCT01494701 Spinal Muscular Atrophy ASO (Nusinersen) 1 

NCT01703988 Spinal Muscular Atrophy ASO (Nusinersen) 1/2 

NCT01780246 Spinal Muscular Atrophy ASO (Nusinersen) 1 

NCT01839656 Spinal Muscular Atrophy ASO (Nusinersen) 2 

NCT02052791 Spinal Muscular Atrophy ASO (Nusinersen) 1 

NCT02193074 Spinal Muscular Atrophy ASO (Nusinersen) 3 

NCT02292537 Spinal Muscular Atrophy ASO (Nusinersen) 3 

NCT02386553 Spinal Muscular Atrophy ASO (Nusinersen) 2 

NCT02462759 Spinal Muscular Atrophy ASO (Nusinersen) 2 

NCT02594124 Spinal Muscular Atrophy ASO (Nusinersen) 3 

NCT02865109 Spinal Muscular Atrophy ASO (Nusinersen) - 

NCT02519036 Huntington's Disease ASO (HTTRx / RG6042) 1/2 

NCT02362438 Giant Axonal Neuropathy scAAV9/JeT-GAN 1 

NCT01041222 Familial Amyotrophic Lateral Sclerosis ASO (SOD1) 1 

NCT02725580 Batten Disease (CLN6) scAAV9.CB.CLN6 1/2 
aSee clinicaltrials.gov for more information. bAbbreviations: ASO (antisense oligonucleotide); scAAV9/JeT-GAN 
(self-complementary AAV serotype 9 vector carrying a codon-optimized human GAN transgene controlled by the 
minimal synthetic JeT promoter; see (Bailey et al., 2015)); SOD1 (superoxide dismutase 1); scAAV9.CB.CLN6 
(self-complementary AAV9 carrying the CLN6 gene under the control of a hybrid CMV enhancer/chicken-β-actin 
promoter). 
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The first chapter of this thesis will describe the general components of the CNS—the brain cells, 

vasculature, and fluids (interstitial fluid and CSF). The anatomical compartments of greatest focus 

include the extracellular space (ECS), i.e., the narrow 40-60 nm (Thorne & Nicholson, 2006) 

fluid- and matrix-filled spaces between the cells of the brain, and the 5-10 µm perivascular space 

(PVS), i.e., the tubular fluid- and connective tissue-filled spaces between the blood vessels and the 

brain tissue. The narrow and tortuous ECS is thought to limit transport of molecules through the 

brain parenchyma to diffusion—slow, size-dependent movement of molecules along a 

concentration gradient (Syková & Nicholson, 2008; Wolak & Thorne, 2013). However, the much 

larger PVS is thought to allow for substantially faster transport by convective flow (Cserr et al., 

1977; Szentistványi et al., 1984; Iliff et al., 2012) or dispersion (Asgari et al., 2016) due to its 

significantly higher hydraulic conductivity compared to the ECS (Wolak & Thorne, 2013).  

 

The second chapter investigates the CSF-to-brain distribution of two proteins infused into the CSF 

of rats using ex vivo fluorescence microscopy and in vivo magnetic resonance imaging (MRI). Our 

interest in macromolecule therapeutic distribution within the brain is in part due to the unique 

transport phenomena they will likely experience because of their large size. Thus, we first probed 

the size-dependent transport differences between a fluorescently-labeled single-domain 

antibody fragment (4.5 nm) and a fluorescently-labeled or MRI contrast agent-labeled full-

length immunoglobulin G (IgG; species-mismatched goat or bovine IgG) antibody (10 nm); all 

antibodies were non-targeted and were not expected to have significant binding within the rat 

brain. Numerous pilot studies were first performed to develop an MRI-compatible method for 

intracisternal infusion in normal rats (detailed in Fig. 3). Importantly, we also carefully considered 

the flow rate at which to infuse the antibodies so as to minimize perturbations to the compartment, 
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which could alter the normal transport mechanisms within the CNS. Ultimately, we decided on a 

rate of 1.6 µL/min for intrathecal infusion in rats because it is approximately half the rat CSF 

production rate (see Table 3 for CSF physiological parameters) and has demonstrated negligible 

alterations to intracranial pressure in rats (Yang et al., 2013; Bedussi et al., 2017). We 

demonstrated that transport of both antibodies was consistent with diffusion into the brain surface 

from the CSF but was limited to < 1 mm depth of penetration. This superficial penetration would 

be expected to be similar to the penetration in larger human brains because diffusion in the brain 

is the same across species, attributed to the highly-conserved extracellular volume fraction of the 

brain (Nicholson & Syková, 1998; Nicholson, 2001; Syková & Nicholson, 2008).  

 

 

Table 3. CSF physiological parameters in the human, rat, and mouse. 
 Human Rat Mouse 

CSF secretion rate 350-370 µL/mina, b,c 2.1-5.4 µL/minc,f 0.33-0.38 µL/minc 

CSF clearance rate 16-20 mL/hra   

% per minute (turnover time) 0.3-0.4 (6-7 hrs)a,b,c 0.7-1.7 (1-2.5 hrs)c 0.9 (2 hrs)c 

Total CSF volume 140-150 mLa,b 200-300 µLc,d 37-40 µLc 

SAS CSF ~115 mLa 190 µLd  

Ventricular CSF ~25 mLa 10-12 µLd  

Intracranial Pressure 65-195 mmH20a ~56 mmH20e  
aLaterra & Goldstein, 2012; bNicholson, 1999; cDavson & Segal, 1995; dFenstermacher et al., 1999; eBarth et al., 
1992; fCserr, 1965. See also (Thorne, 2014b). SAS: subarachnoid space.  
 

We also observed rapid transport along the PVS for both antibodies revealing a relatively size-

independent mechanism (i.e., convection or dispersion), but limited access of the larger goat IgG 

to the PVS demonstrated a size-dependent entry into the PVS. This CSF-to-brain sieving was 

hypothesized to be caused by pores or ‘stomata’ in leptomeningeal cells (and/or their associated 

connective tissue) ensheathing blood vessels on the surface of the brain. These leptomeningeal 
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cells separate the CSF from the PVS creating an apparently semi-permeable barrier. However, an 

osmotic enhancement strategy (intrathecal infusion of mannitol) improved IgG entry into the 

PVS, presumably by manipulation of leptomeningeal cells (Fig. 4). We also show that both 

antibodies are cleared from the CNS along previously described lymphatic drainage pathways via 

the olfactory nerves to reach the nasal mucosa and cervical lymph nodes. 

 

The third chapter reviews older studies and recent work that have demonstrated agreement or 

disagreement with components of the ‘glymphatic’ hypothesis proposed by Nedergaard, Iliff, 

and colleagues (Iliff et al., 2012; Nedergaard, 2013; Jessen et al., 2015). The ‘glymphatic’ 

hypothesis involves three main steps of transport with a suggested lymphatic-like role for the brain: 

i) influx of CSF-borne tracers along the PVS of arteries, ii) a transparenchymal flow through the 

narrow ECS facilitated by the aquaporin-4 water channel on glial (astrocyte) endfeet (hence the 

name glial + lymphatic à ‘glymphatic’), and iii) efflux of tracers (and/or brain waste) along the 

PVS of veins. A substantial amount of experimental and modeling evidence opposes the idea of 

flow through the narrow ECS (see discussion in (Abbott et al., 2018)) and recent studies attempting 

to replicate the involvement of aquaporin 4 failed to do so (Smith et al., 2017). However, there is 

a general consensus in the field that the perivascular spaces indeed allow for rapid transport of 

CSF-borne molecules into the brain, though the direction of transport and precise anatomical 

compartments involved are controversial.  

 

The fourth chapter reveals species-specific antibody transport into the brain. Using the same 

infusion paradigm, a species-matched rat IgG (structure detailed in Fig. 1) was intrathecally-

infused into normal rats. Despite the ability of rat IgG to rapidly and reversibly bind to receptors 
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in the rat brain (which our lab has demonstrated slows IgG transport within the ECS; Wolak et al. 

unpublished), rat IgG showed exceptional and widespread entry into the perivascular spaces. 

Rat IgG accessed significantly more perivascular spaces than the goat IgG used previously and 

competition by an excess of unlabeled IgG prevented widespread access to the PVS, suggesting 

an Fc receptor-mediated transcytosis of IgG into the PVS (Fig. 5). Additionally, rat IgG was 

also infused into rats bearing primary brain tumors and showed an inability to deliver IgG to 

the tumor and a widespread reduction in perivascular transport. This striking result requires 

further investigation to assess the causes but is an alarming outcome considering the number of 

clinical trials ongoing using intrathecal antibodies for treatment of brain cancer.  

 

The fifth chapter investigates antibody transport in the brain by probing for endogenous rat IgG 

and albumin (among the most abundant proteins in the CSF (Davson & Segal, 1995)) in untreated 

rats. We hypothesized that the receptor-mediated transport of intrathecal rat IgG into the PVS 

represented a likely transport pathway for endogenous IgG to survey the brain for antigens, as the 

PVS is a known route for surveillance by immune cells (Fabry et al., 2008; Ransohoff & 

Engelhardt, 2012; Engelhardt et al., 2017). Indeed, we revealed that endogenous IgG was 

predominantly localized to the PVS, brain-CSF interfaces, and circumventricular organs. In 

contrast, endogenous albumin showed a widespread distribution through the rat brain, 

perhaps suggesting that albumin’s smaller size allows it to diffuse throughout the brain, while IgG 

is restricted from entering the parenchyma and constrained to the PVS under normal conditions.  

The sixth chapter reveals the CSF-to-brain distribution of novel dual-labeled nanoparticles (13.5 

nm) infused intrathecally. In vivo MRI utilized the gadolinium labeling and demonstrated the 

kinetic profile of the nanoparticles in both parenchymal brain regions and CSF spaces. Dual-
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labeling with a fluorophore allowed for high resolution ex vivo fluorescence microscopy in the 

same animal after MRI. The nanoparticles showed a limited distribution in the brain, accessing 

fewer perivascular spaces compared to the 10 nm IgG, supporting the hypothesis that entry into 

the PVS is size-dependent. This study also illuminated that substances of this size (or greater, e.g., 

viral vectors) are likely to have a severely restricted distribution in the brain. 

 

In addition to the work reported in Chapters 1-6, we also developed a method for intracisternal 

withdrawal in rats. We utilized this withdrawal technique to show that intranasally-administered 

matrix metalloproteinase-9 (MMP-9; thought to act as a local nasal permeability enhancer) did not 

elevate CSF levels of MMP-9 (Lochhead et al., 2015). In another study we developed a method to 

withdraw separate, sequential CSF fractions every 10 minutes (by incorporation of a low dead 

volume HPLC valve into the setup) following intranasal administration of a radiolabeled IgG. The 

study revealed increasing levels in the CSF with time that reached a CSF/blood ratio of 0.016, an 

order of magnitude higher than with systemic administration (Kumar et al., 2018; unpublished). 

We also used the withdrawal technique to determine levels of intranasally-administered perillyl 

alcohol in the CSF to determine if it may be crossing the BBB and if intranasal application 

improved brain targeting (Nehra et al., unpublished). We have also adapted this technique for 

intrathecal infusion in mice, which provided some technical challenges associated with the 

substantially smaller animal size. Preliminary studies of three different infusion rates (0.2 µL/min 

or 0.4 µL/min for 50 minutes, and 1 µL/min for 10 minutes) in mice showed a very limited entry 

of mouse IgG into the PVS (Fig. 6), in sharp contrast to rat IgG infusion in rats which demonstrated 

widespread, receptor-mediated perivascular access. Staining of endogenous IgG in rats and mice 

(Chapter 5) may suggest that this is due to species differences in endogenous IgG transport within 
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the brain. This would indicate a significant species-difference in antibody surveillance of the brain 

and requires additional investigation. Additionally, we have launched an in-depth study of Fc 

receptor localization in the brain of normal rats and tumor-bearing rats to better understand their 

role in IgG distribution throughout the brain.  

 

Finally, the Epilogue summarizes several key findings of this work and important implications for 

CNS physiology and drug delivery. It also includes a discussion of critical future experiments that 

would further improve our understanding of macromolecule transport in the CNS in health and 

disease, with the hopes of guiding interpretation of clinical trial successes and failures and 

improving intrathecal drug delivery.   
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Figure 1. Structure and binding of immunoglobulin G (IgG) and Fc receptors. IgG is composed of 

two heavy chains (dark blue) and two light chains (light blue). The heavy chain consists of three 

constant regions (CH1-3) and a variable region (VH) and the light chain consists of a constant 

region (CL) and a variable region (VL). IgG can be divided into one crystallizable fragment (Fc) 

connected by a hinge region to two antigen binding fragments (Fab), the latter of which contains 

the antigen binding sites (*)(see (Woof & Burton, 2004; Holliger & Hudson, 2005; Abbas et al., 

2015) for more details). The neonatal Fc receptor (FcRn) is comprised of a β2-microglobulin 

subunit (pink) non-covalently associated with a larger subunit major histocompatibility complex 

(MHC) class I-like heavy chain, which contains three extracellular loops (α1, α2, and α3; purple) 

and a transmembrane region (Simister & Mostov, 1989). A region at the junction of the CH2 and 

CH3 Fc region of IgG binds to the α2 domain of FcRn (gray dashed line), and also interacts with 

the α1 domain and the β2-microglobulin subunit (Burmeister et al., 1994). 
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Figure 2. Summary of clinical trials administering non-small molecule therapeutics into the 

cerebrospinal fluid (CSF). Shades of green represent protein and peptide therapeutics, shades of 

blue represent cell therapies, and shades of red represent antisense oligonucleotide and 

adeno-associated virus therapies for various CNS disease groups. The length of each segment 

represent the trial phase, increasing in length from Phase 1 → 4 or expanded access program). 

Abbreviations: Batten (disease, including neuronal ceroid lipofuscinosis); MLD (); MPS I (); MPS 

II (); MPS IIIA (); MPS IIIB (); Park (Parkinson’s disease); MS (multiple sclerosis); ALS 

(amyotrophic lateral sclerosis); injur. (spinal cord injury); OMS (opsoclonus-myoclonus 

syndrome); MD (muscular dystrophy); ALD (adrenoleukodystrophy); Batt (Batten disease); MSA 

(multiple system atrophy); Diab. (diabetes mellitus); HD (Huntington’s disease); OA (optic 

atrophy); Mel. (metastatic melanoma); GAN (giant axonal neuropathy).
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Figure 3. Method of MRI-compatible intracisternal infusion in rats. (A-B) To perform the 

surgery and infusion, an anesthetized rat placed into a stereotaxic frame in the flat skull position 

while temperature is maintained by a homeothermic blanket. A custom cannula is inserted into 

the cisterna magna at 60º from the vertical and 80 µL of the solution of interest is infused at 1.6 

µL/min for 50 minutes. For MRI experiments, the cannula is implanted, baseline MRI scans are 

performed, then MR images are acquired throughout the duration of the infusion and for 2-3 

hours after the infusion has completed. For ex vivo fluorescence experiments, immediately after 

completion of the infusion the abdominal aorta is cannulated and 30 minutes post-infusion the 

rat is perfused and fixed. Surgical exposure of the cisterna magna in rats first involves dissection 

of the subcutaneous muscles of the dorsal aspect of the neck. (C) A dorsal midline incision of 

the skin exposes the first muscle layer (1; putative splenius capitis (human) or biventer cervicis 

(rat)), which is incised down the midline and retracted laterally. (D) The second layer of muscle 

(2; putative semispinalis capitis (human) or longissimus capitis (rat)) is cut on the left and right 
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sides from the occipital bone and retracted, revealing the third muscle layer (3). (E) The third and 

deepest muscle layer (3; putative rectus capitis posterior minor (human) or rectus capitis dorsalis 

major (rat)) is cut from the occipital bone and retracted from the underlying atlanto-occipital 

membrane (AO) to which it is adhered. (F) The atlanto-occipital membrane is adhered to the 

underlying dura and obscures the view of the cisterna magna; thus, it is carefully retracted. (G) 

Complete removal of the dura reveals the CSF of the cisterna magna and provides a clear view of 

the cerebellum and medulla (with posterior spinal arteries on either side); the fourth ventricle is 

separated from the cisterna magna by a thin translucent membrane, the inferior medullary velum 

(*). (H) The dura is not removed for intracisternal infusion but is left intact after sufficient removal 

of the AO membrane to provide a clear view of the desired insertion site. (I-J) A custom cannula 

made of 33 GA polyetheretherketone (PEEK) is connected to polyethylene tubing controlled by 

an infusion pump and is filled prior to insertion. A 30 GA dental needle us used to puncture the 

dura and the PEEK tubing is immediately inserted 1 mm into the cisterna magna and sealed to 

the dura with cyanoacrylate. Human and rat anatomy referenced in (Hebel & Stromberg, 1976; 

Rohen, 2011). For more information regarding surgical preparation (Wolak et al., 2015; Pizzo et 

al., 2018). 
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Figure 4. Hypothesized entry into the perivascular space from the CSF and osmotic enhancement 

strategy. (Left) A schematic of a leptomeningeal (LM) artery on the brain surface demonstrates 

a layer of leptomeningeal fibroblasts (Hannocks et al., 2017) which separate the CSF from the 

underlying perivascular space (light blue) and connective tissue (e.g., perivascular collagen). We 

hypothesize that pores or ‘stomata’ which are present in the leptomeningeal cells of rats (Pizzo et 

al., 2018) and cats (Zervas et al., 1982) may govern entry into to perivascular space from the CSF, 

in addition to intercellular gaps (IC) between leptomeningeal cells or the pia mater (Frederickson 

& Low, 1969; Jones, 1970; Cloyd & Low, 1974). (Right) We speculate that co-infusion of 

hyperosmolar mannitol intrathecally draws water out of the leptomeningeal cells, possibly causing 

cells to shrink and therefore stomata and intercellular gaps to widen, facilitating perivascular 

entry. It is also possible that hyperosmolar mannitol in the CSF increases transcytosis across 

leptomeningeal cells, as has been demonstrated for mannitol and the blood-brain barrier (Vorbrodt 

et al., 1994). 
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Figure 5. Hypothesized mechanism of receptor-mediated IgG transport into the perivascular 

space from the CSF. Rat IgG demonstrated a specific, carried-mediated transfer from the CSF 

into the perivascular spaces across the rat brain. FcRn is a pH-depednent IgG-binding receptor 

that has demonstrated the ability to transcytose IgG across other barriers in the body, e.g., the 

syncytiotrophoblasts of the placenta (Simister et al., 1996; Kristoffersen & Matre, 1996; Leach 

et al., 1996; Firan et al., 2001), and thus was hypothesized to be involved in CSF-to-perivascular 

transport. The general premise is: (Top) Labeled IgG in the CSF enters meningeal cells by 

nonspecific or specific mechanisms, reaches the acidified endosome where it can bind with high 

affinity to FcRn in a 2:1 (receptor:IgG) stoichiometry, the FcRn IgG complex is trafficked to the 

other side, and IgG is released from FcRn upon reaching the physiological pH of the perivascular 

compartment. (Bottom) When an excess of unlabeled IgG if co-infused into the CSF with labeled 

IgG, the unlabeled IgG is more likely to be internalized into meningeal cells and thus competes 

for receptor-mediated transcytosis, resulting in few labeled IgG molecules from reachin the 

perivascular space. 

xxxii



Figure 6. Preliminary brain distribution of intrathecally-infused mouse IgG in mice. In this mouse 

20 µL fluorescently-labeled, normal, pooled, non-targeted mouse IgG was infused into the cisterna 

magna over 50 minutes at a rate of 0.4 µL/min. Thirty minutes post-infusion the mouse was 

perfused with phosphate buffered saline followed by paraformaldehyde. (A-F) The distribution of 

intrathecally-infused mouse IgG showed a fairly limited distribution throughout coronal mouse 

brain sections. Signal was present at the brain-CSF interfaces, but only penetrated into the brain 

along a few perivascular spaces (e.g., vessels in the striatum, in B, punctate profiles in the dorsal 

hippocampus in D, or a few profiles in the spinal cord, in F). 
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Abstract  

The central nervous system is an extraordinarily complex cellular and fluid environment. Much 

evidence exists to suggest that short-range, local distribution in the microenvironment of the 

neuropil is normally governed by diffusion in the narrow, tortuous brain extracellular space (ECS). 

Long-range distribution within the central compartment occurs via convection or bulk flow within 

the cerebrospinal fluid and cerebral perivascular fluid spaces and perhaps also within white matter.  

 

Components of the central nervous system (CNS) 

The central nervous system (CNS) can be generally divided into three main components—the 

cells, fluids, and vasculature. First, there are the cells of the brain and spinal cord parenchyma, or 

tissue, which consist of two main types, neurons and glia. There is remarkable variation in the ~ 

100 billion neurons that make up the human brain while the remaining ~100 billion glial cells 

include astrocytes, microglia, and oligodendrocytes (Peters et al., 1991; Paxinos & Mai, 2004; 

Watson et al., 2010; Kandel et al., 2013; Thorne, 2014). Between all of these cells and their 

processes is an extracellular space (ECS) compartment that is filled with interstitial fluid (ISF); 

ISF is carefully regulated because its ionic composition and volume are critical parameters for 

neurotransmission. Cerebrospinal fluid (CSF) is also present within and surrounding the brain and 

spinal cord. CSF composition and volume are carefully regulated and optimized to provide 

mechanical support (making the brain buoyant so it does not deform under the forces of gravity) 

and mechanical protection (preventing the brain from striking the skull with regular movement), 

as well as to maintain ion homeostasis (Davson & Segal, 1995; Sakka et al., 2011). The third 

component is the cerebral vasculature. Cerebral blood vessels are uniquely designed to separate 

the blood and its contents from the cells and fluids of the CNS (the CSF and ISF), providing highly 
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selective blood-brain and blood-CSF barriers. The blood-brain barrier (BBB), is primarily formed 

by microvessel endothelial cells, which lack fenestrations, possess tight junctions that prevent 

paracellular transport, have very low rates of transcytosis, and also have a variety of influx and 

efflux transporters to allow selective entry of some molecules (e.g., glucose) while selectively 

rejecting others (e.g., toxic substances). In this fashion, the BBB functions to supply the cells of 

the brain with nutrients, allow for removal of waste products, maintain the ionic homeostasis of 

the brain (by preventing the alteration of brain ions when plasma levels fluctuate), and to 

selectively regulate the entry and exit of molecules (e.g., proteins and neurotransmitters) between 

the blood and brain compartments (Abbott, 2004; Abbott et al., 2006). An important feature is the 

proximity of the vasculature to the brain cells—neurons are usually not located further than ~ 10-

20 µm from capillaries (Schlageter et al., 1999; Mabuchi et al., 2005), a short distance likely 

optimized for oxygen, glucose, and other essential molecules to reach all brain cells efficiently by 

diffusive transport.  

 

The brain and spinal cord are contained within the meninges, which include (external to internal) 

the dura mater, arachnoid mater, and pia mater. The outermost external layer is the dura (a tough 

membrane composed largely of collagen), which lies between the skull and the underlying 

leptomeninges. The leptomeninges, or “thin” meninges, include the arachnoid and pia, between 

which lies the CSF-filled subarachnoid space (SAS). Many large blood vessels travel in the SAS 

and trabeculae (strings or sheets of leptomeningeal cells) also cross the SAS connecting the 

arachnoid and pia. Beneath all these meningeal layers lies the brain; at the surface of the brain as 

well as along parenchymal blood vessels, astrocyte (glial) endfeet and their basement membrane 



 4 

form the glia limitans, partly partitioning the brain from the subpial and perivascular spaces (Zhang 

et al., 1990; Davson & Segal, 1995; Nolte, 2009).  

 

The ventricular system and CSF 

The CSF of mammals is contained within several cavities (ventricles) within the brain along with 

the subarachnoid space that surrounds the brain and spinal cord (Fig. 1). Each of the brain’s four 

ventricles contain a choroid plexus, consisting of fenestrated vasculature and specialized secretory 

epithelia that produce CSF by active transport/secretion (Davson & Segal, 1995). Additionally, 

CSF is produced in the brain parenchyma, by fluid entering across the BBB (Cserr, 1971; 

Szentistványi et al., 1984; Davson & Segal, 1995). The ependymal cells lining the ventricles 

possess cilia, which, in addition to the respiratory and cardiac pulsations, aid in CSF movement 

through the ventricular system (Davson & Segal, 1995; Brinker et al., 2014; Faubel et al., 2016). 

The conventional CSF flow pattern is generally described as follows: CSF is produced by the 

choroid plexuses of two paired lateral ventricles, where it flows through two interventricular 

foramina (of Monro) to enter the third ventricle; the third ventricle choroid plexus produces 

additional CSF, which flows through a narrow cerebral aqueduct (of Sylvius) to enter the fourth 

ventricle; the fourth ventricle choroid plexus produces additional CSF, which exits via three 

foramen, two lateral foramina (of Luschka) and one medial foramen (of Magendie), to enter the 

SAS (though some CSF continues down the central canal in the center of the spinal cord). Once 

CSF enters the SAS, it fills the SAS surrounding the brain parenchyma and spinal cord. In some 

brain areas there is a thin layer of SAS between the brain and the dura/skull, while in other areas 

there are large pockets of SAS referred to as cisterns (Davson & Segal, 1995; Schuenke et al., 

2010). From the SAS, CSF may drain along arachnoid (Pacchionian) granulations or villi into the 
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blood of the dural venous sinuses, or along cranial nerves (e.g., along olfactory nerves to the nasal 

lymphatics) to the deep cervical lymph nodes (Faber, 1937; Bradbury et al., 1981; Bradbury & 

Westrop, 1983; Szentistványi et al., 1984; Weller et al., 1992; Kida et al., 1993) (reviewed in 

reference (Koh et al., 2005)), or along spinal nerves to the deep cervical, intercostal, and other 

lymph nodes (reviewed in reference (Koh et al., 2005)), which ultimately drain into the blood. 

Recently, it has been shown that CSF may also drain to dural lymphatic vessels that also appear to 

drain to the deep cervical lymph nodes (Kida et al., 1993; Aspelund et al., 2015; Louveau et al., 

2015). It is thought that all these routes to the lymphatic system are important for CNS antigen 

drainage and immune function (Harling-Berg et al., 1989; Cserr et al., 1992; Knopf et al., 1998; 

Walter et al., 2006a; Louveau et al., 2016; Kipnis, 2016). Key questions going forward concern 

how all the different CSF / lymphatic drainage pathways work in concert with each other, their 

relative importance, species differences, and alterations in their function / relative importance 

during different disease processes. 

 

In addition to the BBB, there is a blood-cerebrospinal fluid barrier (BCSFB) preventing free 

communication between the blood and CSF. One region of the BCSFB is created by tight junctions 

between arachnoid epithelial cells (Nabeshima et al., 1975), which prevents plasma contents from 

fenestrated blood vessels in the dura from entering the CSF of the subarachnoid space. Tight 

junctions between choroid plexus epithelial cells create the other region of the BCSFB (Becker et 

al., 1967). As already mentioned, choroid plexus blood vessels are fenestrated, which aids in CSF 

production from plasma water. Thus, like the BBB, the BCSFB has transporters to allow selective 

entry of ions and molecules from the blood compartment, and also plays a role in immune 
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regulation/response (Davson & Segal, 1995; Strazielle & Ghersi-Egea, 2000; Engelhardt & 

Sorokin, 2009; Damkier et al., 2013).  

 

The extracellular space 

The ECS refers to the interstitial fluid-filled environment that separates brain cells and their 

processes (Fig. 2A). Much work suggests that the ECS accounts for approximately 20% of the 

total tissue volume in the normal, adult brain in vivo (Nicholson & Phillips, 1981; Nicholson & 

Syková, 1998). This ECS volume fraction (α ~ 0.2) appears highly conserved between most brain 

regions and across most species that have been studied to date, including mammals (e.g., rat, 

mouse, guinea pig, rabbit, dog, and human tissue), reptiles (e.g., turtle), amphibians (e.g., frog), 

and fish (e.g., skate) (Levin et al., 1970; Nicholson, 2001; Syková & Nicholson, 2008; Wolak & 

Thorne, 2013). Careful study of the rodent brain during postnatal development has revealed that 

the ECS in both the gray and white matter is about twice its adult value in the newborn (α ~ 0.4 

(Lehmenkühler et al., 1993; Vorisek & Sykova, 1997)) and that the gray matter ECS appears to 

decline in aged animals at the end of the lifespan (e.g., α = 0.13 – 0.16 in 17-25 month old mice 

(Syková et al., 2005)). It is worth noting that the above information about ECS volume comes 

primarily from the method of real-time iontophoresis performed in either anesthetized animals in 

vivo or in acute brain slice preparations (e.g., see references (Syková & Nicholson, 2008; Wolak 

& Thorne, 2013) for review). A recent report utilizing this same method has suggested that the 

ECS volume may be reduced in the superficial parietal association cortex of awake mice as 

compared to measurements in the same area of either sleeping or anesthetized adult mice (α ~ 0.14 

in awake versus α ~ 0.23 in sleeping or ketamine/xylazine anesthetized animals (Xie et al., 2013); 
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however, this interesting finding awaits replication and further study across other brain regions 

and species.  

 

Another important parameter describing the brain ECS is its width (Fig. 2B), as this will impose 

constraints on how larger macromolecules diffuse through the tortuous paths between brain cells. 

While early estimates of ECS width from electron microscopy suggested a narrow ECS width of 

~ 20 nm or less, it was long appreciated that these estimates were likely confounded by 

redistribution of extracellular water due to tissue ischemia and processing (associated with animal 

sacrifice and preparation of samples for microscopy) because the ECS volume in this material 

often appeared much smaller than physiological estimates had clearly provided (Thorne & 

Nicholson, 2006; Wolak & Thorne, 2013). More recent estimates from in vivo diffusion 

measurements in anesthetized rat neocortex suggest the actual ECS width is approximately 40-60 

nm in adult animals (Thorne & Nicholson, 2006). At least for the gray matter, a large body of 

evidence from numerous tracer diffusion and distribution studies suggests that these narrow spaces 

are unlikely to accommodate bulk flow (convection) because basic diffusion theory has been 

sufficient to fully describe such transport under a variety of experimental conditions in normal 

animals (e.g., (Rosenberg et al., 1980; Ichimura et al., 1991; Wolak et al., 2015); for review see 

(Abbott, 2004; Syková & Nicholson, 2008; Wolak & Thorne, 2013)). ECS transport is most likely 

governed by diffusion because the hydraulic conductivity (ease of flow) is likely too low (and the 

resistance to flow too high) to allow for appreciable convective flow (Bear, 1972; Fenstermacher 

& Patlak, 1976). In simple terms, diffusion is a size-dependent, slow random-walk migration of 

molecules along a concentration gradient (Berg, 1993). Studies employing tracers of varying 

size/chemistry and using a variety of methods have demonstrated that molecular transport in the 
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brain tissue is consistent with Fick’s second law relating changes in concentration with time to a 

diffusion coefficient (Fenstermacher & Patlak, 1976; Thorne et al., 2004; Thorne & Nicholson, 

2006; Syková & Nicholson, 2008; Wolak & Thorne, 2013).  

 

An important aspect of the ECS that can further affect transport concerns its structural 

organization. Brain regions that lack homogeneity (e.g., inhomogeneity is evident in tissue with 

complex patterns of different layers such as the cerebellum and olfactory bulb) and/or isotropy 

(e.g., anisotropic aligned fibers within the white matter) display regional variations in diffusion 

characteristics (Syková & Nicholson, 2008). Most neocortical areas that have been examined to 

date, e.g., somatosensory cortex (Nicholson & Tao, 1993; Tao & Nicholson, 1996; Mazel et al., 

1998; Thorne et al., 2004; Wolak et al., 2015), have been characterized by isotropic diffusion 

(diffusion coefficients are the same along any axis so that point source injections result in 

spherically symmetrical diffusion clouds). The white matter of the corpus callosum provides an 

example of a brain area where diffusion anisotropy exists, e.g., extracellular diffusion of the small 

tetramethylammonium ion tracer is significantly greater along the long cylindrical axis of 

myelinated axons in this region (Vorísek & Syková, 1997).  

 

Convincing experimental evidence suggests that convective transport (flow) within and around the 

brain and spinal cord is limited to the ventricular and subarachnoid space CSF compartments, 

perivascular spaces, and possibly also the white matter; all of these areas are expected to exhibit 

substantially higher hydraulic conductivity (i.e., lower resistance to flow) than the neuropil of the 

gray matter (Fenstermacher & Patlak, 1976; Wolak & Thorne, 2013). While the white matter has 

a normal ECS volume similar to the gray matter in adult animals and diffusive transport likely 
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dominates under normal conditions (Lehmenkühler et al., 1993; Vorisek & Sykova, 1997), 

experimental evidence suggests that the white matter ECS paths oriented along fibers likely can 

undergo significant expansion when exposed to higher than normal pressures or osmotic challenge 

such that measureable flow occurs (Cserr et al., 1977; Rosenberg et al., 1980). This preferential 

poroelastic expansion of the white matter ECS may help to explain the marked periventricular 

white matter edema that occurs with hydrocephalus while the central gray matter and neocortex 

remain relatively unaffected, even in severe conditions (Weller, 1998). 

 

The ECS is not simply an empty fluid space; it is also contains hyaluronic acid, heparan sulfate 

and chondroitin sulfate proteoglycans, glycoproteins, laminins, and collagen, which may be 

attached to cells or free floating (Novak & Kaye, 2000). All of these ECM components, as well as 

the cell membranes and associated cell surface molecules together comprise the ECS boundaries 

and can impact the transport of endogenous and exogenous molecules (Fig. 2B). Molecules which 

interact (e.g., transiently bind) with ECM components and/or fixed elements on cell surfaces may 

therefore diffuse more slowly through brain ECS than comparably sized inert molecules that lack 

such interactions (Syková & Nicholson, 2008; Wolak & Thorne, 2013; Wolak et al., 2015). 

Examples where alterations in measured diffusive transport parameters due to binding to cell 

surface receptors or extracellular matrix components have recently been described. First, a direct 

ECM effect where rapid, reversible binding to endogenous heparan sulfate proteoglycans slowed 

the extracellular diffusion of the iron-binding protein lactoferrin was shown in vivo (Thorne et al., 

2008). This study took advantage of a comparison between lactoferrin and the closely related 

transferrin protein to isolate the heparan sulfate proteoglycan binding effect on measured 

extracellular diffusion parameters; both lactoferrin and transferrin are bilobal ~ 80 kDa proteins 
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but only lactoferrin contains a region of basic amino acids near its amino terminus allowing it to 

bind polyanions, such as heparin, heparan sulfate, and DNA. The study showed that lactoferrin’s 

effective diffusion coefficient was reduced by ~ 60% due to its binding the relative fixed, 

endogenous heparan sulfate binding sites arrayed in brain ECS (Thorne et al., 2008). Second, IgG 

antibody binding to endogenous Fc receptors on cell surfaces has also been shown to significantly 

hinder extracellular diffusion in the somatosensory cortex in vivo (Wolak et al., 2015); 

administering an excess of unlabeled Fc (competing away the binding of the labeled IgG domain 

which specifically binds the endogenous Fc receptors) facilitated improved IgG diffusion (Wolak 

et al., 2015).  

 

While it is thought that diffusion governs transport in the ECS, it is well agreed upon that there are 

also pathways in the brain for convective, or bulk fluid flow, where molecules in a fluid, 

independent of size, move at the same rate of fluid flow. Convective flow is driven by a pressure 

gradient and is substantially faster than diffusion, particularly over longer distances (Abbott, 2004; 

Wolak & Thorne, 2013). Transport of mass within a fluid may be described in terms of a diffusive 

flux component (always present as long as the diffusing molecules are mobile) and a convective 

flux component (present when a volume of fluid containing the molecules is transported at some 

velocity). Diffusion is caused by Brownian motion (random walks), resulting in a net flux down a 

concentration gradient, and is directly proportional to a molecule’s diffusion coefficient according 

to Fick’s first law. In contrast, convection most often refers to a flow driven by a pressure 

difference. Darcy’s law states that convective flux is directly proportional to the hydraulic 

permeability (a property influenced by both the material’s pores for fluid flow and the fluid itself). 

Intrinsic hydraulic permeability is a useful component of the hydraulic permeability—it varies 



 11 

directly with the square of the mean pore diameter through which fluid must flow and can be used 

to understand how convection is dramatically favored within the brain along lower resistance 

pathways (i.e., those with much larger effective ‘pores’ than the 40-60 nm wide neuropil; (Thorne 

& Nicholson, 2006) such as the ventricular and subarachnoid CSF spaces, the perivascular spaces 

of the cerebrovasculature, and potentially the white matter). For example, measurements of 

perivascular space widths in mammals (e.g., arteriole perivascular spaces commonly appear ∼5−10 

µm or larger in rodents and humans (Pollock et al., 1997; Foley et al., 2012; Iliff et al., 2012); 

suggest the intrinsic hydraulic permeability of the perivascular space is at least ∼10,000-fold higher 

than the ECS of the neuropil (Wolak & Thorne, 2013). Several tracer experiments have now 

demonstrated that molecules administered into the CNS spread quickly, much faster than diffusion 

would allow, along preferential pathways in the brain that include the perivascular spaces and 

extracellular compartments associated with white matter tracts (Cserr & Ostrach, 1974; Cserr et 

al., 1977; Bradbury et al., 1981; Cserr et al., 1981; Szentistványi et al., 1984; Rennels et al., 1985, 

1990; Ichimura et al., 1991; Cserr & Patlak, 1992; Weller et al., 1992; Ghersi-Egea et al., 1996; 

Fenstermacher et al., 1997; Proescholdt et al., 2000; Iliff et al., 2012, 2013a). Most research 

suggests that the convective flow in the PVS is driven by the pulsations of the arteries (Rennels et 

al., 1985; Hadaczek et al., 2006; Iliff et al., 2013b), as reducing the pulsations with drugs, physical 

ligation of vessels, or euthanization reduces transport in the PVS.  

 

There is now great interest in how perivascular spaces, fluid-filled channels surrounding arteries, 

arterioles, veins, venules and possibly even microvessels, may offer potential pathways for rapid 

convective flows into and out of the brain parenchyma. In light of this, we shall briefly summarize 

the work of several groups (see Fig. 3) to generally define the perivascular compartment 
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(Frederickson & Low, 1969; Wagner et al., 1974; Krahn, 1982). The perivascular space exists 

around vessels in the subarachnoid space and follows the vessels (at least for some distance) as 

they penetrate the brain tissue, narrowing as the vessel diameter narrows. The vessel continues 

until the fluid compartment lies between the astrocyte (glial) basement membrane which walls off 

the brain parenchyma and the vessel wall. At the level of the capillaries, where the blood vessel 

wall and its components consist of the endothelial cell, its basement membrane, and pericytes, it 

has been unclear if a perivascular fluid space still remains. Indeed, whether a pericapillary space 

exists, or if the endothelial BM and the glial BM fuse to obliterate the space has been a matter of 

debate for some time (Maynard et al., 1957; Jones, 1970; Cervós-Navarro & Ferszt, 1973; Peters 

et al., 1991).  

 

As a pathway, the perivascular space likely has several functions in normal physiology, many of 

which are still emerging or have only been recently proposed. It may play a role in the distribution 

and delivery of nutrients and neuromodulators (Rennels et al., 1985; Jessen et al., 2015) to specific 

brain regions or the entire brain, which therefore may make it an excellent medium/route for drug 

delivery. For example, it was once proposed that the perivascular space may provide nutrients to 

the cells in the thick vessel walls, as cerebral vessels lack vasa vasorum which supply the vessel 

walls of large vessels in the periphery (Zervas et al., 1982). It may be involved in solute and waste 

clearance from the brain, for example, transporting metabolic products like amyloid beta out of 

the interstitial fluid (Iliff et al., 2012; Xie et al., 2013), and impairment of this system could be 

related to several pathologies such as Alzheimer’s disease (AD), cerebral amyloid angiopathy, and 

traumatic brain injury (Preston et al., 2003; Weller et al., 2008; Iliff et al., 2014; Kress et al., 

2014). Additionally, many researchers (Casley-Smith et al., 1976; Szentistványi et al., 1984; 
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Rennels et al., 1985; Földi, 1996; Weller et al., 2009; Iliff et al., 2012) have suggested that the 

perivascular spaces may very well be functioning as lymphatics (or pre-lymphatics) for the brain 

(this was in fact first suggested by His in 1865!), partly because the brain noticeably lacks 

traditional lymphatic vessels for the drainage of interstitial fluid and antigens. As mentioned 

already, the CSF and ISF have been shown to drain along cranial nerves and via dural lymphatic 

vessels to the deep cervical lymph nodes, and antigens in the CSF and ISF can induce a specific 

immune response via the cervical lymph nodes (Harling-Berg et al., 1989; Walter et al., 2006a, 

2006b). It is possible that drainage along the perivascular space is an initial step in the CSF / ISF 

to nasal lymphatic/dural lymphatic to cervical lymph node pathway; surprisingly, the precise direct 

and/or indirect connections between the ISF and cervical lymph nodes have yet to be firmly 

established.  

 

While the perivascular space likely plays a role in normal physiology, it also is linked to several 

neuropathologies. It has been suggested that in Alzheimer’s disease, a failure of the perivascular 

drainage pathway may result in reduced drainage of amyloid-beta from the interstitial fluid, 

forming plaques in the perivascular space and blocking drainage further, worsening the disease 

(Weller et al., 2008; Iliff et al., 2014; Kress et al., 2014). In cerebral amyloid angiopathy, amyloid-

beta is found in the basement membrane of the vessel walls, perhaps also indicating a failure in 

the perivascular drainage of amyloid-beta (Preston et al., 2003).  

 

Many studies have also implicated a role for aquaporin water channel proteins in the regulation of 

brain water homeostasis (see content elsewhere in this volume; reviewed in (Badaut et al., 2014). 

Briefly, 3 of the at least 13 aquaporin (AQP) family members appear to be prominently expressed 
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in the central nervous system: AQP1, AQP4, and AQP9 (Frigeri et al., 1995; Nielsen et al., 1997; 

Nagelhus et al., 2004; Badaut, 2010; Badaut et al., 2014). AQP4 is highly expressed on astrocyte 

processes forming the glia limitans at the pial brain surface (i.e., the brain interface with the 

subarachnoid space CSF) as well as on astrocyte endfeet contacting blood vessels (i.e., forming 

part of the wall separating the perivascular space from the surrounding parenchyma in large vessels 

and facing the basal lamina of the neurovascular unit in microvessels); it is the most abundant 

water channel in the CNS and is thought to play a major role in water homeostasis (Badaut et al., 

2014). AQP1 is prominently expressed in the choroid plexus epithelia, where it likely plays a role 

in CSF formation (Badaut et al., 2014), while AQP9, an aquaglyceroporin permeable to water as 

well as glycerol and urea, is widely expressed in astrocytes and more selectively expressed in 

neurons of the catecholaminergic system (Badaut, 2010). The prominent expression of AQP4 at 

brain tissue interfaces with the CSF and blood vessels has long suggested a role for AQP4 in the 

regulation of brain ECS water. As mentioned above, brain ECS volume fraction declines 

significantly from birth (α ~ 0.4) to reach its smaller adult volume (α ~ 0.2); this change occurs in 

parallel with glial proliferation and increasing AQP4 expression over the same period (Wen, 1999). 

Furthermore, careful measurements of somatosensory cortex ECS volume in AQP4-deficient adult 

mice have revealed a small but significant increase in ECS volume (α change from 0.18 to 0.23 

(Yao et al., 2008)), further suggesting a prominent role for AQP4 in regulating extracellular water 

volume. While measurements of PVS width in AQP4-null adult mice have suggested that PVS 

volume is not significantly affected by a lack of AQP4 at the perivascular astrocytic endfeet, tracer 

influx from the CSF to the parenchyma appeared noticeably reduced (Iliff et al., 2012). Further 

research is needed to better define the different roles that aquaporins may play in normal brain 

water circulation as well as in pathological processes resulting in cerebral edema.  
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Conclusions  

Much evidence exists to suggest that molecular distribution in the brain microenvironment is 

normally governed by diffusion in the narrow, tortuous ECS of the neuropil in combination with 

convection or bulk flow within the CSF compartments (ventricular and subarachnoid spaces) and 

cerebral perivascular fluid spaces and perhaps also within the white matter. ECS and PVS volumes 

and physiological attributes may be altered in a variety of neurological disease states, including 

those conditions accompanied by brain edema. The narrow ECS of the gray matter in adult animals 

appears well suited to resist volume expansion in the face of increasing pressure, providing a 

possible explanation for numerous observations that transport in the gray matter ECS appears 

limited to size-dependent diffusion and thus the gray matter ECS would be better capable of 

maintaining a stable fluid environment for the ionic gradients that underlie neurotransmission. The 

cerebral perivascular spaces and white matter tracts appear to be a path-of-less-resistance with a 

role in clearing edema constituents from the brain to the CSF via bulk flow. Both of these pathways 

show a connection to the downstream CSF drainage route to the cervical lymph nodes, but the 

precise details remain unclear. Understanding the formation of edema fluid, the mechanisms and 

pathways of edema fluid removal, and the balance between them will allow for improved, 

physiologically-based treatment of cerebral edema. Central to this endeavor is developing a more 

complete understanding of just how the fluid compartments of the brain ECS and PVS are 

regulated under normal conditions as well as during pathological processes accompanied by 

edema. 



 16 

References 

Abbott NJ (2004). Evidence for bulk flow of brain interstitial fluid: significance for physiology and pathology. 
Neurochem Int 45, 545–552. 

Abbott NJ, Rönnbäck L & Hansson E (2006). Astrocyte-endothelial interactions at the blood-brain barrier. Nat Rev 
Neurosci 7, 41–53. 

Aspelund A, Antila S, Proulx ST, Karlsen TV, Karaman S, Detmar M, Wiig H & Alitalo K (2015). A dural 
lymphatic vascular system that drains brain interstitial fluid and macromolecules. J Exp Med 212, 991–999. 

Badaut J (2010). Aquaglyceroporin 9 in brain pathologies. Neuroscience 168, 1047–1057. 

Badaut J, Fukuda AM, Jullienne A & Petry KG (2014). Aquaporin and brain diseases. Biochim Biophys Acta - Gen 
Subj 1840, 1554–1565. 

Bear J (1972). Dynamics of fluids in porous media. American Elsevier Pub. Co., New York. 

Becker NH, Novikoff AB & Zimmerman HM (1967). Fine structure observations of the uptake of intravenously 
injected peroxidase by the rat choroid plexus. J Histochem Cytochem 15, 160–165. 

Berg HC (1993). Random walks in biology. Princeton University Press, Princeton. 

Del Bigio MR, da Silva MC, Drake JM & Tuor UI (1994). Acute and chronic cerebral white matter damage in 
neonatal hydrocephalus. Can J Neurol Sci 21, 299–305. 

Blaumanis OR, Rennels ML & Grady PA (1990). Focal cerebral edema impedes convective fluid/tracer movement 
through paravascular pathways in cat brain. Adv Neurol 52, 385–389. 

Bradbury MW, Cserr HF & Westrop RJ (1981). Drainage of cerebral interstitial fluid into deep cervical lymph of 
the rabbit. Am J Physiol 240, F329-36. 

Bradbury MW & Westrop RJ (1983). Factors influencing exit of substances from cerebrospinal fluid into deep 
cervical lymph of the rabbit. J Physiol 339, 519–534. 

Brinker T, Stopa E, Morrison J & Klinge P (2014). A new look at cerebrospinal fluid circulation. Fluids Barriers 
CNS 11, 10. 

Casley-Smith JR, Földi-Börsök E & Földi M (1976). The prelymphatic pathways of the brain as revealed by cervical 
lymphatic obstruction and the passage of particles. Br J Exp Pathol 57, 179–188. 

Cervós-Navarro J & Ferszt R (1973). Connective tissue in pericapillary spaces of the human spinal cord. Acta 
Neuropathol 24, 178–183. 

Csanda E, Földi M, Obál F & Zoltán OT (1968). Cerebral oedema as a consequence of experimental cervical 
lymphatic blockage. Angiologica 5, 55–63. 

Cserr HF (1971). Physiology of the choroid plexus. Physiol Rev 51, 273–311. 

Cserr HF, Cooper DN & Milhorat TH (1977). Flow of cerebral interstitial fluid as indicated by the removal of 
extracellular markers from rat caudate nucleus. Exp Eye Res 25 Suppl, 461–473. 

Cserr HF, Cooper DN, Suri PK & Patlak CS (1981). Efflux of radiolabeled polyethylene glycols and albumin from 
rat brain. Am J Physiol 240, F319-28. 

Cserr HF, DePasquale M, Harling-Berg CJ, Park JT & Knopf PM (1992). Afferent and efferent arms of the humoral 
immune response to CSF-administered albumins in a rat model with normal blood-brain barrier permeability. 
J Neuroimmunol 41, 195–202. 

Cserr HF & Ostrach LH (1974). Bulk flow of interstitial fluid after intracranial injection of blue dextran 2000. Exp 
Neurol 45, 50–60. 

Cserr HF & Patlak CS (1992). Secretion and bulk flow of interstitial fluid. In Physiology and Pharmacology of the 
Blood-Brain Barrier, ed. Bradbury MW, Handbook of Experimental Pharmacology, pp. 245–261. Springer-
Verlag, Berlin Heidelberg. 

Damkier HH, Brown PD & Praetorius J (2013). Cerebrospinal fluid secretion by the choroid plexus. Physiol Rev 93, 



 17 

1847–1892. 

Davson H & Segal MB (1995). Phyioslogy of the CSF and Blood-Brain Barriers, 1st edn.ed. Davson H & Segal 
MB. CRC Press, Inc, Boca Raton. 

Ebisu T, Naruse S, Horikawa Y, Ueda S, Tanaka C, Uto M, Umeda M & Higuchi T (1993). Discrimination between 
Different Types of White Matter Edema with Diffusion-weighted MR Imaging. J Magn Reson Im 3, 863–868. 

Engelhardt B & Sorokin L (2009). The blood-brain and the blood-cerebrospinal fluid barriers: function and 
dysfunction. Semin Immunopathol 31, 497–511. 

Faber WM (1937). The nasal mucosa and the subarachnoid space. Am J Anat 62, 121–148. 

Faubel R, Westendorf C, Bodenschatz E & Eichele G (2016). Cilia-based flow network in the brain ventricles. 
Science 353, 176–178. 

Fenstermacher JD, Ghersi-Egea JF, Finnegan W & Chen JL (1997). The rapid flow of cerebrospinal fluid from 
ventricles to cisterns via subarachnoid velae in the normal rat. Acta Neurochir Suppl 70, 285–287. 

Fenstermacher JD & Kaye T (1988). Drug “diffusion” within the brain. Ann N Y Acad Sci 531, 29–39. 

Fenstermacher JD & Patlak CS (1976). The Movements of Water and Solutes in the Brains of Mammals. In 
Dynamics of Brain Edema, ed. Pappius HM & Feindel W, pp. 87–94. Springer Berlin Heidelberg. 

Fenstermacher JD, Patlak CS & Blasberg RG (1974). Transport of material between brain extracellular fluid, brain 
cells and blood. Fed Proc 33, 2070–2074. 

Földi M (1996). The brain and the lymphatic system (I). Lymphology 29, 1–9. 

Foley CP, Nishimura N, Neeves KB, Schaffer CB & Olbricht WL (2012). Real-time imaging of perivascular 
transport of nanoparticles during convection-enhanced delivery in the rat cortex. Ann Biomed Eng 40, 292–
303. 

Frederickson RG & Low FN (1969). Blood vessels and tissue space associated with the brain of the rat. Am J Anat 
125, 123–145. 

Frigeri A, Gropper MA, Umenishi F, Kawashima M, Brown D & Verkman AS (1995). Localization of MIWC and 
GLIP water channel homologs in neuromuscular, epithelial and glandular tissues. J Cell Sci 108 ( Pt 9, 2993–
3002. 

Geer CP & Grossman SA (1997). Interstitial fluid flow along white matter tracts: A potentially important 
mechanism for the dissemination of primary brain tumors. J Neurooncol 32, 193–201. 

Ghersi-Egea JF, Finnegan W, Chen JL, Fenstermacher JD & Hospital HF (1996). Rapid distribution of 
intraventricularly administered sucrose into cerebrospinal fluid cisterns via subarachnoid velae in rat. 
Neuroscience 75, 1271–1288. 

Hadaczek P, Yamashita Y, Mirek H, Tamas L, Bohn MC, Noble C, Park JW & Bankiewicz K (2006). The 
“perivascular pump” driven by arterial pulsation is a powerful mechanism for the distribution of therapeutic 
molecules within the brain. Mol Ther 14, 69–78. 

Harling-Berg C, Knopf PM, Merriam J & Cserr HF (1989). Role of cervical lymph nodes in the systemic humoral 
immune response to human serum albumin microinfused into rat cerebrospinal fluid. J Neuroimmunol 25, 
185–193. 

Hossmann KA (1976). Development and Resolution of Ischemic Brain Swelling. In Dynamics of Brain Edema, ed. 
Pappius HM & Feindel W, pp. 219–227. Springer Berlin Heidelberg. 

Ichimura T, Fraser PAA & Cserr HF (1991). Distribution of extracellular tracers in perivascular spaces of the rat 
brain. Brain Res 545, 103–113. 

Iliff JJ, Chen MJ, Plog BA, Zeppenfeld DM, Soltero M, Yang L, Singh I, Deane R & Nedergaard M (2014). 
Impairment of Glymphatic Pathway Function Promotes Tau Pathology after Traumatic Brain Injury. J 
Neurosci 34, 16180–16193. 

Iliff JJ, Lee H, Yu M, Feng T, Logan J, Nedergaard M & Benveniste H (2013a). Brain-wide pathway for waste 



 18 

clearance captured by contrast-enhanced MRI. J Clin Invest 123, 1299–1309. 

Iliff JJ, Wang M, Liao Y, Plogg BA, Peng W, Gundersen GA, Benveniste H, Vates GE, Deane R, Goldman SA, 
Nagelhus EA & Nedergaard M (2012). A paravascular pathway facilitates CSF flow through the brain 
parenchyma and the clearance of interstitial solutes, including amyloid β. Sci Transl Med 4, 147ra111. 

Iliff JJ, Wang M, Zeppenfeld DM, Venkataraman A, Plog B a, Liao Y, Deane R & Nedergaard M (2013b). Cerebral 
arterial pulsation drives paravascular CSF-interstitial fluid exchange in the murine brain. J Neurosci 33, 
18190–18199. 

Jessen NA, Munk ASF, Lundgaard I & Nedergaard M (2015). The Glymphatic System: A Beginner’s Guide. 
Neurochem Res1–17. 

Jones EG (1970). On the mode of entry of blood vessels into the cerebral cortex. J Anat 106, 507–520. 

Kalimo H, Fredriksson K, Nordborg C, Auer RN, Olsson Y & Johansson B (1986). The spread of brain oedema in 
hypertensive brain injury. Med Biol 64, 133–137. 

Kandel ER, Schwartz JH, Jessell TM, Siegelbaum SA & Hudspeth AJ eds. (2013). Principles of Neural Science, 5th 
edn. McGraw Hill Medical, New York. 

Kida S, Pantazis A & Weller RO (1993). CSF drains directly from the subarachnoid space into nasal lymphatics in 
the rat. Anatomy, histology and immunological significance. Neuropathol Appl Neurobiol 19, 480–488. 

Kipnis J (2016). Multifaceted interactions between adaptive immunity and the central nervous system. Science 353, 
766–771. 

Klatzo I (1967). Presidental address. Neuropathological aspects of brain edema. J Neuropathol Exp Neurol 26, 1–14. 

Klatzo I (1987). Pathophysiological aspects of brain edema. Acta Neuropathol 72, 236–239. 

Knopf PM, Harling-Berg CJ, Cserr HF, Basu D, Sirulnick EJ, Nolan SC, Park JT, Keir G, Thompson EJ & Hickey 
WF (1998). Antigen-dependent intrathecal antibody synthesis in the normal rat brain: tissue entry and local 
retention of antigen-specific B cells. J Immunol 161, 692–701. 

Koh L, Zakharov A & Johnston M (2005). Integration of the subarachnoid space and lymphatics: is it time to 
embrace a new concept of cerebrospinal fluid absorption? Cerebrospinal Fluid Res 2, 6. 

Krahn V (1982). The pia mater at the site of the entry of blood vessels into the central nervous system. Anat 
Embryol (Berl) 164, 257–263. 

Kress BT, Iliff JJ, Xia M, Wang M, Wei HS, Zeppenfeld D, Xie L, Kang H, Xu Q, Liew JA, Plog BA, Ding F, 
Deane R & Nedergaard M (2014). Impairment of paravascular clearance pathways in the aging brain. Ann 
Neurol 76, 845–861. 

Lehmenkühler A, Syková E, Svoboda J, Zilles K & Nicholson C (1993). Extracellular space parameters in the rat 
neocortex and subcortical white matter during postnatal development determined by diffusion analysis. 
Neuroscience 55, 339–351. 

Levin VA, Fenstermacher JD & Patlak CS (1970). Sucrose and inulin space measurements of cerebral cortex in four 
mammalian species. Am J Physiol 219, 1528–1533. 

Louveau A, Da Mesquita S & Kipnis J (2016). Lymphatics in Neurological Disorders: A Neuro-Lympho-Vascular 
Component of Multiple Sclerosis and Alzheimer’s Disease? Neuron 91, 957–973. 

Louveau A, Smirnov I, Keyes TJ, Eccles JD, Rouhani SJ, Peske JD, Derecki NC, Castle D, Mandell JW, Lee KS, 
Harris TH & Kipnis J (2015). Structural and functional features of central nervous system lymphatic vessels. 
Nature 523, 337–341. 

Mabuchi T, Lucero J, Feng A, Koziol J a & del Zoppo GJ (2005). Focal cerebral ischemia preferentially affects 
neurons distant from their neighboring microvessels. J Cereb Blood Flow Metab 25, 257–266. 

Maynard EA, Schultz RL & Pease DC (1957). Electron microscopy of the vascular bed of rat cerebral cortex. Am J 
Anat 100, 409–433. 

Mazel T, Simonová Z & Syková E (1998). Diffusion heterogeneity and anisotropy in rat hippocampus. Neuroreport 



 19 

9, 1299–1304. 

McLone DG, Bondareff W & Raimondi AJ (1971). Brain edema in the hydrocephalic hy-3 mouse: submicroscopic 
morphology. J Neuropathol Exp Neurol 30, 627–637. 

Nabeshima S, Reese TS, Landis DM & Brightman MW (1975). Junctions in the meninges and marginal glia. J 
Comp Neurol 164, 127–169. 

Nag S, Manias JL & Stewart DJ (2009). Pathology and new players in the pathogenesis of brain edema. Acta 
Neuropathol 118, 197–217. 

Nagelhus EA, Mathiisen TM & Ottersen OP (2004). Aquaporin-4 in the central nervous system: cellular and 
subcellular distribution and coexpression with KIR4.1. Neuroscience 129, 905–913. 

Nicholson C (2001). Diffusion and related transport mechanisms in brain tissue. Reports Prog Phys 64, 815–884. 

Nicholson C & Phillips JM (1981). Ion diffusion modified by tortuosity and volume fraction in the extracellular 
microenvironment of the rat cerebellum. J Physiol 321, 225–257. 

Nicholson C & Syková E (1998). Extracellular space structure revealed by diffusion analysis. Trends Neurosci 21, 
207–215. 

Nicholson C & Tao L (1993). Hindered diffusion of high molecular weight compounds in brain extracellular 
microenvironment measured with integrative optical imaging. Biophys J 65, 2277–2290. 

Nielsen S, Nagelhus EA, Amiry-Moghaddam M, Bourque C, Agre P & Ottersen OP (1997). Specialized membrane 
domains for water transport in glial cells: high-resolution immunogold cytochemistry of aquaporin-4 in rat 
brain. J Neurosci 17, 171–180. 

Nolte J (2009). The Human Brain: An Introduction to its Functional Anatomy, 6th edn. Elsevier, Amsterdam. 

Novak U & Kaye AH (2000). Extracellular matrix and the brain: components and function. J Clin Neurosci 7, 280–
290. 

Ohata K & Marmarou A (1992). Clearance of brain edema and macromolecules through the cortical extracellular 
space. J Neurosurg 77, 387–396. 

Ohata K, Marmarou A & Povlishock JT (1990). An immunocytochemical study of protein clearance in brain 
infusion edema. Acta Neuropathol 81, 162–177. 

Paxinos G & Mai JK (2004). The Human Nervous System. Elsevier Inc., Amsterdam. 

Peters A, Palay SSL & Webster H deF. (1991). The fine structure of the nervous system: neurons and their 
supporting cells, 3rd edn. Oxford University Press, New York. 

Pollock H, Hutchings M, Weller RO & Zhang ET (1997). Perivascular spaces in the basal ganglia of the human 
brain: their relationship to lacunes. J Anat 191 ( Pt 3, 337–346. 

Preston SD, Steart P V., Wilkinson A, Nicoll J a R & Weller RO (2003). Capillary and arterial cerebral amyloid 
angiopathy in Alzheimer’s disease: defining the perivascular route for the elimination of amyloid beta from 
the human brain. Neuropathol Appl Neurobiol 29, 106–117. 

Proescholdt MG, Hutto B, Brady LS & Herkenham M (2000). Studies of cerebrospinal fluid flow and penetration 
into brain following lateral ventricle and cisterna magna injections of the tracer [14C]inulin in rat. 
Neuroscience 95, 577–592. 

Rennels ML, Blaumanis OR & Grady PA (1990). Rapid solute transport throughout the brain via paravascular fluid 
pathways. Adv Neurol 52, 431–439. 

Rennels ML, Gregory TF, Blaumanis OR, Fujimoto K & Grady PA (1985). Evidence for a “paravascular” fluid 
circulation in the mammalian central nervous system, provided by the rapid distribution of tracer protein 
throughout the brain from the subarachnoid space. Brain Res 326, 47–63. 

Reulen HJ, Graham R, Spatz M & Klatzo I (1977). Role of pressure gradients and bulk flow in dynamics of 
vasogenic brain edema. J Neurosurg 46, 24–35. 



 20 

Reulen HJ, Tsuyumu M, Tack A, Fenske AR & Prioleau GR (1978). Clearance of edema fluid into cerebrospinal 
fluid: A mechanism for resolution of vasogenic brain edema. J Neurosurg 48, 754–764. 

Rosenberg GA, Kyner WT & Estrada E (1980). Bulk flow of brain interstitial fluid under normal and hyperosmolar 
conditions. Am J Physiol 238, F42–F49. 

Sakka L, Coll G & Chazal J (2011). Anatomy and physiology of cerebrospinal fluid. Eur Ann Otorhinolaryngol 
Head Neck Dis 128, 309–316. 

Schlageter KE, Molnar P, Lapin GD & Groothuis DR (1999). Microvessel organization and structure in 
experimental brain tumors: microvessel populations with distinctive structural and functional properties. 
Microvasc Res 58, 312–328. 

Schuenke M, Schulte E & Schumacher U (2010). Thieme Atlas of Anatomy: Head and Neuroanatomy, 1st edn. 
Thieme, New York. 

Shima K & Marmarou A (1990). Clearance of infusion edema fluid at high and low levels of intracranial pressure. 
1990/01/01, 285–287. 

Strazielle N & Ghersi-Egea JF (2000). Choroid plexus in the central nervous system: biology and physiopathology. 
J Neuropathol Exp Neurol 59, 561–574. 

Syková E & Nicholson C (2008). Diffusion in brain extracellular space. Physiol Rev 88, 1277–1340. 

Syková E, Vorísek I, Antonova T, Mazel T, Meyer-Luehmann M, Jucker M, Hájek M, Ort M & Bures J (2005). 
Changes in extracellular space size and geometry in APP23 transgenic mice: a model of Alzheimer’s disease. 
Proc Natl Acad Sci U S A 102, 479–484. 

Szentistványi I, Patlak CS, Ellis RA & Cserr HF (1984). Drainage of interstitial fluid from different regions of rat 
brain. Am J Physiol 246, 35–44. 

Tao L & Nicholson C (1996). Diffusion of albumins in rat cortical slices and relevance to volume transmission. 
Neuroscience 75, 839–847. 

Thorne RG (2014). Primer on Central Nervous System Structure/Function and the Vasculature, Ventricular System, 
and Fluids of the BRain. In Drug Delivery to the Brain: Physiological Concepts, Methodologies, and 
Approaches, ed. Hammarlund-Udenaes M, de Lange E & Thorne RG, pp. 685–707. Springer-Verlag, New 
York. 

Thorne RG, Hrabetová S & Nicholson C (2004). Diffusion of epidermal growth factor in rat brain extracellular 
space measured by integrative optical imaging. J Neurophysiol 92, 3471–3481. 

Thorne RG, Lakkaraju A, Rodriguez-Boulan E & Nicholson C (2008). In vivo diffusion of lactoferrin in brain 
extracellular space is regulated by interactions with heparan sulfate. Proc Natl Acad Sci USA 105, 8416–8421. 

Thorne RG & Nicholson C (2006). In vivo diffusion analysis with quantum dots and dextrans predicts the width of 
brain extracellular space. Proc Natl Acad Sci USA 103, 5567–5572. 

Verbalis JG (2010). Brain volume regulation in response to changes in osmolality. Neuroscience 168, 862–870. 

Vorisek I & Sykova E (1997). Ischemia-induced changes in the extracellular space diffusion parameters, K+, and pH 
in the developing rat cortex and corpus callosum. J Cereb Blood Flow Metab 17, 191–203. 

Vorísek I & Syková E (1997). Evolution of anisotropic diffusion in the developing rat corpus callosum. J 
Neurophysiol 78, 912–919. 

Wagner HJ, Pilgrim C & Brandl J (1974). Penetration and removal of horseradish peroxidase injected into the 
cerebrospinal fluid: Role of cerebral perivascular spaces, endothelium and microglia. Acta Neuropathol 27, 
299–315. 

Walter BA, Valera VA, Takahashi S, Matsuno K & Ushiki T (2006a). Evidence of antibody production in the rat 
cervical lymph nodes after antigen administration into the cerebrospinal fluid. Arch Histol Cytol 69, 37–47. 

Walter BA, Valera VA, Takahashi S & Ushiki T (2006b). The olfactory route for cerebrospinal fluid drainage into 
the peripheral lymphatic system. Neuropathol Appl Neurobiol 32, 388–396. 



 21 

Watson C, Kirkcaldie M & Paxinos G (2010). The Brain: An Introduction to Functional Neuroanatomy. Academic 
Press. 

Weller RO (1998). Pathology of cerebrospinal fluid and interstitial fluid of the CNS: significance for Alzheimer 
disease, prion disorders and multiple sclerosis. J Neuropathol Exp Neurol 57, 885–894. 

Weller RO, Djuanda E, Yow H-Y & Carare RO (2009). Lymphatic drainage of the brain and the pathophysiology of 
neurological disease. Acta Neuropathol 117, 1–14. 

Weller RO, Kida S & Zhang ET (1992). Pathways of fluid drainage from the brain--morphological aspects and 
immunological significance in rat and man. Brain Pathol 2, 277–284. 

Weller RO, Subash M, Preston SD, Mazanti I & Carare RO (2008). Perivascular drainage of amyloid-beta peptides 
from the brain and its failure in cerebral amyloid angiopathy and Alzheimer’s disease. Brain Pathol 18, 253–
266. 

Wen H (1999). Ontogeny of water transport in rat brain: Postnatal expression of the aquaporin-4 water channel. Eur 
J Neurosci 11, 935–945. 

Wilson MH, Newman S & Imray CH (2009). The cerebral effects of ascent to high altitudes. Lancet Neurol 8, 175–
191. 

Wolak DJ, Pizzo ME & Thorne RG (2015). Probing the extracellular diffusion of antibodies in brain using in vivo 
integrative optical imaging and ex vivo fluorescence imaging. J Control Release 197, 78–86. 

Wolak DJ & Thorne RG (2013). Diffusion of macromolecules in the brain: implications for drug delivery. Mol 
Pharm 10, 1492–1504. 

Xie L, Kang H, Xu Q, Chen MJ, Liao Y, Thiyagarajan M, O’Donnell J, Christensen DJ, Nicholson C, Iliff JJ, 
Takano T, Deane R & Nedergaard M (2013). Sleep drives metabolite clearance from the adult brain. Science 
342, 373–377. 

Yao X, Hrabetova S, Nicholson C & Manley GT (2008). Aquaporin-4-Deficient Mice Have Increased Extracellular 
Space without Tortuosity Change. J Neurosci 28, 5460–5464. 

Zervas NT, Liszczak TM, Mayberg MR & Black PM (1982). Cerebrospinal fluid may nourish cerebral vessels 
through pathways in the adventitia that may be analogous to systemic vasa vasorum. J Neurosurg 56, 475–
481. 

Zhang ET, Inman CB & Weller RO (1990). Interrelationships of the pia mater and the perivascular (Virchow-Robin) 
spaces in the human cerebrum. J Anat 170, 111–123. 

 



Figure 1. Cerebrospinal fluid compartments, flow pattern, and drainage routes. The CSF (green) 

flows through the ventricular system (red arrows) and into the subarachnoid space surrounding 

the brain and spinal cord. The CSF exit pathways (white arrows) include drainage into the venous 

sinuses of the dura via arachnoid granulations, drainage along cranial nerves (i.e., olfactory nerves 

and trigeminal nerves) into the nasal mucosa and deep cervical lymph nodes, and drainage along 

spinal nerves to intercostal and other lymph nodes. Additionally, lymphatic vessels in the dura may 

be a route for CSF to drain to the cervical lymph nodes. Abbreviations: SAS = subarachnoid space; 
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LV = lateral ventricle; CHP = choroid plexus; IVF = interventricular foramen; 3V = third ventricle; 

CA = cerebral aqueduct; 4V = fourth ventricle; CM = cisterna magna (cerebellomedullary cistern); 

QC = quadrigeminal cistern; AC = ambient cistern; ChC = chiasmatic cistern; IPC = interpeduncular 

cistern; PMC = pontomedullary cistern; Cb = cerebellum.
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Figure 2. The brain microenvironment—blood-brain barrier and extracellular space. (A) The 

brain parenchyma is composed of several different cell types including neurons (yellow), 

oligodendrocytes (pink), microglia (blue), and astrocytes (green); these cells and their processes 

(gray) create a very narrow and tortuous extracellular space (ECS). Brain microvessels are 

composed of endothelial cells (dark pink) and their basement membrane (dashed dark gray line) 

and associated pericytes (light orange). Astrocyte foot processes and their basement membrane 

(dashed light gray line) further separate the blood vessels from the brain parenchyma and the 

extracellular spaces of the brain. (B) A magnified view of the ECS (red box) illustrates how 

linear molecules (e.g., siRNA) or globular macromolecules and macromolecular assemblies 

(e.g., proteins or viral vectors) are believed to diffuse through the ECS, and how the extracellular 

matrix (ECM) components (e.g., heparan sulfate proteoglycans) and the ECS width (dECS) may 

influence their diffusion. It is possible to improve transport of substances through the ECS by 

reducing binding to ECM components, for example, complexing heparin to lactoferrin to reduce 

lactoferrin binding to heparan sulfate proteoglycans (blue line). 
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Figure 3. The perivascular space of cerebral blood vessels. (A) Schematic of the layers of 

a leptomeningeal artery in the subarachnoid space on the brain surface. The blood vessel is 

ensheathed by a layer of leptomeningeal cells (light green) and a vascular connective tissue space 

(VCTS), generally referred to as the perivascular space (light blue). The artery wall consists 

of (outer to inner): circumferentially arranged smooth muscle (SM) cells (light pink) which 

may be several layers thick, and their surrounding SM basement membrane (gray); an internal 

elastic lamina (white line); and the endothelial cell basement membrane (gray) and endothelial 

cells (dark pink), joined by tight junctions. (B) Texas Red labeled 3 kDa dextran was infused 

for 50 minutes into the cisterna magna in rats (for method details, see reference (Wolak et al., 

2015)) and the distribution in brain slices observed using ex vivo confocal microscopy. A cross 

section of the intracranial internal carotid artery, a large leptomeningeal artery, shows 3 kDa 

dextran around leptomeningeal (LM) cells, in the perivascular/ vascular connective tissue space 

(adventitia), and around smooth muscle cells (tunica media), most likely in the smooth muscle 

basement membrane, demonstrating that CSF can access the perivascular space and the arterial 

wall. (C) A magnified image of the wall of the artery of a branch of the anterior cerebral artery 

also demonstrates 3 kDa dextran in and around the arterial wall. (D) Schematic of an arteriole in 

the brain parenchyma. The arteriole has fewer smooth muscle cell layers and is separated from 

the brain parenchyma by astrocyte endfeet (light green) and their basement membrane (gray). (E) 

After infusion of 3 kDa dextran into the CSF, the dextran has entered into the perivascular spaces 

of various-sized blood vessels in the cortical parenchyma near the brain surface. A putative 

arteriole in the frontal cortex shows dextran distributed throughout the arteriole wall, surrounding 

SM cells (empty pockets, some show DAPI staining of SM cell nuclei), likely distributed within 

the SM and endothelial basement membranes. Note, the spaces in the schematic drawings are 

not necessarily drawn to scale, but the vascular connective tissue space/perivascular space is not 

generally visible in light microscopy (i.e., around the arteriole in F) due to changes in the tissue 

with aldehyde fixation and processing. 
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Key Points 

• It has been unclear precisely how macromolecules, e.g., endogenous proteins and 

exogenous immunotherapeutics, access brain tissue from the cerebrospinal fluid (CSF). 

• We show that transport at the brain-CSF interface involves a balance between Fickian 

diffusion in the extracellular spaces at the brain surface and convective transport in 

perivascular spaces of cerebral blood vessels. 

• Intrathecally-infused antibodies exhibited size-dependent access to the perivascular spaces 

and tunica media basement membranes of leptomeningeal arteries; perivascular access and 

distribution of full-length IgG could be enhanced by intrathecal co-infusion of 

hyperosmolar mannitol. 

• Pores or stomata present on CSF-facing leptomeningeal cells ensheathing blood vessels in 

the subarachnoid space may provide unique entry sites into the perivascular spaces from 

the CSF.  

• These results illuminate new mechanisms likely to govern antibody trafficking at the brain-

CSF interface with relevance for immune surveillance in the healthy brain and insights into 

the distribution of therapeutic antibodies.    

 

Abstract 

The precise mechanisms governing the central distribution of macromolecules from the 

cerebrospinal fluid (CSF) to the brain and spinal cord remain poorly understood, despite their 

importance for physiological processes such as antibody trafficking for central immune 

surveillance as well as several ongoing intrathecal clinical trials. Here, we clarify how 

immunoglobulin G (IgG) and smaller single-domain antibodies (sdAb) distribute throughout the 
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whole brain in a size-dependent manner after intrathecal infusion in rats using ex vivo fluorescence 

and in vivo 3D magnetic resonance imaging. Antibody distribution was characterized by diffusion 

at the brain surface and widespread distribution to deep brain regions along perivascular spaces of 

all vessel types, with sdAb accessing 4-7 times greater brain area than IgG. Perivascular transport 

involved blood vessels of all caliber and putative smooth muscle and astroglial basement 

membrane compartments. Perivascular access to smooth muscle basement membrane 

compartments also exhibited size-dependence. Electron microscopy was used to show stomata on 

leptomeningeal coverings of blood vessels in the subarachnoid space as potential access points for 

substances in the CSF to enter the perivascular space. Osmolyte co-infusion significantly enhanced 

perivascular access of the larger antibody from the CSF, with intrathecal 0.75 M mannitol 

increasing the number of perivascular profiles per slice area accessed by IgG by approximately 

50%. Our results reveal potential distribution mechanisms for endogenous IgG, one of the most 

abundant proteins in the CSF, as well as provide new insights needed to understand and improve 

drug delivery of macromolecules to the central nervous system via the intrathecal route. 

 

Introduction 

Extracellular transport of molecules between the cerebrospinal fluid (CSF) and the interstitial fluid 

(ISF) of the central nervous system (CNS) has long been thought to involve size-dependent 

diffusional transport in brain extracellular space (ECS) and potentially size-independent 

convective flow pathways elsewhere (Abbott, 2004; Syková & Nicholson, 2008; Wolak & Thorne, 

2013); however, it has recently been suggested that a clearance process exists that relies in some 

part on convective flow through the brain parenchyma (Iliff et al., 2012; Nedergaard, 2013). While 

the precise mechanisms of distribution for endogenous and therapeutic macromolecules between 
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the CSF and brain ISF are not yet fully established, an abundance of physiological evidence has 

nevertheless indicated that transport in the brain parenchyma is governed by diffusion in the small 

(40-60 nm (Thorne & Nicholson, 2006)), tortuous ECS of the neuropil (Fenstermacher & Patlak, 

1976; Thorne et al., 2004; Thorne & Nicholson, 2006; Syková & Nicholson, 2008; Wolak & 

Thorne, 2013). Faster convective or bulk flow occurs in the CSF (Davson & Segal, 1995) and 

decades-old experimental work has also suggested flow could potentially occur in the perivascular 

(PV) spaces (PVS), white matter tracts, and the subependymal region (Cserr et al., 1977; 

Szentistványi et al., 1984; Ichimura et al., 1991). Indeed, there is now great interest regarding the 

specific mechanisms of distribution and the role of the PVS in fluid and solute exchange in the 

CNS (Iliff et al., 2012; Xie et al., 2013; Jin et al., 2016; Asgari et al., 2016). 

 

Brain delivery of substances other than small molecules has so far proven extremely difficult 

(Hammarlund-Udenaes et al., 2014), particularly for biologics with limited-to-negligible 

permeability at the blood-brain barrier (Davson & Segal, 1995; Abbott et al., 2006; Calias et al., 

2014) and further transport limitations within the CNS (Syková & Nicholson, 2008; Wolak et al., 

2015). There is a critical unmet need for alternative delivery approaches, including semi-invasive 

strategies such as administration into the CSF (Papisov et al., 2013). Delivering biologics (e.g., 

antibodies) to the CNS via the CSF has been the focus of pre-clinical and early stage clinical work 

(Thakker et al., 2009; Calias et al., 2014), but the specific mechanisms of transport and detailed 

patterns of distribution are still in question (Wolak & Thorne, 2013), despite numerous clinical 

trials testing intrathecal infusions in children and adults (Calias et al., 2014; clinicaltrials.gov). 

Although diffusional transport over the large distances required for whole brain delivery from the 

CSF is unlikely for all but the smallest species (Wolak & Thorne, 2013; Wolak et al., 2015), 
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growing evidence suggests the cerebrovascular PVS may offer a unique route for achieving rapid, 

widespread drug distribution via convective/bulk flow (Lochhead et al., 2015). 

 

The PVS (Fig. 1) is a compartment surrounding both leptomeningeal blood vessels and 

parenchymal blood vessels typically described as being filled with fluid, connective tissue, 

scattered cells, and possibly basement membranes (BM); it is thought to be analogous to the vessel 

adventitia (Frederickson & Low, 1969; Jones, 1970; Krisch et al., 1984; Zhang et al., 1990; Sixt 

et al., 2001; Wu et al., 2009) and possibly also the BM of the tunica media (Carare et al., 2008; 

Weller et al., 2008). Such a space has been demonstrated in many species from rodents 

(Frederickson & Low, 1969) to cats (Jones, 1970) to humans (Zhang et al., 1990). The natural 

dimensions of the rodent PVS appear to be on the order of ~5-10 µm wide at the brain surface 

(Ichimura et al., 1991; Foley et al., 2012; Iliff et al., 2012), becoming smaller as the vessel diameter 

narrows in the parenchyma (Frederickson & Low, 1969); the PVS is therefore substantially larger 

than the brain ECS and far more likely to accommodate flow due to a much lower hydraulic 

resistance (Wolak & Thorne, 2013). The PVS appears to be in communication with the subpial 

space (Krisch et al., 1984; Hutchings & Weller, 1986; Ichimura et al., 1991) and possibly also the 

subarachnoid space (SAS) via fenestrations in the pia mater (Frederickson & Low, 1969; Jones, 

1970; Cloyd & Low, 1974; Ichimura et al., 1991) and/or in the leptomeningeal sheaths around 

subarachnoid blood vessels (Jones, 1970; Cloyd & Low, 1974; Zervas et al., 1982), but such 

fenestrations have not been well described for rodents (Frederickson & Low, 1969; Oda & 

Nakanishi, 1984). 
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Much evidence suggests that bulk flow occurs in the PVS (Cserr et al., 1977, 1981; Rennels et al., 

1985; Ichimura et al., 1991; Ghersi-Egea et al., 1996a; Proescholdt et al., 2000; Abbott, 2004; 

Hadaczek et al., 2006b), potentially driven by arterial pulsations (Rennels et al., 1985; Hadaczek 

et al., 2006b; Iliff et al., 2013b); indeed, the PVS has been described as a conduit for the rapid 

influx (Rennels et al., 1985; Iliff et al., 2012), efflux (Cserr et al., 1977; Szentistványi et al., 1984; 

Ichimura et al., 1991; Zhang et al., 1992; Carare et al., 2008), and possible circulation of a variety 

of experimentally applied tracer substances (Rennels et al., 1985; Iliff et al., 2012; Nedergaard, 

2013). Pioneering work by Helen Cserr and others long suggested a possible lymphatic role for 

the PVS (Casley-Smith et al., 1976; Bradbury et al., 1981; Cserr et al., 1981; Yamada et al., 1991; 

Zhang et al., 1992; Kida et al., 1993), since the brain parenchyma appeared to lack the lymphatic 

vessels typical of non-CNS tissues (Cserr et al., 1977, 1981; Engelhardt et al., 2017). The PVS 

also may provide a pathway for cellular migration for the purpose of CNS immune surveillance 

(Fabry et al., 2008; Ransohoff & Engelhardt, 2012; Engelhardt et al., 2017). Lastly, the PVS may 

play some role in CSF/ISF clearance, in addition to drainage pathways along nerves (Faber, 1937; 

Bradbury & Westrop, 1983; Weller et al., 1992; Cserr & Knopf, 1992; Kida et al., 1993; Koh et 

al., 2005) and dural lymphatics (Kida et al., 1993; Furukawa et al., 2008; Aspelund et al., 2015; 

Louveau et al., 2015) to the cervical lymph nodes. 

 

Several unresolved issues remain regarding transport in and around the PVS. First, it is not yet 

clear what precise anatomical boundaries define where transport can occur (Rennels et al., 1985; 

Carare et al., 2008). Second, there is uncertainty over the factors dictating whether peri-capillary 

transport is possible (Maynard et al., 1957; Jones, 1970; Cervós-Navarro & Ferszt, 1973; Peters et 

al., 1991). Third, a lack of consensus is evident regarding the specific sites of PV influx, PV efflux, 
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and the potential for PV circulation (Rennels et al., 1985; Zhang et al., 1992; Carare et al., 2008; 

Iliff et al., 2012), e.g., what is the direction of PV flow along arteries versus veins (Ichimura et al., 

1991; Wang & Olbricht, 2011; Morris et al., 2016; Coloma et al., 2016)? Fourth, there has been 

speculation that a PV circulation involves convective flow through the ECS of the neuropil from 

peri-arterial to peri-venous spaces that is facilitated by glial aquaporin-4 water channels (the 

‘glymphatic’ hypothesis (Iliff et al., 2012; Nedergaard, 2013)), although such a flow through the 

parenchyma has been questioned (Wolak & Thorne, 2013; Hladky & Barrand, 2014; Jin et al., 

2016; Asgari et al., 2016); indeed, numerous experimental studies have shown transport in brain 

ECS to be diffusive in nature (Fenstermacher & Patlak, 1976; Thorne et al., 2004; Thorne & 

Nicholson, 2006; Syková & Nicholson, 2008; Wolak & Thorne, 2013). Finally, where and how 

CSF-borne molecules enter the PVS has not yet been clearly addressed. Here, we have utilized ex 

vivo fluorescence and in vivo magnetic resonance imaging (MRI) with intrathecal infusions of 

well-characterized, non-targeted full-length immunoglobulin G (IgG) and single-domain antibody 

(sdAb) conjugates to address many of these issues. IgG and sdAb span a size range (~15 kDa – 

150 kDa) that brackets most major endogenous biomolecules, particularly proteins in highest 

concentration in the CSF (e.g., albumin, IgG (Davson & Segal, 1995)), as well as proteins with 

high clinical/therapeutic potential (e.g., lysosomal enzymes, antibody fragments, and full-length 

antibodies (Calias et al., 2014)). Our results demonstrate that extracellular parenchymal diffusion 

and perivascular flow together produce unique size-dependent distribution of antibodies from 

CSF-to-brain and that perivascular IgG access can be osmotically manipulated to increase brain 

distribution.  
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Materials and Methods 

Ethical Approval  

Experiments were carried out at the University of Wisconsin-Madison in accordance with the 

National Institutes of Health Guide for the Care and Use of Laboratory Animals (2011), local 

Institutional Animal Care and Use Committee regulations, and The Journal of Physiology’s 

guidelines on animal ethics. Rats had access to food and water ad libitum and were housed in a 

climate-controlled room on a 12 hour light/dark cycle. All experiments were terminal and every 

effort was made to minimize the animal’s pain and distress.  

 

Intracisternal infusions in rats 

Female Sprague-Dawley rats (180-230 g; approximately 9-14 weeks of age; Harlan/Envigo) were 

anesthetized with urethane (1.3 g/kg i.p.) and supplemented (0.375 g/kg urethane i.p.) to effect as 

determined by the absence of a pedal reflex. Body temperature was maintained at 37°C using a 

homeothermic blanket system (Harvard Apparatus). Rats were then tracheotomized, 

subcutaneously administered 0.05 mL 2% lidocaine hydrochloride at the scalp for analgesia, and 

placed in a stereotaxic frame (Stoelting). Atropine sulfate (0.1 mg/kg every two hours) was 

administered subcutaneously to diminish bronchial secretions. Rats underwent a dorsal, midline 

neck incision followed by resection of subcutaneous tissues and posterior vertebral muscles to 

expose the atlanto-occipital membrane. The atlanto-occipital membrane was then retracted to 

reveal the dura overlying the cisterna magna for cannula insertion. A custom cannula consisting 

of 1.5 cm 33 GA polyetheretherketone tubing (PEEK; Plastics One) connected via PE-10 tubing 

(Solomon Scientific) to a Hamilton syringe controlled by an infusion pump (Quintessential 

Stereotaxic Injector, Stoelting) was filled with infusate prior to insertion. A small hole was created 
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in the dura with a 30 GA dental needle (Exel International) and the PEEK cannula was immediately 

advanced 1 mm into the cisterna magna, at a 30-degree angle from the horizontal and with the 

head approximately in the flat skull position; after insertion, the cannula was carefully fixed in 

place by cyanoacrylate with the dura tightly sealed around it.  

 

Non-targeted AlexaFluor488 single-domain antibody (sdAb; llama-derived A20.1 VHH antibody 

fragment against C. difficile toxin, with no known mammalian target (DBS; Farrington et al., 

2014)) or AlexaFluor488 goat-anti-rabbit IgG (IgG; A-11034, Life Technologies; characterized in 

a previous study (Wolak et al., 2015)) was infused intracisternally at 1.6 µL/min for 50 min (80 

µL total). Following infusion, the abdominal aorta was cannulated with the animal supine, and 50 

mL ice-cold 0.01 M phosphate-buffered saline (PBS; pH 7.4) was perfused at 15 mL/min 

(beginning 30 min post-infusion), euthanizing animals by exsanguination, followed by perfusion 

with 450 mL 4% paraformaldehyde in 0.1 M phosphate buffer. 0.5 mL blood was withdrawn one 

min prior to perfusion through the abdominal aorta cannula in a subset of animals.  

 

Ex vivo fluorescence imaging 

The whole brain, cervical lymph nodes, nasal passages, and spinal cord were removed/dissected 

and imaged immediately using an Olympus MVX10 Macroview microscope equipped with an 

Orca-flash 2.8 CMOS camera (Hamamatsu) and Lumen Dynamics X-Cite 120Q illuminator using 

the appropriate filter set (Chroma, U-M49002XL). Whole brains and nasal passages were imaged 

in 2-3 overlapping sections and at multiple planes of focus; each section was first auto-blended 

and then overlapping sections were manually aligned and auto-blended into a single larger image 

using Photoshop CC (Adobe). After post-fixation in 4% PFA overnight at 4°C brains were 
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sectioned on a vibratome (100 µm; Leica VT1000S) and immediately imaged on a wet petri dish. 

Lymph nodes and nasal passages were put in 20% sucrose overnight at 4°C, frozen in isopentane 

on dry ice, sectioned (25 µm) using a cryostat (Leica CM1950), and mounted onto slides (Prolong 

Gold or Diamond Antifade, with or without DAPI, Life Technologies).  

  

Plasma levels 

Following intrathecal infusion and just prior to perfusion (79 min) in some animals, 0.5 mL blood 

was drawn via cardiac puncture or abdominal aorta cannula, added to a collection tube with 

heparin, and kept on ice. Blood was spun for 10 min at 3,000 ´ g and the supernatant then spun 

for 10 min at 10,000 ´ g. The supernatant was removed for fluorescence quantification on a 

microplate reader (FLUOstar Omega, BMG LABTECH). Untreated or saline infused animals 

(N=6) were used as controls. IgG concentration in plasma was determined by comparison with a 

standard curve.  

 

Magnetic Resonance Imaging (MRI) 

All MRI experiments utilized an Agilent 4.7T small animal MRI acquired using VnmrJ software. 

After scout scans, and optional T2 anatomical scans, isotropic 3D T1-weighted spoiled gradient 

echo scans were used to detect gadolinium diethylenetriaminepentacetate (Gd-DTPA) labeled 

bovine IgG (Gd-IgG; Biopal) using the following sequence parameters: TR = 9.3 ms, TE = 4.7 ms, 

flip angle = 20°, field of view = 60´30´30 mm or 70´35´35 mm, resolution = 256´128´128, 

averages = 4, resulting in a scan time of ~10 min 17 sec  per imaging time point and a voxel size 

of ~234-273 µm. Animals were prepared identically as described for fluorescence imaging 

experiments except that, once the cannula was inserted into the cisterna magna and sealed, rats 
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were carefully placed in a transmitting/receiving volume coil in the prone position. Animals were 

maintained at 37°C using a warm air blower and heart and respiratory rates were monitored to 

ensure basic physiological parameters were in the normal range throughout the experiment. A 

baseline scan was acquired prior to the infusion, after which the subsequent scan and the infusion 

(1.6 µL/min, 80 µL total) were begun simultaneously; animals were then scanned continuously for 

the remainder of the infusion and typically for a further 1-2 hours post-infusion. Animals were 

then euthanized after the experiment by intracardiac KCl (1 M).  

 

MRI processing 

If necessary, registration was performed using a rigid body registration in Matlab (The MathWorks 

Inc.). All additional processing and analysis was performed using Fiji (Schindelin et al., 2012). 

Multiple regions of interest (ROIs) were outlined on raw MRI slices to analyze various CSF or 

brain ROIs (e.g., interpeduncular cistern or striatum), and the average pixel intensity (and other 

properties, e.g., max, min, and mode) measured for each time point. The percent change in intensity 

from the pre-infusion baseline for several areas (depicted in Fig. 2) was then averaged across 

animals; negative values were set to zero. As Gd-IgG interacts differently with different molecular 

environments (e.g., CSF versus gray or white matter), the percent change from baseline cannot 

unambiguously be compared between different brain areas (i.e., a 10% increase in signal in a CSF 

region versus a parenchymal brain region may not be the result of equivalent increases in Gd-IgG 

concentration). However, changes within a region and their kinetics are instructive. For 3D 

dynamic visualization, the pre-infusion baseline image was subtracted from subsequent scans 

using Fiji. Negative values were set to zero and surrounding background tissue signal (e.g., neck 

muscles) cropped. Baseline-subtracted data was rendered in 4D (3D with time) using the 3D 
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Viewer plugin (volume, no resampling) (Schmid et al., 2010). 3D baseline-subtracted data from 

individual time points was rendered in the Volume Viewer plugin (Barthel, 2005) using maximum 

projection mode and trilinear interpolation (e.g., Fig. 5C).  

 

Immunohistochemistry and confocal microscopy 

Free-floating 100 µm brain sections (following ex vivo fluorescence imaging) were washed three 

times in PBS for 5 min, blocked with 3% goat serum for one hour at room temperature, and 

incubated with mouse-anti-rat endothelial cell antigen-1 (RECA-1) primary antibody (Abcam 

ab9774; 1:1000 dilution) overnight at 4°C. Sections were next washed in PBS, incubated with 

goat-anti-mouse AlexaFluor405 (Life Technologies A-31553; 1:500 dilution) or donkey-anti-

mouse AlexaFluor 647 (Abcam ab150107; 1:500 dilution) for one hour at room temperature, 

washed again in PBS, and mounted on slides using Prolong Gold or Diamond Antifade (Life 

Technologies). After secondary incubation, some sections were also incubated with DAPI (Life 

Technologies; 2 µg/mL) for 20 min at room temperature and then washed in PBS before mounting. 

Slides were imaged on an Olympus FV1000 confocal microscope using FLUOVIEW software or 

a Nikon A1R confocal microscope with NIS Elements software. For laminin staining, sections 

were blocked in 1% BSA with 0.5% Triton X-100 for 2 hours at room temperature and incubated 

overnight in laminin g1 primary antibody (Sorokin laboratory, clone D18, 3 µg/mL). Sections were 

washed in PBS, incubated 2-3 hours at room temperature with secondary antibody (Cy3 goat-anti-

mouse, 1:600, Dianova 115-165-062), washed in PBS, and mounted for imaging on a Zeiss LSM 

700 confocal microscope using ZEN software.  
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Measurements of extracellular diffusion at the brain section surface following intrathecal 

infusion 

Coronal sections were analyzed for diffusion at the brain surface, as previously described (Wolak 

et al., 2015). Briefly, images were opened in Fiji (Schindelin et al., 2012) and a line (~80 µm wide 

and ~500-1200 µm deep) was drawn normal to the brain surface and the fluorescence intensity 

gradient along the line fitted to the appropriate equations (Wolak et al., 2015) to estimate an 

effective diffusion coefficient (D*infus) for antibody transport at the brain surface. Several lines 

were drawn per section, and several sections were analyzed per animal at coronal levels of 

approximately 1.5 mm anterior to bregma (± 0.5 mm; IgG) or 3 mm posterior to bregma (± 1 mm; 

IgG and sdAb) from bregma (Paxinos & Watson, 2007). For IgG, only D*infus fits where the R-

squared was greater than 0.8 and the difference between the maximum and minimum (background) 

intensity was greater than 500 arbitrary units were included for analysis. For sdAb, 6-8 lines were 

drawn per section and, as sdAb gradients extended further into the tissue than IgG gradients, a 

selection of the best fit lines (highest R-squared values; 4 lines from two sections for a total of 8 

per animal) were included for analysis. Animals co-infused with mannitol were not analyzed due 

to low signal-to-noise at the pial surface. Brain sections from saline-infused control animals did 

not show any surface gradient, but rather a random distribution of low level intensities 

(background) with a slight increase in intensity as opposed to the decrease in signal intensity seen 

for antibody-infused animals. No significant difference was found between dorsal D*infus values 

or ventral D*infus values obtained for IgG at different coronal levels (+1.5 mm and -3 mm) so 

results were pooled for dorsal and ventral D*infus reported values.  
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Mannitol co-infusion 

AlexaFluor 488 goat-anti-rabbit IgG was prepared in 0.27 M or 0.75 M mannitol in 0.01M PBS 

(pH 7.4) using 0.5 mL Amicon Ultra 100 kDa molecular weight cutoff centrifugal filters for buffer 

exchange (Millipore). IgG solution was added to the filter and washed/spun from 0.5 mL three 

times with 0.27 M or 0.75 M mannitol solution (final osmolality 507-564 mOsm/kg and 988-1124 

mOsm/kg, respectively); each spin was 10 min at 14,000 ´ g. Recovery spin was 2 min at 1,000 ´ 

g. Concentration of IgG protein (absorbance at 280 nm) was measured using a NanoDrop 2000C 

(Thermo Fisher) before and after filtration, and the protein concentration adjusted after filtration 

so animals received identical amounts of IgG whether administered in provided buffer or mannitol 

solution. The lower concentration of mannitol (0.27 M) was chosen because its isomer sorbitol 

(which is expected to have a similar osmotic effect as mannitol) has been used to stabilize AAV 

formulations that have been administered into the CSF (e.g., (Samaranch et al., 2013)) and brain 

(e.g., (Hadaczek et al., 2006a)), and the higher mannitol concentration (0.75 M) was chosen to be 

near the upper limit of mannitol solubility at room temperature (Mullin, 2001). Each of these 

concentrations was well-tolerated in anesthetized rats over the duration of the experiment; previous 

work has also showed fair tolerability after intracisternal bolus dosing of mannitol in rats (Speck 

et al., 1988). 

 

Point source diffusion measurements in free solution and in brain using integrative optical 

imaging (IOI) 

Single-domain antibody diffusion was evaluated in free solution and in the rat neocortex in vivo 

using IOI, as previously described (Thorne & Nicholson, 2006; Thorne et al., 2008; Wolak et al., 

2015). IOI is a well-characterized method that utilizes epifluorescence microscopy and 
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quantitative image analysis to measure the diffusion of fluorescently-labeled molecules. After a 

brief pulse injection, successive images of the diffusion cloud were recorded at regular intervals 

of 1-8 s using a custom program in MatLab (The MathWorks) provided by C. Nicholson and L. 

Tao (Nicholson & Tao, 1993). Image analysis was performed using a second MatLab program to 

fit images with expressions that describe how the 3D clouds resulting from each point source 

injection project on to the 2D CCD camera according to diffusion theory (Nicholson & Tao, 1993): 

 

 𝐼" 𝑟, 𝛾" = 𝐸"exp	 −
-
./

0
     [1] 

and  

 𝛾"0 = 4𝐷 𝑡" + 𝑡5     [2] 

 

where Ii is the fluorescence intensity of the ith image at radial distance r from the source point, 

and Ei incorporates the defocused point spread function of the microscope objective. To account 

for deviation from the point source approximation, a time offset, t0, was added to the measured 

time from injection, ti. Eq. 1 was fit to the upper 90% of the fluorescence intensity curves using a 

nonlinear simplex algorithm, providing estimates of a parameter, γ2, at a succession of ti intervals. 

A linear regression plot of γ2/4 versus ti returned a slope equal to the effective diffusion coefficient 

(D*) or free diffusion coefficient (D) based on Eq. 2. Measurements of D were made at 37 ± 1°C 

using 0.3% NuSieve GTG agarose (FMC) in 154 mM NaCl and measurements of D* were at a 

depth of 200 µm below the pial surface in the primary somatosensory area (barrel field and trunk 

region) in vivo. D was further used to calculate the apparent hydrodynamic diameter (dH) using the 

Stokes-Einstein equation [dH = (kT)/(3πηD), where k is Boltzmann’s constant, T is absolute 

temperature, and η is the viscosity of water (6.9152 x 10-4 Pa·s at T = 310 K)] (Thorne et al., 2004). 
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Diffusion parameters for IgG were taken from a previously published IOI study with the same 

AlexaFluor488-IgG conjugate as used here.  

 

Perivascular quantification 

Quantification of perivascular profiles and area accessed by intrathecal probes was performed 

using the Fiji image processing package (Schindelin et al., 2012), with the general strategy 

depicted in Fig. 3. First, the area of each ex vivo fluorescence brain section (in pixels2 and mm2) 

was determined by adjusting the threshold to delineate the section boundaries within the image 

and then by using the wand tool to outline the entire section. Ventricles were excluded from all 

slice areas. Thresholds were next adjusted until background autofluorescence (typically from white 

matter) was no longer detectable; thresholds were set equally for all sections within each animal. 

Three coronal levels were analyzed for antibody signal (coordinates according to (Paxinos & 

Watson, 2007)): approximately 1.5 mm anterior to bregma (± 1 mm; 8 sections per animal), 2.5 

mm posterior to bregma (± 1 mm; 7 sections per animal), and 5.5 mm posterior to bregma (± 0.25 

mm; 3-4 sections per animal). Next, the slice area was divided into two ROIs, a dorsal portion and 

ventral portion (a simple division that still allowed us to distinguish some degree of regional 

heterogeneity). For sections 1.5 mm anterior to bregma, the dorsal/ventral horizontal division line 

was placed at approximately half the vertical distance from the dorsal-ventral extent of the lateral 

ventricles; for sections 2.5 mm posterior to bregma, the horizontal division line was placed just 

inferior to the dorsal hippocampus and dorsal third ventricle; for sections 5.5 mm posterior to 

bregma, the horizontal division line was placed just superior to the cerebral aqueduct. The ‘analyze 

particles’ command was used to count, characterize, and outline perivascular signal or diffuse 

surface/white matter signal above the set threshold in each defined dorsal or ventral ROI; no 
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restriction was set on circularity but only profiles greater than 2 pixels were included (i.e., single 

pixels were not counted). The number of perivascular counts per mm2 slice area was determined 

by using the raw number of perivascular counts divided by the total slice area. The number of PV 

profiles per slice area was not quantified for sdAb because the strong, diffuse surface signal 

associated with sdAb obscured PV profiles and complicated interpretation. 

 

Scanning Electron Microscopy (SEM) 

Rats were anesthetized with urethane and perfused with ~50 mL ice cold 0.01M PBS and fixed 

with ~500 mL 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1M phosphate buffer via the 

abdominal aorta. The brain was removed and certain brain regions carefully dissected. Tissue 

samples were post-fixed overnight in 2% PFA with 2.5% glutaraldehyde at 4°C, and dehydrated 

in increasing levels of ethanol at room temperature. Tissue was then dried using a CO2 critical 

point dryer (Tousimis Sandri 780A) and sputter coated with ~3-5 nm 60:40 gold:palladium using 

a SeeVac Auto ConductVac IV prior to imaging (10kV, 25-10,000X) on a Hitachi S570 SEM or 

LEO 1530 field emission SEM.  

 

Statistics 

A Student’s two-tailed t-test was used to determine statistical differences for all two-way 

comparisons (e.g., IgG vs sdAb), with p values listed in the text. A Kruskal-Wallis one-way 

ANOVA on ranks (p<0.001) was performed for group comparisons (e.g., IgG vs IgG with 0.27 M 

or 0.75 M mannitol) where at least one group did not pass normality or equal variance tests, 

followed by post hoc pairwise testing using Dunn’s method (unless  otherwise specified) with 

p<0.05. A one-way analysis of variance was performed (p<0.001) for one group comparison 
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characterized by normal distribution and equal variance (as noted in the figure legend), followed 

by a Bonferroni post hoc test (p<0.001). Statistical analyses were performed using SigmaPlot 

(Systat Software). All values listed as mean ± s.e.m; N animals, n measurements.  

 

Results 

Whole brain ex vivo fluorescence imaging 

We initially characterized antibody probes using IOI D measurements (Nicholson & Tao, 1993; 

Thorne et al., 2004, 2008), confirming monomeric behavior and yielding Stokes-Einstein apparent 

hydrodynamic diameters (dH) for AlexaFluor488-labeled sdAb (16.8 kDa (Farrington et al., 2014); 

D = 14.7 ± 0.3 x 10-7 cm2/s and dH = 4.47 ± 0.11 nm; n=43; Fig. 4) and AlexaFluor488-labeled 

IgG (150 kDa; D = 6.47 x 10-7 cm2/s and dH = 10.15 nm ((Wolak et al., 2015)). Anesthetized, 

Sprague-Dawley rats were placed in a stereotaxic frame and a cannula placed in the cisterna 

magna. Antibodies were intrathecally infused, with animals in a prone position, for 50 min at a 

flow rate of 1.6 µL/min (approximately half the CSF production rate (Davson & Segal, 1995)), 

followed by a post-infusion distribution time of 30 min then perfusion-fixation; others have 

recently utilized similar infusion site/rates and infusion/post-infusion durations in rats with other 

intrathecal tracers (Iliff et al., 2013a; Yang et al., 2013; Bedussi et al., 2017) and shown such a 

flow rate does not appreciably elevate intracranial pressure (Yang et al., 2013; Bedussi et al., 

2017). Whole brains were removed and ex vivo imaging of the ventral and dorsal brain surfaces 

demonstrated high PV signal for both sdAb (N=6) and IgG (N=10) along cerebral arteries (Fig. 5). 

Antibody signal was apparent, albeit lower, around surface veins (e.g., the caudal rhinal vein; Fig. 

5 J and K). Antibody associated with the PVS of penetrating vessels perpendicular to the brain 

surface appeared as punctate signal (circled in Fig. 5G). High signal was particularly prominent at 
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brain-CSF interfaces (e.g., at the olfactofrontal and quadrigeminal cisterns), the olfactory bulbs, 

and around cranial (e.g., II, V, VIII, and XII) and spinal nerves (Fig. 5 F-I & Fig. 5L). There was 

a noticeable size-dependent surface distribution—generally, sdAb signal appeared brighter and 

more diffuse while IgG signal appeared more restricted to the PVS (e.g., Fig. 5 F and G); in 

addition, diffuse and PV signal on the ventral brain surface appeared greater than dorsal signal for 

both antibodies (Fig. 5 A and B & D and E). Saline-infused animals showed relatively low 

fluorescence (Fig. 5 B and E insets). 

 

In vivo 3D MRI of intrathecal IgG 

In vivo 3D T1-weighted MRI allowed tracking of a Gd-DTPA contrast agent conjugated to full-

length IgG (Gd-IgG) over time using the same infusion paradigm and animal positioning as above. 

Compared to whole brain ex vivo fluorescence, 3D baseline-subtracted T1-weighted image 

contrast enhancement associated with Gd-IgG signal showed a similar distribution of PV signal 

along cerebral arteries, as expected (Fig. 5 C). Representative raw sagittal MRI slices showed high 

signal in CSF cisterns, particularly ventrally (correlating with ex vivo fluorescence signal), and 

increasing signal in the brain parenchyma with time (Fig. 6 A-D and Fig. S2 A-I). Gd-IgG signal 

in the SAS was sparse over the dorsal cortex; anatomical T2 scans (not shown) and past studies 

suggest this is likely due to less CSF/SAS in these areas (Pease & Schultz, 1958; Morse & Low, 

1972; Oda & Nakanishi, 1984). The percent signal change from pre-infusion baseline for several 

ROIs (Fig. 2) over time yielded strikingly different kinetics (e.g., time to peak change) in CSF 

ROIs (Fig. 6E and Table 1) versus parenchymal ROIs (Fig. 6F). Signal in CSF ROIs tended to 

increase during the infusion and then fall as or shortly after the infusion finished whereas 

parenchymal ROIs tended to progressively increase throughout the experiment (even in two 

animals imaged for greater than 2 hours post-infusion). CSF ROIs nearest the infusion site  
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Table 1. Peak times and peak % changes with Gd-IgG infusion for selected MRI cerebrospinal 
fluid regions of interest.  

 
Approximate distance from 

CM infusion site (mm)† Peak % Change‡ 
Peak Time 
(minutes) 

ventral spinal SAS 4 185 ±  20%a 53.7 ±  2.6 

interpeduncular cistern 14 101 ±  10%b 60.0 ±  0.0 

ambient cistern 18 76.1 ±  7% 64.0 ±  2.5 

quadrigeminal cistern 22 57.1 ±  5% 91.3 ±  19 

olfactofrontal cistern 30 34.2 ±  5% 109 ±  5.9 
Values listed indicate mean ± s.e.m. 
†A ventral path and general ventral-to-dorsal and caudal-to-rostral flow pattern as suggested by MRI was assumed in 
calculating distances. 
‡Peak % change in intensity from pre-infusion baseline MRI. Mean peak % change values were significantly 
different by one-way ANOVA (p<0.001); pairwise post-hoc comparisons using the Holm-Sidak method showed 
aventral spinal SAS peak % change values were significantly greater than values for the interpeduncular (p=0.011), 
ambient (p=0.002), quadrigeminal (p<0.001), and olfactofrontal cisterns (p<0.001) and the binterpeduncular cistern 
peak % change value was significantly higher than the value for the olfactofrontal cistern (p=0.04). 
 

demonstrated a higher peak % change from baseline and a lower time to peak change than CSF 

ROIs further from the infusion site, i.e., the ventral spinal subarachnoid space had a significantly 

higher peak % change compared to all other more rostral CSF cisterns (Table 1). Carefully-selected 

ROIs within the lateral ventricles or fourth ventricle (Fig. 6 G and H) were also analyzed, showing 

ventricular Gd-IgG signal increased with time, with a kinetic profile similar to parenchymal ROIs, 

but the lack of differences between the sampled lateral ventricle and fourth ventricle ROIs suggest 

backflow through the ventricular system was not the source of this signal increase (Fig. 6I). Raw 

coronal MRI slices at the upper cervical level showed the greatest signal increase (relative to pre-

infusion baseline) in the SAS and butterfly-shaped spinal cord gray matter (Fig. 6 J, K, T, and U); 

greater contrast in the spinal gray versus white matter corresponded with dramatically higher 

vascularity in the spinal gray (Fig. 6L) and agreed well with markedly higher PV signal seen in 

that region in ex vivo fluorescence experiments (discussed below). 3D contrast enhancement with 
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time clearly demonstrated a rostrally-directed flow around the brain towards CSF efflux routes 

such as the olfactory nerves. 

  

Ex vivo fluorescence imaging of coronal brain sections 

Imaging of coronal brain sections revealed striking parenchymal sdAb and IgG distributions of 

two basic types: (i) hundreds of PV signal profiles in deeper brain regions at a variety of cortical 

and subcortical locations and (ii) a tight yet observable surface gradient at brain-CSF interfaces 

(Fig. 7 A-D). Perivascular signal was evident along the entire neural axis for both sdAb and IgG, 

with a distribution that was more prominent ventrally (Fig. 7 A and B & Fig. 8). Antibody 

distribution was quantified in brain sections using Fiji software, yielding percent slice area with 

antibody signal (Fig. 3). Signal was analyzed in dorsal or ventral halves of brain slices at three 

different coronal levels. A significantly greater percent area with signal was measured for sdAb 

than for IgG in both dorsal and ventral regions at all levels (p<0.001; Fig. 7 E and Table 2); 

averaging values over the 7 mm rostral-caudal distance sampled, the approximate mean areas 

accessed by sdAb and IgG were 11.6% and 1.95%, respectively (expressed as % of the total slice 

area; Table 2). Greater sdAb signal was particularly evident at brain surfaces, within 

periventricular white matter, and in the PVS throughout each slice. 

 

 
Diffuse signal at the brain surface was analyzed for sdAb and IgG using Fiji. Fluorescence intensity 

gradients were extracted along lines perpendicular to the brain surface (Fig. 7F). The resulting 

profiles were then fit to the appropriate diffusion equation (Wolak et al., 2015) to assess agreement 

with diffusion theory (Fig. 7G) and, if so, to estimate a diffusion coefficient in brain after 

intrathecal infusion (D*infus). The D*infus was then compared with the effective diffusion coefficient 

measured in the cortex beneath the brain surface in vivo using the well-established method of IOI  
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Table 2. Summary of antibody signal quantification from ex vivo fluorescence imaging of brain 
sections.  

 % Area with antibody signal (N, n) 
Infused Antibody  + 1.5 mm  - 2.5 mm  -5.5 mm 
sdAb    
     dorsal 6.02 ± 0.33 (5, 40) 9.33 ± 0.30 (5, 35) 5.79 ± 0.40 (5, 20) 
     ventral 20.14 ± 0.44 (5, 40) 13.46 ± 0.63 (5, 35) 14.87 ± 1.11 (5, 20) 
IgG    
     dorsal 1.42 ± 0.14 (5, 40) 1.63 ± 0.17 (6, 42) 1.17 ± 0.33 (5, 20) 
     ventral 3.46 ± 0.23 (5, 40) 1.77 ± 0.12 (6, 42) 2.26 ± 0.26 (5, 20) 
IgG + 0.27 M 
mannitol    

     dorsal 2.37 ± 0.15 (6, 48) 2.17 ± 0.28 (6, 42) 2.40 ± 0.45 (6, 24) 
     ventral 4.95 ± 0.23 (6, 48) 2.39 ± 0.09 (6, 42) 5.14 ± 0.47 (6, 24) 
IgG + 0.75 M 
mannitol    

     dorsal 2.34 ± 0.14 (9, 72) 2.82 ± 0.23 (8, 56) 3.10 ± 0.25 (7, 26) 
     ventral 6.21 ± 0.23 (9, 72) 3.24 ± 0.16 (8, 56) 4.85 ± 0.44 (7, 26) 

 
 

Number of PV profiles per mm2 slice area (N, n) 
Infused Antibody  + 1.5 mm  - 2.5 mm  -5.5 mm 
IgG    
     dorsal 5.37 ± 0.28 (5, 40) 3.58 ± 0.30 (6, 42) 2.97 ± 0.5 (5, 20) 
     ventral 14.00 ± 0.45 (5, 40) 7.51 ± 0.28 (6, 42) 8.13 ± 0.31 (5, 20) 
IgG + 0.27 M 
mannitol    

     dorsal 7.01 ± 0.46 (6, 48) 5.80 ± 0.45 (6, 42) 6.46 ± 0.81 (6, 24) 
     ventral 15.08 ± 0.74 (6, 48) 9.84 ± 0.55 (6, 42) 10.95 ± 0.97 (6, 24) 
IgG + 0.75 M 
mannitol    

     dorsal 8.48 ± 0.47 (9, 72) 6.20 ± 0.33 (8, 56) 6.33 ± 0.29 (7, 26) 
     ventral 17.85 ± 0.81 (9, 72) 10.47 ± 0.55 (8, 56) 11.52 ± 0.6 (7, 26) 

Antibody signal above a background threshold was quantified using Fiji to measure the % area with antibody signal 
within dorsal or ventral halves of brain slices (1.5 mm anterior or 2.5 mm and 5.5 mm posterior to bregma) and the 
number of perivascular profiles normalized by slice area (mm2). Values represent mean ± s.e.m.; N animal experiments 
and n brain sections per treatment group. 
 
(D*IOI); this allowed us to evaluate whether the antibody surface gradients from intrathecal 

infusions in a closed system were consistent with parenchymal diffusion in deeper brain measured 

using open cranial windows and point source intraparenchymal injections with IOI (Fig. 7H). 

D*infus for sdAb at the ventral brain surface after intrathecal infusion (D*infus=32 ± 0.7 x 10-8 cm2/s; 

n=32, N=4, Fig. 4) agreed remarkably well with parenchymal values from IOI (D*IOI=31 ± 1 x   
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10-8 cm2/s; n=19, N=4; p=0.47; D* at the dorsal brain surface could not be determined due to the 

difficulty of sampling around extensive PV signal at that site). IgG surface gradients were clearly 

diffusive in nature (Fig. 7G) but D*infus at the ventral brain surface (D*infus=3.4 ± 0.3 x 10-8 cm2/s; 

n=50, N=5) was reduced compared to D*IOI measured previously at a depth of 200 µm from the 

pial surface (D*IOI=6.7 ± 0.3 x 10-8 cm2/s; ((Wolak et al., 2015)). Furthermore, a noticeably steeper 

IgG gradient at the dorsal brain surface yielded an even lower value (D*infus=1.8 ± 0.1 x 10-8 cm2/s; 

n=34, N=5) compared to the ventral brain surface. 

 

Ex vivo confocal microscopy of perivascular antibody distribution 

Representative sections were chosen for immunohistochemistry and confocal microscopy to 

examine PV localization. Both sdAb and IgG signal surrounded leptomeningeal surface arteries 

(endothelial cells immunolabeled with rat endothelial cell antigen-1) in the fluid- and connective 

tissue-space of the presumed adventitia, but sdAb had markedly greater access to the tunica media 

(i.e., putative BM between smooth muscle cells (alpha smooth muscle actin+)) compared to IgG 

(Fig. 9 A and E). Both antibodies were distributed along parenchymal PVS including putative 

arteries/arterioles (Fig. 9 B and F; with characteristic circumferential bands of signal associated 

with the smooth muscle BM), putative veins/venules (Fig. 9 C and G), and microvessels (Fig. 9 D, 

H, arrow in I; as small as 4 µm in diameter), based on vessel size and morphology. Overall, sdAb 

had a more continuous distribution within the PVS and more diffuse signal in the neuropil 

surrounding the PVS compared to IgG. Antibody signal for both sdAb and IgG was prominent at 

the brain surface, likely associated with the pia and/or subpial space, and often exhibited a punctate 

appearance within putative macrophages (Iba1/Cd11b/Lyve-1+) in the SAS and in the PVS 

(arrowheads in Fig. 9 B and F). PV signal was consistently prominent around lenticulostriate 
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vessels (Fig. 9I), where a pan-laminin BM marker demonstrated that IgG co-localized with 

astrocyte BM and smooth muscle BM, but not endothelial BM (Fig. 9I inset).  

 

Electron microscopy of potential perivascular entry points on leptomeningeal vessel sheaths 

Potential routes of entry from the CSF into the PVS of rodents have received surprisingly little 

attention, despite their obvious importance and potential to screen or filter CSF-borne 

macromolecules. We investigated whether stomata, leptomeningeal fenestrations/pores that have 

been shown on the adventitial cell layer bordering the CSF of surface vessels in the cat (Zervas et 

al., 1982), could be demonstrated on the adventitial surface of major leptomeningeal vessels in the 

rat using SEM. Untreated rats were perfused, fixed, and several tissue areas around the anterior 

cerebral, middle cerebral, basilar and vertebral arteries and the optic, interpeduncular, and 

quadrigeminal cisterns were processed for SEM. Careful investigation revealed the presence of 

numerous stomata on the adventitial surface (i.e., at the site of the green leptomeningeal cells 

depicted in Fig. 1 A and B) of all vessels examined (Fig. 10 A-D), with a strikingly similar 

appearance to those in the cat (Zervas et al., 1982). These pore-like structures typically exhibited 

a uniform, smooth rim, with diameters mostly in the range of 1-3 µm. A dense meshwork of 

underlying connective tissue, presumably fibrillar collagen, was also clearly visible through the 

pores (Fig. 10 B (inset), C, and D). 

 

Enhanced perivascular access of IgG with co-infusion of mannitol 

Our results showing an inverse correlation between PV access/distribution and probe size 

suggested a size-dependent filtration process may restrict PV access from the CSF (possibly due 

to sieving by stomata and their associated connective tissue, as described above, or by similar 
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structures present on the pia). We hypothesized that intrathecal co-infusion of an osmolyte might 

increase the larger IgG’s access to the PVS, e.g., by osmotically drawing water out of 

leptomeningeal lining cells on the adventitial surface of vessels in the SAS. IgG was prepared in 

either 0.27 M (5%; N=6) or 0.75 M mannitol (14%; N=9) and then infused intrathecally using the 

same infusion parameters as described above. Ex vivo fluorescence imaging of brain sections and 

subsequent quantification using Fiji (Fig. 3) indicated that mannitol co-infusion enhanced IgG PV 

access in a dose-dependent manner (Fig. 11 A-D), resulting in a significantly increased percent 

slice area with IgG signal (Fig. 11E) and greater number of PV profiles per mm2 (Fig. 11F). Co-

infusion with 0.27 M mannitol yielded a significantly increased percent area accessed by IgG in 

4/6 areas sampled (dorsal or ventral halves of brain slices at three different coronal levels, as 

above) and a significantly increased number of PV counts per mm2 in 3/6 areas sampled compared 

to IgG alone. Co-infusion of IgG with 0.75 M mannitol yielded a significantly increased percent 

area and a significantly increased number of PV counts per mm2 in all areas sampled compared to 

IgG alone. Co-infusion of IgG with 0.75 M mannitol also resulted in a significantly increased 

percent area in 3/6 areas sampled and showed more prominent spread of IgG along periventricular 

white matter compared to 0.27 M mannitol co-infusions, confirming mannitol dose-dependence. 

In summary, co-infusion with 0.75 M mannitol dramatically increased the brain area accessed by 

IgG by ~93% and increased the number of PV profiles per slice area by 1.46-fold compared to IgG 

alone (Table 2). Mannitol co-infusion also markedly increased PV access of IgG in the spinal gray 

matter (Fig. 11 G-I). Confocal imaging demonstrated that mannitol co-infusion increased IgG 

access to the innermost smooth muscle BM layers of large leptomeningeal arteries (Fig. 11 J-M) 

and allowed more continuous PV distribution along penetrating vessels. Co-infusion of 0.75 M 
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mannitol did not appreciably alter the distribution of the smaller sdAb (data not shown), suggesting 

mannitol elicited increased perivascular access in a size-dependent fashion.  

 

CSF drainage routes 

Intrathecal infusions of both sdAb and IgG resulted in high signal in the olfactory mucosa and 

deep cervical lymph nodes (Fig. 12), CSF efflux routes that have been previously identified in 

many other studies (Faber, 1937; Bradbury et al., 1981; Bradbury & Westrop, 1983; Szentistványi 

et al., 1984; Zhang et al., 1992; Kida et al., 1993; Koh et al., 2005) although nasally-directed CSF 

efflux has recently been called into question (Louveau et al., 2015). Within the nasal passages, 

most of the antibody signal was localized to the olfactory mucosa and cribriform plate (Fig. 12 A-

D); confocal microscopy of olfactory mucosa coronal cryosections demonstrated that IgG signal 

was present throughout the lamina propria where it surrounded putative blood vessels, lymphatic 

vessels, and nerve bundles, with signal stopping abruptly at the basal lamina (Fig. 12 E-I). 

Antibody drainage to the deep cervical lymph nodes (consistent with much past work (Bradbury 

et al., 1981; Bradbury & Westrop, 1983; Szentistványi et al., 1984)) was indicated by prominent 

signal in all animals intrathecally administered either sdAb or IgG (Fig. 12 A and B inset) and all 

animals receiving IgG with either 0.27 M mannitol or 0.75 M mannitol. Often, at least one 

superficial cervical lymph node exhibited signal (consistent with past work (Szentistványi et al., 

1984)) although, when present, it always appeared of lower intensity than the deep cervical lymph 

node signal. IgG signal was also noticeably present around nerves (e.g., the nerve layer of the 

olfactory bulb surface, the optic, trigeminal, and hypoglossal nerves (see Fig. 5 A, B, and F-I), and 

spinal nerves (see Fig. 5L)), possibly associated with cranial and spinal nerve-associated efflux 

routes (Faber, 1937; Bradbury & Westrop, 1983; Weller et al., 1992; Cserr & Knopf, 1992; Kida 
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et al., 1993; Koh et al., 2005) and clearance along dural lymphatic vessels (Aspelund et al., 2015). 

Clearance of IgG to the plasma compartment 30 min post-infusion, presumably via arachnoid villi 

and lymphatic drainage routes, resulted in low plasma concentrations: 26.8 ± 1.3 nM after 

intrathecal IgG (N=9); 28.6 ± 1.7 nM after co-infusion of IgG with 0.27 M mannitol (N=5); 35.1 

± 0.85 nM after co-infusion of IgG with 0.75 M mannitol (N=9). Although 0.75 M mannitol co-

infusion yielded a small yet significant elevation in plasma IgG concentration compared to IgG 

alone and 0.27 M mannitol co-infusion, these levels were orders of magnitude below the infused 

IgG concentration (13 µM) and the low µM CSF levels likely to have resulted from the infusion 

after taking into account CSF dilution. 

 

Discussion   

The major findings of the present study are: (i) fluorescence intensity gradients within the neuropil 

at the brain surface were consistent with diffusive transport and exhibited clear antibody size-

dependence; (ii) sdAb and IgG each appeared to distribute perivascularly to some degree along all 

vessel types studied, i.e., arteries, arterioles, microvessels, venules, and veins; (iii) the percent 

brain area accessed was strikingly greater for the smaller sdAb than for the larger IgG; (iv) 

perivascular access to the smooth muscle BM of the tunica media exhibited size-dependence; (v) 

intrathecal co-infusion of an osmolyte, mannitol, markedly increased access of IgG to PV 

compartments in a dose-dependent manner; and (vi) CNS clearance of antibodies was prominent 

along olfactory pathways to the olfactory mucosa and cervical lymph nodes. Finally, SEM revealed 

numerous leptomeningeal vessel stomata (micron-sized pores on the CSF-facing outer surface cell 

layer of the vessels, not to be confused with the inner surface endothelial cell layer) in rodents. We 

speculate that these unique fenestrations may play a role in the size-dependent PVS access of CSF-
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borne macromolecules. Our results provide strong support for two principal mechanisms 

governing transport of antibodies from CSF to brain: diffusion from the CSF into the ECS at the 

brain surface and convection in the PVS of cerebral blood vessels to deep brain regions.  

 

Diffusion in the extracellular space of the neuropil 

Recent intracisternal infusion studies in mice (Iliff et al., 2012; Xie et al., 2013) and rats (Iliff et 

al., 2013a; Yang et al., 2013) have led to speculation that aquaporin-4 water channels on astrocyte 

endfeet allow a convective flux or flow of CSF/ISF through the parenchymal ECS, facilitating 

convective transport of various tracer substances along brain-wide pathways (termed ‘glymphatic’ 

due to a proposed reliance on glia and role in lymphatic-like brain drainage) out of the arterial PVS 

through the brain ECS and into the PVS of veins for clearance (Nedergaard, 2013). However, the 

occurrence of convective flow through the ECS of the neuropil has been called into question based 

on theoretical considerations and modeling results that suggest diffusion to be a more plausible 

mechanism (Wolak & Thorne, 2013; Jin et al., 2016; Asgari et al., 2016). Our experimental results 

using the same infusion site/rate and similar infusion/post-infusion durations as used with other 

tracers in the experimental work underlying the ‘glymphatic’ concept (Iliff et al., 2013a; Yang et 

al., 2013) provides further evidence that diffusion, and not convection, is likely to be the 

predominant transport process governing distribution in the ECS of the neuropil. Fluorescence 

intensity brain surface gradients from intrathecal infusions were extracted from different coronal 

sections several mm apart and the resulting profiles fit with the appropriate 1-dimensional solution 

to the diffusion equation (Wolak et al., 2015), similar to an older approach pioneered by 

Fenstermacher et al. with radiotracer perfusions (reviewed in (Syková & Nicholson, 2008; Wolak 

& Thorne, 2013)). The excellent fit of these profiles strongly suggests diffusive transport as the 
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dominant transport mechanism at least 200 µm (IgG) to 800 µm (sdAb) deep into the brain surface 

from the CSF. Further, the sdAb effective diffusion coefficient obtained from the ventral brain 

surface profiles after intrathecal infusion was nearly identical to that obtained using the IOI 

method, where intraparenchymal injections were performed in somatosensory cortex at a depth of 

200 µm in separate animals. This striking agreement, despite the application of entirely different 

methods and in vivo animal preparations to arrive at sdAb D*infus and D*IOI values, provides strong 

evidence in support of diffusion limiting parenchymal gradients at the brain surface (and 

experimentally obtained isotropic radial profiles around point sources in the parenchyma such as 

with IOI). While diffusion theory also fit intrathecal IgG brain surface profiles quite well, the 

resulting D*infus values were lower than previously obtained D*IOI values from the point source 

IOI method with the same IgG fluorescent conjugate (Wolak et al., 2015). The reasons for this are 

not entirely clear although we speculate that the environment for IgG diffusion into the brain across 

the pial surface may exhibit subtle differences from the parenchyma several hundred microns 

below, e.g., structural complexity associated with the extensive surface glia limitans (Ghersi-Egea 

et al., 1996a; Fenstermacher et al., 1997) and/or site-dependent differences in astrocytic 

expression of Fcg receptors (Okun et al., 2010) may result in greater sieving of IgG and/or more 

pronounced IgG hindrance due to rapid, reversible Fc binding; size-dependent diffusional 

hindrance and reduced effective diffusion due to binding in the brain have been previously 

demonstrated (Thorne & Nicholson, 2006; Thorne et al., 2008). We did observe differences in the 

relative signal intensities associated with brain surface profiles (and their apparent depth of 

penetration) across different sites, but such differences should not affect the calculated diffusion 

coefficient. It is very likely that CSF antibody levels varied at different brain-CSF interfaces; 

indeed, MRI appeared to demonstrate greater exposure of ventral brain regions to Gd-IgG in the 
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CSF, with little CSF (as seen by T2 MRI) or Gd-IgG contrast over the dorsal brain region. Lastly, 

distributions often exhibited many profiles consistent with concentration gradient-driven radial 

diffusion out from the PVS of parenchymal vessels, particularly microvessels (e.g., Fig. 9D); 

similar radial profiles around parenchymal vessels have been observed by others, e.g., following 

intraventricular acid sphingomyelinase or intracisternal adeno-associated virus infusions in 

macaques (Ziegler et al., 2011; Samaranch et al., 2013).  

 

Recently, it has been suggested that the brain ECS volume in mice is reduced during the awake 

state as compared to during sleep or under ketamine/xylazine anesthesia (Xie et al., 2013), so it 

remains possible that certain aspects of our results may have been different (e.g., more limited 

brain surface profiles due to hindered extracellular diffusion resulting from reduced ECS width; 

Thorne & Nicholson, 2006) had the experiments been conducted in awake rats rather than the 

urethane-anesthetized animals utilized here. This possibility awaits further study along with 

replication of the awake brain ECS volume reduction finding (Xie et al., 2013) by other 

laboratories and in other species such as the rat. Importantly, urethane anesthesia has been shown 

to cause only modest effects on both excitatory and inhibitory neurotransmission compared to 

other anesthetics (e.g., isoflurane, ketamine (Hara & Harris, 2002)) and induce a sleep-like state 

in rodents (Clement et al., 2008), so it may also be useful to carefully evaluate diffusion and 

perivascular transport in future studies by comparing intrathecal tracer distributions using different 

anesthetics.  

 

Perivascular access and distribution characteristics for antibodies 

Intrathecal infusions of both fluorescently labeled sdAb and IgG resulted in abundant PV signal 

throughout the brain, including cortical and subcortical regions far deeper than reached by the 
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diffusive brain surface gradients discussed above. Comparison of PV IgG signal associated with 

major surface vessels obtained by ex vivo fluorescence imaging and in vivo MRI (with Gd-IgG 

infusion) revealed excellent agreement between the two methods. Importantly, all parenchymal 

brain ROIs analyzed (e.g., olfactory bulbs, cortex, striatum) exhibited increasing Gd-IgG signal 

with time, consistent with Gd-IgG distribution to and accumulation in and around the parenchymal 

PVS (as shown by ex vivo fluorescence imaging). Indeed, accumulating Gd-IgG signal in the upper 

cervical spinal cord close to the intracisternal infusion site easily distinguished the highly vascular 

spinal gray from the less vascular surrounding white matter (i.e., more PV Gd-IgG signal was 

presumably associated with the spinal gray’s higher vascularity), again in agreement with ex vivo 

fluorescence imaging results (e.g., compare Fig. 6 K and L with Fig. 11G). Our results were 

generally consistent with other studies where a variety of non-antibody tracer substances, e.g., 

horseradish peroxidase, ovalbumin, and small and large molecular weight dextrans, have been 

infused into the CSF of rodents, cats, and dogs (Wagner et al., 1974; Rennels et al., 1985; Iliff et 

al., 2012, 2013a, 2013b; Xie et al., 2013). While a previous rat study (Iliff et al., 2013a) compared 

the intrathecal distribution of two gadolinium non-dextran contrast agents with fluorescent dextran 

tracers in three parenchymal CNS areas of the rat, our study is the first to correlate findings across 

MRI and ex vivo fluorescence imaging using a single physiologically and therapeutically relevant 

protein, IgG, with a much expanded list of parenchymal and CSF ROIs reported. Much work 

suggests the driving force for this PV transport is related to vessel pulsatility (Rennels et al., 1985; 

Hadaczek et al., 2006b; Iliff et al., 2013b), with the result being a convective flow in the PVS 

(Cserr et al., 1977, 1981; Rennels et al., 1985; Ichimura et al., 1991; Ghersi-Egea et al., 1996a; 

Proescholdt et al., 2000; Abbott, 2004; Hadaczek et al., 2006b; Iliff et al., 2012, 2013a), although 
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modeling has suggested transport processes other than bulk flow (e.g., dispersion due to local fluid 

motion) may also provide an explanation for fast PV tracer transport (Asgari et al., 2016).  

Our ex vivo fluorescence imaging results showed some degree of sdAb and IgG signal around 

vessels of all caliber, i.e., from arteries/arterioles to capillaries to venules/veins, and our in vivo 

MRI data for IgG was consistent with a net PV flow first appearing around the largest surface 

arteries (presumably the PV compartment) and later around cortical surface veins (e.g., the caudal 

rhinal vein). In vivo two-photon imaging has been used previously to show that CSF-infused 

fluorescent dextran conjugates appear first in PV compartments associated with arteries and then 

later in PV compartments associated with veins (Iliff et al., 2012), suggesting a natural PV 

transport pathway traveling in the same direction as blood flow (Iliff et al., 2012, 2013a; Xie et 

al., 2013), as proposed decades ago (Rennels et al., 1985). It is worth noting that other studies 

have proposed intramural PV transport (i.e., along the BM of arterial smooth muscle cells in the 

tunica media and possibly also along the capillary basal lamina) may occur in the opposite 

direction to flow under certain conditions (Carare et al., 2008; Morris et al., 2016). Further work 

is needed to settle the direction of PV tracer transport in different vessels and their different 

compartments as well as the mechanisms underlying such transport. 

 

An important aspect of our results was the demonstration that both sdAb and IgG reached the PVS 

of microvessels (i.e., typical of capillaries, arbitrarily assigned as vessels with a lumen diameter 

less than 8 µm); whether convection may occur at these sites is unknown, in part because it is 

unclear if a peri-capillary fluid space exists or if fused astrocyte and endothelial BMs result in a 

matrix compartment without an actual fluid space (Maynard et al., 1957; Jones, 1970; Cervós-

Navarro & Ferszt, 1973; Peters et al., 1991). Nevertheless, assuming flow in the PVS continues 
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down to the region of exchange vessels such as capillaries, there are numerous possibilities for 

peri-capillary transport, e.g., diffusion and possibly also convection within either a fused BM or 

fluid space compartment. Whether peri-capillary convection is possible would in theory depend 

upon pressure gradients, porosity, viscosity, and the dimensions of the space (Wolak & Thorne, 

2013); further work is needed to explore likely possibilities. However, our results with both sdAb 

and IgG do confirm older reports from Wagner et al. (Wagner et al., 1974) and Rennels et al. 

(Rennels et al., 1985), as well as more recent reports from others (Jolly et al., 2011; Iliff et al., 

2012), that macromolecule tracers infused into the CSF may distribute to a peri-capillary 

compartment. Peri-capillary transport after tracer infusion into the CSF is significant for at least 

two reasons: (i) it may be theoretically possible to access the PVS of all vessel types from the CSF, 

with the prospect of true global CNS delivery provided there is sufficient diffusion into the 

neuropil from the peri-capillary region (neurons are rarely more than 10-20 µm from capillaries 

(Wolak & Thorne, 2013), a short distance optimal for diffusion) and (ii) it may also be theoretically 

possible for circulation along the entire perivascular tree (e.g., from the PVS of arteries à 

arterioles à capillaries à venules à veins), as suggested previously (Rennels et al., 1985), 

without requiring transport through the neuropil to reach peri-venous spaces (in contrast with a 

proposed convection through the neuropil as suggested in the ‘glymphatic’ concept (Iliff et al., 

2012; Nedergaard, 2013)). If such a directed circulation throughout the perivascular tree is indeed 

observed, it is unlikely that large molecules transported out of the brain from peri-venous 

compartments drain directly into the CSF. Many prior studies have demonstrated that labeled 

macromolecules (e.g., albumin or a poly(ethylene glycol)-dye conjugate) injected into the brain 

parenchyma drain primarily to cervical lymph nodes ipsilateral to the injection site (Bradbury et 

al., 1981; Szentistványi et al., 1984; Yamada et al., 1991; Aspelund et al., 2015), while tracers 
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applied to the CSF drain to cervical lymph nodes with no apparent lateralization (Bradbury et al., 

1981), as seen in the present study. These different drainage patterns may be important for 

mechanisms related to CNS immune privilege, as it has long been known that tissue grafts (and 

their associated antigens) generate far more potent immune responses when transplanted into CSF 

compartments than when transplanted into brain parenchyma (Engelhardt et al., 2017).   

 

We also observed a striking size-dependent access to PV pathways, with sdAb signal covering a 

4-fold to 7-fold greater percentage of slice area compared to IgG at each slice location analyzed. 

Averaging values over the entire rostral-caudal distance sampled (Table 2), we obtained 

approximate mean % areas accessed of 11.6% and 1.95% for sdAb and IgG, respectively. 

Nedergaard et al. have previously noted size-dependent access for intracisternally infused dextran 

tracers in mice (Iliff et al., 2012; Lee et al., 2015; Peng et al., 2016) (and rats (Iliff et al., 2013a)), 

although the reported % mean areas accessed have markedly varied across different studies by this 

group for unknown reasons (e.g., from approximately 5% (Lee et al., 2015) to 50% (Iliff et al., 

2012) for 3 kDa dextran in mice), so comparisons with the values reported here may not be 

meaningful. One of the most striking differences we observed between sdAb and IgG concerned 

the prominent disposition of sdAb, but not IgG, in the smooth muscle BM of the tunica media in 

leptomeningeal arteries as shown by confocal imaging of the vessel wall (Fig. 9 A and E & Fig. 

11 J-M). Such an apparent size-dependent access to the tunica media compartment following 

intrathecal infusions has to our knowledge not been previously identified, although Carare et al. 

have noted that 15 nm gold nanoparticles do not access the BM between smooth muscle cells 

(Morris et al., 2016). Coupling the (i) greatly reduced IgG access to the smooth muscle BM of 

large leptomeningeal arteries relative to sdAb with (ii) significant peri-capillary access for both 
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sdAb and IgG suggests the existence of a low-resistance peri-capillary compartment that may not 

easily distinguish sdAb and IgG based on size, as expected for a peri-capillary fluid space in vivo 

rather than a fused astrocyte/endothelial BM compartment (Maynard et al., 1957; Jones, 1970; 

Cervós-Navarro & Ferszt, 1973; Peters et al., 1991). 

 

It seems likely that the unique pattern of perivascular signal associated with intrathecal sdAb and 

IgG across the rostral-caudal neural axis (Fig. 8) is dependent in some complex way on specific 

vessel branching patterns, continuity, pulsatility, and regional variations in PV hydraulic 

conductivity, i.e., the pattern of PV signal likely depends on characteristics of the blood vessels 

that supply and drain specific CNS regions. The cerebrovascular architecture of rat surface arteries 

and their associated PVS have been recently described (Lochhead et al., 2015), based on multiple 

sources (e.g., (Scremin, 2004; Hammarlund-Udenaes et al., 2014)), and can be divided into an 

anterior circulation (principally the internal carotid and the anterior and middle cerebral arteries, 

along with their associated branches) and a posterior circulation (principally the vertebral arteries, 

basilar artery and the posterior cerebral arteries, along with their associated branches). The 

olfactory bulbs and tracts consistently exhibited high PV signal in all animals, suggesting robust 

PV access and distribution associated with their arterial supply (nasal-olfactory, olfactofrontal, and 

ventral olfactory arteries, all principally branching from the anterior cerebral artery (Lochhead et 

al., 2015)); other ventromedial brain regions (e.g., the septal nucleus and striatum) supplied by the 

anterior cerebral artery also exhibited consistently high PV signal while dorsomedial territories 

exhibited somewhat variable PV signal. Striatal and ventrolateral cortical regions associated with 

the middle cerebral artery exhibited consistently high PV signal while dorsolateral territories 

exhibited more variable PV signal. In general, ventral brain areas associated with proximal 
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branches of posterior circulation vessels such as the diencephalon, midbrain, and hindbrain 

exhibited consistently high PV signal (e.g., hypothalamus, a small portion of the ventromedial 

thalamus, and ventromedial midbrain supplied by thalamo-perforating and median mesencephalic 

branches of the posterior cerebral/basilar arteries) while areas supplied by more distal branches 

exhibited little or no PV signal (e.g., anterior/dorsal thalamus and anterior/dorsal hippocampus, 

e.g., 2.5 mm posterior to bregma). The very sparse PV signal in parts of the brainstem and 

cerebellar cortex was also surprising, given these areas are supplied by branches of the vertebral 

and basilar arteries, which were nearest to the infusion site and exhibited the highest PV signal on 

the brain surface. Taken together, the overall pattern of PV signal distribution was most prominent 

at ventral sites nearest the origin of arterial branches and less prominent at more distal sites. 

Further, mannitol co-infused with IgG resulted in a somewhat global PV signal increase compared 

to that of IgG alone, i.e., PV signal was increased across many different areas supplied by both the 

anterior and posterior circulations.  

 

Enhanced perivascular access of IgG with co-infusion of mannitol 

Previous studies have shown intrathecal infusions of hypertonic mannitol solutions to be 

reasonably well tolerated in animals (Speck et al., 1988) and 5% (0.27 M) sorbitol (an isomer of 

mannitol and a glucose metabolite) has been routinely used as a stabilizing excipient for viral gene 

therapy vectors intended for cisternal infusion (e.g., (Samaranch et al., 2013)). However, our 

results represent the first characterization of the effects and possible mechanisms of intrathecally 

co-infused osmolytes on macromolecule distribution in the central compartment. We used ex vivo 

fluorescence imaging to evaluate intrathecal co-infusion of IgG with mannitol at two different 

mannitol concentrations (0.27 and 0.75 M), revealing a mannitol concentration-dependent increase 
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in IgG signal for both the % brain area accessed and PV counts per mm2 slice area. Interestingly, 

fluorescence intensity brain surface gradients did not appear affected by infusion of mannitol into 

the CSF at either concentration (Fig. 8), suggesting parenchymal diffusion was not enhanced by 

CSF mannitol and that the major contribution to increased IgG signal in brain likely came from a 

local effect on CSF-facing lining cells of leptomeningeal vessels (and possibly also pial cells) 

resulting in increased PV access. 

 

Intrathecal mannitol infusions were well-tolerated in our experiments. Hyperosmolar mannitol has 

been used in past studies to modify BBB permeability characteristics (e.g., (Rapoport et al., 1980; 

Neuwelt et al., 1982; Cserr et al., 1987)) but there has been little guidance on how intrathecal 

mannitol may impact the BBB or blood-CSF barriers. We expect that our intrathecal paradigm 

with 0.27 and 0.75 M mannitol minimally affected CNS barriers because (i) endpoint (30 min post-

infusion) plasma IgG levels were unaffected by 0.27 M mannitol and minimally affected by 0.75 

M mannitol, consistent with mannitol not altering central IgG clearance to the systemic 

compartment, (ii) we employed a slow intrathecal infusion which likely subjected mannitol to 

continuous dilution due to CSF production and clearance, and (iii) extrapolation suggests the CSF 

mannitol levels likely to have resulted from our infusions were well below levels associated with 

BBB modulation with systemically applied mannitol. Even if intrathecal mannitol had been 

administered as a bolus rather than a slow infusion over 50 min, we estimate it would have been 

diluted approximately 3-fold in the CSF (considering a bolus 80 µL volume of 0.75 M mannitol 

infused into ~ 250 µL of total subarachnoid CSF; total CSF volumes in the rat range from ~150-

300 µL (Davson & Segal, 1995; Fenstermacher et al., 1999; Preston, 2001)). Such a dilution would 

have resulted in a concentration of ~0.24 M mannitol assuming instantaneous mixing. The 
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threshold for increasing BBB permeability with systemic mannitol has been reported to necessitate 

mannitol dosing resulting in blood concentrations (assuming 250 g rats with a blood volume of 

approximately 13 mL (Everett et al., 1956)) of approximately 0.39 - 0.57 M mannitol (Rapoport 

et al., 1980; Neuwelt et al., 1982; Cserr et al., 1987). Previous work has also shown a fairly short 

time window of increased BBB permeability in rats (~ 1 hr) with systemic mannitol application 

(Rapoport et al., 1980). We therefore expect the effects of intrathecal mannitol to be temporary 

and reversible. Nevertheless, additional studies to investigate the kinetics and full range of actions 

for intrathecal mannitol infusions are warranted.  

 

Periventricular white matter signal 

Interestingly, animals infused with the smaller sdAb or, to a lesser extent, with IgG exhibited 

diffuse antibody signal in periventricular white matter areas surrounding the lateral ventricles (e.g., 

corpus callosum, external capsule, deep cerebral white matter) and extending rostrally into the 

olfactory ventricles (Fig. 8). Ex vivo fluorescence after sdAb infusion demonstrated this 

periventricular white matter signal in all animals. Infusion of IgG revealed a substantially smaller 

area of spread in 4/6 animals. Co-infusion of 0.27 M mannitol did not show apparent differences 

from IgG alone (signal present in 3/6 animals), but co-infusion of 0.75 M mannitol resulted in 

substantial diffuse IgG signal in periventricular white matter in 8/9 animals, though the spread was 

still less than for sdAb. The precise origin of this periventricular signal is at present not clear and 

will require further study. Multiple findings suggest that backflow from the cisterna magna into 

the ventricular compartment (i.e., from cisterna magna à fourth ventricle (4V) via foramina of 

Luschka and Magendie à third ventricle (3V) via cerebral aqueduct of Sylvius à lateral ventricles 

(LV) via intraventricular foramina of Monro) did not account for periventricular signal in our 
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experiments. First, our infusion rate of 1.6 µl/min has been demonstrated by others to be below 

the rate (~3 µl/min) at which an infusion-dependent acute elevation in intracranial pressure first 

occurs in the rat (Yang et al., 2013; Bedussi et al., 2017); such an elevation, were it to occur, might 

in principle be accompanied by backflow from the subarachnoid space into the ventricles. Second, 

close examination of ex vivo fluorescence in coronal sections spanning across the brain (Fig. 8) 

revealed prominent periventricular signal in the lateral ventricles, with far less periventricular 

signal adjacent to the third and fourth ventricles; backflow would have been expected to produce 

the opposite gradient due to a dilution effect (i.e., with expected signal levels adjacent to the 

ventricles in the order of 4V > 3V > lateral ventricles). Third, MRI comparison of Gd-IgG signal 

associated with lateral ventricle and fourth ventricle ROIs (Fig. 6 G-I) showed that our infusion 

paradigm did not result in signal change from baseline suggestive of backflow (i.e., where 4V 

changes would be expected to exceed and precede LV changes). Furthermore, the kinetics of 

percent change from baseline in Gd-IgG contrast in LV and 4V ROIs resembled parenchymal ROIs 

rather than CSF ROIs from subarachnoid cisterns (compare Fig. 6I with Fig. 6 E and F). Taken 

together, the results suggest that infused antibodies gained entry to tissue compartments adjacent 

to the lateral ventricle and perhaps other ventricular compartments via other pathways.   

 

We speculate two pathways may have contributed to this observed periventricular signal: (i) 

spillover from PV compartments associated with the choroidal arteries and (ii) alternative cistern-

to-ventricle flow paths associated with the LV choroidal fissure, velum interpositum and medullary 

velae. The former possibility is supported by the observation that the choroid plexus often 

exhibited fluorescence, particularly with sdAb infusions. Transport within the PVS of the posterior 

cerebral artery, which branches to provide anterior, posterior lateral, and posterior medial 
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choroidal arteries supplying the ventricular choroid plexuses that are most abundant within the 

lateral ventricles (Coyle, 1975), may have resulted in some spillover in these regions with 

subsequent flow along low resistance periventricular pathways associated with adjacent white 

matter or subependymal areas (Cserr et al., 1977; Szentistványi et al., 1984; Ichimura et al., 1991). 

The latter possibility is suggested by several observations by others in which direct connections 

have been inferred between the ventricular spaces and cisterns at specialized sites where the pia, 

ependyma, and leptomeningeal vessels are in close proximity; such sites, revealed by labeled tracer 

infusions, may include the LV choroidal fissure (Bedussi et al., 2017), the velum interpositum 

(Ghersi-Egea et al., 1996a), and the superior medullary velum (Ghersi-Egea et al., 1996a). Other 

studies employing low flow rate infusions in rats have also reported tracer signal in ventricular 

compartments such as the LV (Bedussi et al., 2017) and mesencephalic 4V (Iliff et al., 2013a); 

indeed, Benveniste et al. have reported size-dependent signal accumulation with two different 

cisternally-infused MRI contrast agents (938 Da Gd-DPTA >> 200 kDa GadoSpinP) at the cerebral 

aqueduct/4V (Iliff et al., 2013a) using the same infusion rate as in the present study.  

 

Potential PVS access sites 

Very little information exists from past rodent studies regarding the nature of the transport 

barrier(s) that might be responsible for the size-dependent PV access from the CSF (and its 

manipulation by mannitol) seen in this study. SEM studies in other species have indicated the 

presence of fenestration-like stomata between CSF-facing lining cells of leptomeningeal vessels 

in the subarachnoid space (Cloyd & Low, 1974; Zervas et al., 1982) with a potential role in 

supplying nutrients to large cerebral vessels that lack the vasa vasorum present elsewhere in the 

body (Zervas et al., 1982), but the possibility that such pores exist in rodents has thus far only been 
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suggested by isolated observations from two previous transmission electron microscopy studies 

(Frederickson & Low, 1969; Oda & Nakanishi, 1984). Here, we used SEM to show the presence 

of numerous micron-sized stomata on leptomeningeal cells of subarachnoid vessels from both the 

anterior and posterior circulations in the rat. The general dimensions, circularity, and dense, 

underlying connective tissue of these stomata closely resemble leptomeningeal vessel fenestrations 

seen with SEM in the cat (Zervas et al., 1982) (as well as pial fenestrations that have been observed 

with SEM in dogs (Cloyd & Low, 1974) and humans (Reina et al., 2004)). We speculate that 

sieving by such structures (stomata and their closely associated connective tissue) may be 

responsible at least in part for the reduced PV access we observed for the larger IgG relative to the 

smaller sdAb. Further, our result that mannitol co-infusions significantly increased PV access of 

IgG appear consistent with an osmotic effect on stomata and/or intercellular gaps between 

leptomeningeal vessel lining cells (or pial cells). More work is needed to investigate such 

structures, their regional distribution, and their possible modulation. 

 

Involvement of the olfactory clearance route for CNS antibody drainage 

Drainage of CSF- or parenchymally-administered tracer substances along olfactory nerves to the 

nasal mucosa and then to the cervical lymph nodes has been suggested in many prior studies 

(reviewed in (Weller et al., 1992; Koh et al., 2005)), mostly using tracers such as India ink (e.g., 

(Kida et al., 1993)), radiocontrast (e.g., (Faber, 1937)), or radiolabeled substances (e.g., (Bradbury 

& Westrop, 1983)), but this communication route has recently been questioned (Louveau et al., 

2015). Here, we have shown with ex vivo fluorescence and confocal imaging that intrathecal 

infusions of sdAb and IgG resulted in (i) prominent signal in the nasal mucosa, predominantly 

associated with the olfactory region, (ii) IgG signal throughout the olfactory lamina propria, and 
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(iii) prominent signal in the deep cervical lymph nodes. Confocal imaging of the olfactory mucosa 

demonstrated IgG associated with connective tissue and numerous vessels throughout the lamina 

propria (Fig. 12 E-I), in proximity to areas shown with SEM to contain lymphatics (Furukawa et 

al., 2008), and ex vivo fluorescence imaging of olfactory bulb sections showed sdAb and IgG 

throughout the olfactory nerve layer. These results are consistent with IgG clearance/drainage 

along olfactory perivascular/perineural spaces and/or lymphatics across the cribriform plate to the 

olfactory mucosa, as demonstrated by others using different tracers (Faber, 1937; Kida et al., 1995; 

Koh et al., 2005; Aspelund et al., 2015). Preferential drainage of sdAb and IgG to the olfactory 

region (with much less drainage to the nasal respiratory mucosa) may be functionally important as 

the olfactory mucosa exhibits significantly lower relative vascularity and vascular permeability 

that have been speculated to favor lymphatic drainage from the olfactory lamina propria to regional 

lymph nodes (e.g., deep cervical) (Kumar et al., 2016). Antibody signal was also evident in 

proximity to several cranial and spinal nerves, some of which seemed to be in the ensheathing 

dura, possibly associated with dural lymphatics (Aspelund et al., 2015); dissection and imaging of 

dorsal cranial dura revealed intrathecally infused IgG signal localized around sinuses, a portion of 

which may have been associated with dural lymphatics (Aspelund et al., 2015; Louveau et al., 

2015).  

 

Significance for CNS physiology, pathology, and drug delivery 

Endogenous IgG antibodies are the second most abundant proteins in CSF (after albumin), 

representing ~7-12% of total CSF protein (Davson & Segal, 1995), yet surprisingly little is known 

about their precise distribution pathways from the CSF into brain; indeed, the nature and limits of 

the PV pathways taken by endogenous antibodies as they traffic into the brain may have significant 
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implications for immune surveillance (Schmitt et al., 2012). We have shown that CSF-borne IgG 

(10 nm dH) has difficulty accessing the BM between smooth muscle cells while the smaller sdAb 

(4.5 nm dH) appears to penetrate the tunica media compartment fully. We speculate that a smaller 

protein than sdAb, e.g., the soluble 40-residue form of beta-amyloid (Aß1-40), might also be 

expected to also easily access the BM compartment between smooth muscle cells from the CSF 

and, once there, to remain relatively hidden from perivascular circulating IgG (endogenous or 

exogenous) originating from the CSF. Indeed, others have speculated that cerebrovascular amyloid 

in Alzheimer’s disease, characterized in large part by Aß1-40 deposition in the BM between smooth 

muscle cells, may originate from CSF Aß1-40 (Ghersi-Egea et al., 1996b); interestingly, such 

amyloid deposition has proven difficult to clear by either systemic or centrally administered 

antibody (discussed in (Koenigsknecht-Talboo et al., 2008)). We speculate that the perivascular 

trafficking of IgG and other proteins may have unique relevance for cerebral amyloid angiopathy 

(Weller et al., 2008), autoimmune disease (Asgari et al., 2015), and other conditions where IgG 

surveillance pathways between the CSF and parenchyma may affect pathogenesis. Stomata on 

leptomeningeal lining cells of subarachnoid vessels may also provide unique pathways for the 

trafficking of immune cells (Merchant & Low, 1977). Our results also reaffirm the importance of 

olfactory drainage pathways for CSF clearance, with previously described potential implications 

for central antigen drainage (Bradbury & Westrop, 1983; Kida et al., 1993; Knopf et al., 1995; 

Engelhardt et al., 2017). Finally, our results may have unique relevance for understanding, 

optimizing, and translating several CNS drug delivery approaches, particularly the central infusion 

of antibodies and other proteins by the intrathecal and/or intraventricular routes, as it emphasizes 

the critical importance of PV pathways in achieving more extensive central distribution. In 

agreement with much past work (Fenstermacher & Patlak, 1976; Thorne et al., 2004; Thorne & 



 

 

70 

Nicholson, 2006; Syková & Nicholson, 2008; Wolak & Thorne, 2013), our results confirm that 

brain surface gradients of sdAb and IgG are consistent with diffusive transport into the brain from 

the CSF; we infer from this result that transport through the neuropil of the gray matter adjacent 

to the PV pathways is also likely to be diffusive in nature under normal conditions. Importantly, 

gradients produced by diffusion are not expected to scale with increasing brain size (Wolak & 

Thorne, 2013; Wolak et al., 2015), while it appears increasingly likely that circulation/distribution 

of CSF and ISF within the ventricles, extraventricular sites, and the PVS do represent scalable 

phenomena (Rennels et al., 1985; Jolly et al., 2011; Samaranch et al., 2013). Taken together, the 

significance of these findings for central drug delivery is that access to and distribution within PV 

pathways may ultimately dictate the success or failure of a variety of different approaches (e.g., 

intranasal (Lochhead et al., 2015), intrathecal, or intraventricular administration) aimed at whole 

brain delivery. Understanding the key physiologic determinants of central distribution may in the 

end allow optimization strategies (e.g., use of smaller active drug fragments or osmolyte co-

infusion, as we have described) to enhance the prospects for success in translating pre-clinical 

CNS drug delivery studies to the clinic.  

 

Translational Perspective 

Mechanistic understanding of methods for traversing or bypassing the barriers between the blood 

and CNS in order to achieve effective delivery of biologics (e.g., peptides, proteins, 

oligonucleotides, and gene therapies) to the brain and spinal cord has been a major challenge in 

biomedical research. The past several decades have witnessed many preclinical and clinical trials 

aimed at demonstrating efficacy for biologics in the treatment of CNS disorders but successful 

translation to the clinic has been rare; although most such trials have centered around strategies 
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attempting to deliver a biologic or conjugate across the blood-brain barrier, today there are only 

three examples of clinically approved biologics (U.S. & E.U.) that are unequivocally delivered to 

CNS target sites and each of these involve bypassing the CNS barriers with CSF infusions 

(intrathecal ziconotide, a peptide, for chronic pain; intrathecal nusinersen, an antisense 

oligonucleotide, for spinal muscular atrophy; intracerebroventricular cerliponase alfa, an enzyme 

replacement therapy, for a form of neuronal ceroid lipofuscinosis). However, detailed descriptions 

of the factors that govern the distribution of biologics, particularly therapeutically promising 

antibodies and antibody fragments, from the CSF to brain tissue have been surprisingly limited. 

Our findings illuminate how the CSF-to-brain transfer of antibodies occurs in rats, showing the 

physiological and anatomical correlates that underlie intrathecal antibody delivery as well as the 

trafficking of endogenous antibodies. Our results suggest that perivascular access and distribution 

of antibodies, and likely other biologics, has been underappreciated as a key physiologic 

determinant of whether extensive central distribution is achievable with CSF infusions. 
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Figure 1. Schematic of the subarachnoid and perivascular spaces and their relationship to the 

brain parenchyma. (A) The cerebrospinal fluid (CSF, light blue) of the subarachnoid space (SAS) 

is contained between the arachnoid mater and pia mater (light purple). Leptomeningeal blood 

vessels traverse the CSF of the SAS on the brain’s surface; these vessels are covered by a layer of 

leptomeningeal cells (green), sometimes referred to as the adventitial cell layer. Beneath the pia and 

its BM (thin gray line) is the subpial space containing connective tissue (e.g., collagen), cells (e.g., 

macrophages, purple), and subpial vessels. Studies suggest the PVS is continuous between blood 

vessels in the SAS, the subpial space, and the parenchyma (Krisch et al., 1984; Zhang et al., 1990; 

Ichimura et al., 1991). Separating the subpial space and PVS from the brain parenchyma is the glia 

limitans, composed of astrocyte endfeet (light green) and their associated basement membrane (thin 

gray line). Within the brain parenchyma (inset), cells (neurons in yellow, oligodendrocytes in pink, 

microglia in light blue, astrocytes in light green) and associated processes (gray) create a narrow 

and tortuous extracellular space (beige) filled with interstitial fluid (Wolak & Thorne, 2013). The 

PVS is surrounded by different components depending on the level, as viewed in cross-section 

(B-E). (B) A leptomeningeal artery on the brain surface has three main layers: the intima (consisting 

of endothelial cells (pink), endothelial cell BM (dark gray), and the internal elastic lamina (white)), 

the media (consisting of a few layers of circumferentially arranged smooth muscle cells (pink) 

and their BM (gray)), and the adventitia (which is made of loose connective tissue (e.g., collagen), 

scattered cells (e.g., macrophages, purple), and fluid (thus the perivascular fluid space, darker blue). 

This adventitial space (**) is generally referred to as the subarachnoid PVS, and is surrounded 

by a layer of leptomeningeal cells (green) which separate the blood vessel wall and PVS from 

the CSF (light blue), with potential points of entry as discussed in the text (e.g., fenestrations or 

stomata, intercellular clefts, and possibly other structures; depicted with arrows). (C) A rodent 

arteriole soon after entering the parenchyma typically has 1-2 layers of smooth muscle cells and 

is surrounded by a compartment (**) continuous with the subarachnoid PVS. A layer of pial cells 

(purple) and their BM (thin gray line) surround the vessel for some distance into the parenchyma, 

incompletely separating the vessel and fluid space from another fluid compartment continuous with 
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the subpial space (††). The vessel and PVS are physically separated from the parenchyma by the 

glia limitans, which consists of layers of astrocyte endfeet (green) and their basement membrane 

(gray). (D) A capillary in the brain consists of the endothelial cell (pink) and endothelial BM (dark 

gray) and the pericyte (orange) and pericyte BM (light gray), alongside the astrocyte BM (gray) and 

astrocyte endfeet (light green). At the level of the capillary it is unclear if the endothelial/pericyte 

BM and astrocyte BM are entirely fused or open to some extent (i.e., with a peri-capillary space; 

**), potentially allowing communication along the perivascular space of the entire vascular tree 

from arteriole to capillary to venule. (E) Parenchymal venules (not depicted in (A)) in the rodent 

have sparse or no smooth muscle cells and little surrounding pia, thus the endothelial BM (gray) is 

directly exposed to the PVS fluid compartment (**). Information compiled from multiple sources 

(Frederickson & Low, 1969; Jones, 1970; Nabeshima et al., 1975; Zervas et al., 1982; Krisch et al., 

1984; Fawcett, 1986; Zhang et al., 1990; Peters et al., 1991) and our own findings.
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Figure 2. Approximate regions of interest for MRI quantification. Red dashed lines indicate the 

approximate regions of interest (ROIs) used for analysis throughout various brain areas (based on 

(Paxinos & Watson, 2007)). For parenchymal brain areas ROIs were carefully defined, avoiding 

tissue edges to ensure no contamination from subarachnoid signal. Multiple ROIs were collected 

for most brain areas, from both hemispheres where applicable, and from both coronal (cor) and 

sagittal (sag) slices if possible. For each animal, n ROIs were sampled for each of the following 

areas: olfactory nerves: 5 (3 sag, 2 cor), olfactofrontal cistern: 3 (sag), quadrigeminal cistern: 3 

(sag), interpeduncular cistern: 3 (sag), ventral spinal SAS: 3 (sag), cisterna magna: 3 (sag), ambient 

cistern: 2 (cor), cerebellum (cbm): 3 (sag), trigeminal nerve: 2 (sag); olfactory bulbs (OBs): 6 (4 

sag, 2 cor), striatum/caudoputamen (CPu): 6 (4 sag, 2 cor), cortex: 6 (2 sag, 4 cor—2 frontal cortex, 

2 somatosensory/motor cortex near bregma), brainstem: 3 (2 sag, 1 cor), hippocampus: 2 (cor), 

spinal gray matter: 3 (cor). Overall, we sampled from N=3 animals, so that multiplying the above 

n yields the total ROIs sampled for a given area (e.g., olfactory nerves, total n=3•5=15; spinal gray 

matter, total n=3•3=9).
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Figure 3. Method of quantifying percent area with antibody signal and number of perivascular 

profiles per mm2 using Fiji. (A, D, G) First, the ex vivo fluorescence section image was opened in 

Fiji (sections shown corresponded to IgG infusion). The threshold was then adjusted so that the 

slice area could easily be selected using the wand tool (shown as yellow outline) and the slice area 

measured; ventricular or cisternal areas were excluded. (B, E, H) Second, the threshold for signal 

was then set for the fluorescence image so that signal could be separated from background (with 

background set as the level of white matter autofluorescence). Black profiles indicate antibody 

signal. (C, F, I) Third, each slice was divided into dorsal and ventral halves, using the following 

anatomical landmarks for reference: (C) For + 1.5 mm sections (8 per animal), the horizontal 

division line was drawn at approximately half the vertical distance between the dorsal-ventral 

extent of the lateral ventricles; (F) For -2.5 mm sections (7 per animal), the horizontal line was 

drawn just below the dorsal third ventricles and dorsal hippocampus; (I) For -5.5 mm sections 

(3-4 per animal), the horizontal line was drawn at the dorsal edge of the cerebral aqueduct. Lastly, 
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after dividing each slice into dorsal and ventral regions, the Fiji command “Analyze Particles” 

was run to count and characterize perivascular profiles (particles) within each region of interest. 

Individual values for the example sections are shown.
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Figure 4. Diffusion measurements of 

single-domain antibody in free media or brain 

using integrative optical imaging (IOI). (A) 

Representative images acquired with IOI 

following injection of fluorescently-labeled 

sdAb into dilute agarose gel for measurement 

of the free diffusion coefficient (D; n=43 

measurements) or into rat cortex for 

measurement of the effective diffusion 

coefficient in brain (D*IOI; N=4 animals, n=19 

measurements). (B) Example fluorescence 

intensity data extracted along one image axis 

(white line in (A)) and fit to the diffusion 

equation (Eq. 1). The data are in shown 

in color (agarose, red; cortex, orange) to 

facilitate comparison to the curve fits at each 

time point (black). (C) Curve fitting at each point from (A) & (B) returns a parameter, γ2/4, that 

produces a line with a slope equal to D or D*IOI after linear regression on time (data transformed 

to a zero y-intercept for comparison between molecules). Linear regression fits for sdAb and 

IgG free diffusion coefficients (solid lines) and effective diffusion coefficients (dashed lines) 

obtained in the present study (sdAb; filled circles) and from a previous study (IgG (Wolak et al., 

2015); open circles).
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Figure 5. Whole brain surface distribution of sdAb and IgG after intrathecal infusion. 

Representative ex vivo fluorescence ventral surface distribution of (A) sdAb and (B) IgG at 30 min 

post-infusion revealed antibodies along major surface arteries and certain cranial nerves (e.g., II, 

V, VIII, and XII); overall, sdAb signal appeared more diffuse, while IgG appeared predominantly 

in perivascular (PV) areas. (C) Ventral view of a representative baseline-subtracted 3D MR 

image of Gd-IgG distribution 12 min post-infusion. Gd-IgG signal was prominent around major 

surface arteries, correlating well with ex vivo fluorescence in (B). (D, E) Corresponding dorsal 

brain surface for (A) following sdAb infusion or for (B) following IgG infusion demonstrated 

high sdAb and IgG signal along the PVS of many dorsal branches of the middle cerebral artery 

(arrowheads), as well high signal at brain-CSF interfaces facing the olfactofrontal cistern (†), 

quadrigeminal cistern (**), and the infusion site at the cisterna magna (*). As with the ventral 

brain surface (A and B) sdAb signal appeared overall more diffuse compared to IgG, but both 

showed prominent punctate signal associated with the PVS of penetrating vessels. The dorsal 

brain surfaces had a lower overall signal compared to the ventral brain surfaces for both sdAb and 

IgG (ventral images A and B and dorsal images D and E represent a single animal experiment, 

and the same linear contrast was equally applied to dorsal and ventral images). Control animals 

infused with saline (N=2) did not show any fluorescent signal on the ventral (B inset) or dorsal (E 

inset) brain surfaces (images taken at same exposure and magnification as sdAb and IgG images; 

contrasted equally to IgG images). IgG co-infused with 0.27 M mannitol or 0.75 M mannitol did 

not show apparent differences in surface signal compared to IgG alone. Ex vivo fluorescence of 

the vertebral and basilar arteries demonstrated strong PV signal of sdAb (F) and IgG (G) and 

signal associated with the hypoglossal nerves. Punctate signal in (F and G) corresponds to PV 

signal around penetrating vessels entering the parenchyma perpendicular to the surface; the dark 

lumen of some penetrating vessels contrasts with the bright PV signal (see circles). The major 

ventral surface arteries of the circle of Willis demonstrated sdAb (H) and IgG (I) signal associated 

with the PVS and the arterial wall. A lateral view of the brain after (J) sdAb infusion or (K) IgG 

infusion again showed PV signal around the middle cerebral artery and olfactofrontal artery, 
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signal in the olfactory bulbs and near the infusion site, and PV signal along the caudal rhinal vein. 

(L) The spinal cord showed IgG signal along its entire length (image shown for ventral side), with 

the highest signal on the surface (some appearing to be associated with meninges) and around 

spinal nerve roots (arrows), which again appeared similar for IgG with mannitol co-infusion. The 

vasculature of the ventral brain surface is detailed in (M). (N) Schematic of a lateral view of the 

brain, showing major surface vessels, CSF cisterns, and a presumed general CSF and PVS flow 

pattern (arrows) for IgG infused into the cisterna magna. Not all features indicated in M and N are 

easily visible in A-I. CSF: cerebrospinal fluid; SAS: subarachnoid space; VOA: ventral olfactory 

artery; OFA: olfactofrontal artery; ACA: anterior cerebral artery; NOA: nasal olfactory artery; 

MCA: middle cerebral artery; II: optic nerve; rhin fiss: rhinal fissure; ICA: internal carotid artery; 

PcA: posterior communicating artery; PCA: posterior cerebral artery; SCA: superior cerebellar 

artery; V: trigeminal nerve; VIII: vestibulocochlear nerve; AICA: anterior inferior cerebellar 

artery; bas: basilar artery; XII: hypoglossal nerves; PICA: posterior inferior cerebellar artery; 

vert: vertebral arteries; ASA: anterior spinal artery. 
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Figure 6. Distribution of Gd-IgG in vivo using dynamic 3D T1-weighted MRI. (A-D) Mid-sagittal 

view (approximately 0.5 mm lateral to the midline) of representative raw MRI slices over time 

demonstrated high levels of Gd-IgG contrast in CSF cisterns (cisterna magna, interpeduncular, 

quadrigeminal, olfactofrontal; see Fig. 5N) during the 50-min infusion, as well as increasing levels 

in the parenchyma (e.g., see cortex and striatum) with time. The percent change in Gd-IgG signal 

from pre-infusion baseline was quantified in specific CSF (E) or parenchymal brain (F) regions of
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interest (ROIs; N=3; Fig. 2). (G-I) Quantification of % change from baseline in the lateral ventricle 

(LV) and fourth ventricle (4V) from MRI. Small, carefully-chosen regions of interest (ROIs; yellow 

boxes) were selected in the lateral ventricle (G; approximately 1.5 lateral to the midline) or fourth 

ventricle (H; approximately at the midline). (I) Quantification of % change in Gd-IgG signal from 

pre-infusion baseline revealed similar signal magnitudes and kinetics over time for the lateral 

ventricle (n=6, N=3) and fourth ventricle (n=3, N=3) ROIs. Cross-sections of the upper cervical 

spinal cord pre-infusion (J) and 30 min post-infusion (K) demonstrated high Gd-IgG signal in the 

spinal SAS and gray matter. (L) High vascularity of the spinal gray compared to spinal white matter, 

shown with staining for rat endothelial cell antigen-1 (RECA-1; dashed line denotes approximate 

spinal gray matter). (M-P) Raw MRI horizontal slices with time. (M) Dark vessels of the circle 

of Willis are visible in the horizontal plane before the infusion of Gd-IgG. (N) Approximately 30 

minutes post-infusion Gd-IgG signal is evident surrounding the dark vessels of the circle of Willis 

and the basilar artery, as well as in the subarachnoid space around the spinal cord, where the spinal 

gray matter has had a noticeable signal increase. (O) The dark lumen of the middle cerebral artery is 

visible pre-infusion as it branches laterally, and is surrounded by Gd-IgG signal (P) approximately 

30-minutes post-infusion. (Q) Schematic depicting the approximate location of structures in M-P. 

(R) Coronal brain or (T) spinal cord sections before, during, and after 50 min Gd-IgG infusion. 

Gd-IgG signal is prominent in parenchymal and subarachnoid CSF spaces. (S, U) Schematics 

depicting the approximate location of structures in R and T, respectively. Corresponding sections in 

Q, S, and U adapted from (Paxinos & Watson, 2007). 
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Figure 7. Ex vivo fluorescence of brain sections demonstrated a diffuse surface gradient and 

widespread perivascular signal. Representative coronal sections for (A) sdAb and (B) IgG. 

Intrathecal sdAb resulted in a large, diffuse surface gradient, particularly on the ventral surface, 

and numerous PV profiles throughout the section including deep brain regions (e.g., deep cortex 

and striatum). sdAb also spread along periventricular white matter (*). Intrathecal IgG resulted 
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in a small gradient at the brain surface, as well as widespread PV signal, though far less than 

sdAb. Fluorescent signal above a certain threshold (shown in black) was detected throughout 

the entire section area (outlined in red) using Fiji for (C) sdAb and (D) IgG (number of profiles 

for the representative images shown: sdAb, 1153; IgG, 843). (E) The percent area with antibody 

signal was then rigorously quantified (Fiji) for dorsal (d) and ventral (v) halves of multiple 100 

µm sections, centered at three different bregma levels (+1.5 mm, 8 sections per animal; -2.5 

mm, 7 sections per animal; -5.5 mm, 3-4 sections per animal), for sdAb (N=5 animals; e.g., for 

section shown in (C), dorsal and ventral percent areas were 9.06% and 23.9%, respectively) 

and IgG (N=5-6 animals; e.g., for section shown in (D), dorsal and ventral percent areas were 

1.04% and 2.67%, respectively). Summary data (circles indicate individual sections analyzed, 

columns indicate individual animals, and bars indicate mean ± s.e.m.) showed percent slice area 

accessed by the sdAb was significantly greater compared to IgG for all six dorsal and ventral 

regions examined (p<0.001). (F) Surface gradients at the brain-CSF interface along lines normal 

to the section surface (yellow) were next assessed for consistency with size-dependent, Fickian 

diffusion from the CSF into the brain (as described in (Wolak et al., 2015)); lines were analyzed 

at a ventral location for sdAb and at dorsal and ventral locations for IgG (as shown). (G) The 

raw surface gradient data was fit to the diffusion equation (Wolak et al., 2015) to estimate a 

brain surface diffusion coefficient after intrathecal infusion (D*infus; data shown: sdAb, D*infus = 

3.33 x 10-7 cm2/s; IgG dorsal, D*infus = 0.23 x 10-7 cm2/s; IgG ventral, D*infus = 0.34 x 10-7 cm2/s). 

(H) Summary data (mean ± s.e.m.) for parenchymal diffusion measurements from intrathecal 

surface gradient profiles (D*infus) or from point source injections in the somatosensory cortex 

using integrative optical imaging (D*IOI; see Fig. 4 for details). Differences between sdAb D*infus 

(N=4 animals, n=30 measurements) and D*IOI (N=4, n=19) were not significant (n.s.; p=0.62). 

However, dorsal IgG D*infus (N=5, n=34) was significantly lower than ventral IgG D*infus (N=5, 

n=50) and both IgG D*infus were significantly lower than IgG D*IOI (value reported in (Wolak et 

al., 2015)). (Sagittal schematic adapted from (Swanson, 1998); scale bars: 1 mm.) 
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Figure 8. Coronal brain sections demonstrated widespread, size-dependent perivascular signal 

throughout the rat brain. Widespread PV signal was evident from the most anterior sections (e.g., 

olfactory bulb) to the most posterior sections examined (e.g., cerebellum and brainstem). Section 

levels are indicated to denote the approximate coronal levels anterior or posterior to bregma, 

according to reference (Paxinos & Watson, 2007). Choroid plexus-associated signal was evident 

in all ventricles for sdAb infusions and for infusions of IgG only when co-infused with mannitol 

(dose-dependent). Note that perivascular signal in the cortex exhibited more variability than most 

other brain areas. See text for additional details. Scale bars = 1 mm.
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Figure 9. Confocal microscopy of sdAb and IgG in the perivascular space demonstrated distribution 

along vessels of all caliber and a size-dependent association with the smooth muscle basement 

membrane compartment. (A and E) Leptomeningeal arteries on the brain surface (vascular 

endothelium labeled with RECA-1) revealed a size-dependent access to the arterial wall (see Fig. 

1B). The smaller sdAb (A) distributed throughout the outer connective tissue space (**) and the 

tunica media (*). (E) IgG distributed throughout the outer connective tissue PVS but penetration 

of the tunica media appeared restricted. Representative images of putative penetrating cortical 

arterioles showed sdAb (B) and IgG (F) distributed along the pial surface and around the borders of 

circumferentially arranged smooth muscle cells (presumably in the basement membrane). Punctate 

sdAb and IgG signal was present in subarachnoid cells at the cortical surface (e.g., macrophages, 

arrowheads). Antibody signal was also present longitudinally along many vessels (likely association 

with perivascular collagen). Based on size and morphology, sdAb and IgG were also found to 

be present in the PVS of numerous putative venules (C and G; representative examples) and 

microvessels (D and H; representative examples); often, a line of antibody signal could be seen 

extending away from microvessels, likely due to basement membrane extending into the ECS 

between astrocytic endfeet (Peters et al., 1991). (I) IgG association with perivascular/vascular 

basement membranes (BM; endothelial, smooth muscle, and astrocyte) was revealed by lamininγ

1 (pan-laminin) staining. An arteriole in the striatum demonstrated a particularly large, presumably 

fluid-filled PVS compartment (*), although its exaggerated size and lack of IgG signal was likely
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due to tissue processing and washout; co-localization of IgG with the astrocyte BM and smooth 

muscle BM of the arterial wall (and other fixable elements) was noticeably evident. A longitudinal 

cross-section (inset; scale bar 50 µm) revealed IgG did not extend as far as the innermost endothelial 

BM because no co-localization was evident (e: endothelial cell; e BM: endothelial basement 

membrane (BM); a BM: astrocyte BM; SM: smooth muscle cell; SM BM: smooth muscle BM). 

IgG was also visible around microvessels (arrows) and a few, scattered brain cells in nearby regions 

(arrowheads). 

95



96

1 µm 1 µm

50 µmvessel-inferior colliculus

A B

C D

25 µmmiddle cerebral artery

vertebral artery anterior cerebral artery - branch

2 µm

Figure 10. Stomata are present on leptomeningeal sheaths of blood vessels in the subarachnoid 

space. Scanning electron microscopy of vessels on the brain surface of untreated rats (N=4) 

demonstrated numerous micron-sized stomata. (A) A large vessel on the surface of the inferior 

colliculus was marked with many stomata, which appear as small dark circles/ovals. (B) The 

middle cerebral artery, close to its branch point from the circle of Willis. Fibrous connective 

tissue was visible through most stomata (area indicated by arrowhead, shown in inset). Magnified 

images of stomata on the surfaces of the vertebral artery (C) or anterior cerebral artery branch 

(D) exhibited smooth, slightly thickened rims with noticeably dense, underlying perivascular 

connective tissue. 
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Figure 11. Co-infusion of mannitol enhanced IgG area of distribution in a dose-dependent manner. 

Ex vivo fluorescence images showed increased IgG perivascular (PV) distribution throughout brain 

sections with co-infusion of 0.27 M mannitol (A and B) and greatly increased PV distribution and 

periventricular white matter IgG signal with co-infusion of 0.75 M mannitol (C and D). Fluorescent 

signal above a certain threshold (shown in black) was detected throughout the entire section area 

(outlined in red) using Fiji for (B) IgG co-infused with 0.27 M mannitol and (D) IgG co-infused with 

0.75 M mannitol. (E) Percent area with antibody signal or (F) number of PV profiles normalized by 

the whole slice area (in mm2) was quantified (Fiji) for dorsal (d) and ventral (v) halves of multiple 

100 µm sections, centered at three different bregma levels (+1.5 mm, 8 sections per animal; -2.5 

mm, 7 sections per animal; -5.5 mm, 3-4 sections per animal), for IgG with 0.27 M mannitol (N=6 

animals; e.g., for section shown in (B), dorsal and ventral percent areas were 0.948% and 3.55%, 

respectively; dorsal and ventral PV counts per slice area were 6.20 PV/mm2 and 17.7 PV/mm2, 

respectively) and IgG with 0.75 M mannitol (N=7-9 animals; e.g., for section shown in (D), dorsal 

and ventral percent areas were 5.43% and 7.90%, respectively; dorsal and ventral PV counts per 

slice area were 12.4 PV/mm2 and 26.7 PV/mm2, respectively). For IgG infusion (N=5-6 animals) 

the section shown in Fig. 7D had dorsal and ventral PV counts per slice area of 6.57 PV/mm2 and 

14.2 PV/mm2, respectively. Summary data in (E) (circles indicate individual sections analyzed, 

columns indicate individual animals, and bars indicate mean ± s.e.m.) for percent slice area accessed 

by IgG are indicated with significance as follows: (*) Kruskal-Wallis one-way ANOVA on ranks, 

Dunn’s post hoc test (p<0.05); (#) one-way ANOVA, Bonferroni t-test (p<0.001). Summary data 

in (F) (circles indicate individual sections analyzed, columns indicate individual animals, and bars 

indicate mean ± s.e.m.) for PV counts per slice area demonstrated that co-infusion of IgG with 0.27 

M mannitol significantly increased the number of PV counts per mm2 in 3 out of 6 brain regions 

compared to IgG alone. Co-infusion of 0.75 M mannitol significantly increased the number of 

PV counts per mm2 in all dorsal and ventral brain regions for all three coronal levels compared to 

IgG; (*) indicates Kruskal-Wallis one-way ANOVA on ranks with Dunn’s post hoc, p<0.05. Also 

see Table 2. Sagittal schematic adapted from (Swanson, 1998). (G) Ex vivo fluorescence of upper
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 cervical spinal cord cross-sections. PV IgG signal was predominantly in the spinal gray matter 

and exhibited a dose-dependent increase with co-infusion of (H) 0.27 M mannitol or (I) or 0.75 

M mannitol. (J-M) Confocal microscopy of the wall of the (leptomeningeal) internal carotid 

artery after antibody infusion (infused antibody, green), stained for rat endothelial cell antigen-1 

(RECA-1) to indicate the vascular endothelial cell layer associated with the tunica intima (blue). 

(J) sdAb distributed in the outer connective tissue space (**) and throughout the entire tunica 

media (*) in the smooth muscle basement membrane but (K) IgG was essentially absent from this 

layer. (L) Co-infusion of 0.27 M mannitol slightly increased IgG access, and (M) co-infusion of 

0.75 M mannitol often substantially increased IgG access to the smooth muscle layer, sometimes 

to a level of appearance similar to that exhibited by sdAb (J). Scale bars (A-D) = 1 mm.
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Figure 12. Antibody drainage to the nasal mucosa and deep cervical lymph nodes following 

intracisternal infusion. Ex vivo fluorescence imaging of the lateral walls of the nasal passages 

for (A) sdAb and (B) IgG revealed highest antibody signal at the cribriform plate (CP) 

region and in the ethmoturbinate region comprising the olfactory mucosa (OM), with less 

signal in the more rostrally located nasal respiratory mucosa (RM). Both sdAb and IgG 

were also present in deep cervical lymph nodes (inset, A and B; scale bars 1 mm) on both 

left and right sides for all animals. (C and D) A and B, pseudocolored for fluorescence 

intensity (I), demonstrated that most sdAb (C) or IgG (D) signal was associated with the 

cribriform plate and olfactory region, while little was present in the respiratory region. 

(E-I) Confocal imaging of coronal sections showed IgG (green) was present throughout the 

lamina propria of the olfactory mucosa, with no IgG present in the olfactory epithelium.
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Abstract 

Brain fluids are rigidly regulated to provide stable environments for neuronal function, e.g. low 

K+, Ca2+ and protein to optimise signalling and minimise neurotoxicity. At the same time, neuronal 

and astroglial waste must be promptly removed. The interstitial fluid (ISF) of the brain tissue and 

the cerebrospinal fluid (CSF) bathing the CNS are integral to this homeostasis and the idea of a 

glia-lymph or ‘glymphatic’ system for waste clearance from brain has developed over the last 5 

years. This links bulk (convective) flow of CSF into brain along the outside of penetrating arteries, 

glia-mediated convective transport of fluid and solutes through the brain extracellular space (ECS) 

involving the aquaporin-4 (AQP4) water channel, and finally delivery of fluid to venules for 

clearance along peri-venous spaces. However, recent evidence favours important amendments to 

the ‘glymphatic’ hypothesis, particularly concerning the role of glia and transfer of solutes within 

the ECS. This review discusses studies which question the role of AQP4 in ISF flow and the lack 

of evidence for its ability to transport solutes; summarizes attributes of brain ECS that strongly 

favour the diffusion of small and large molecules without ISF flow; discusses work on hydraulic 

conductivity and the nature of the extracellular matrix which may impede fluid movement; and 

reconsiders the roles of the perivascular space (PVS) in CSF-ISF exchange and drainage. We also 

consider the extent to which CSF-ISF exchange is possible and desirable, the impact of 

neuropathology on fluid drainage, and why using CSF as a proxy measure of brain components or 

drug delivery is problematic. We propose that new work and key historical studies both support 

the concept of a perivascular fluid system whereby CSF enters the brain via PVS convective flow 

or dispersion along larger calibre arteries/arterioles, diffusion predominantly regulates CSF/ISF 

exchange at the level of the neurovascular unit associated with CNS microvessels, and, finally, a 

mixture of CSF/ISF/waste products is normally cleared along the PVS of venules/veins as well as 
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other pathways; such a system may or may not constitute a true ‘circulation’ but, at the least, 

suggests a comprehensive re-evaluation of the previously proposed ‘glymphatic’ concepts in 

favour of a new system better taking into account basic cerebrovascular physiology and fluid 

transport considerations.  

 

Introduction 

The brain is the most important regulatory site in the body, coordinating the input from sensory 

endings in all organs and the appropriate motor output in response, taking into account learning 

and memory, and allowing for running repairs to maintain active function. The neurons responsible 

for this coordination and their synaptic interconnections use transmembrane ionic gradients and 

movements to generate essential potential changes, including action potentials that propagate 

along axons, and synaptic potentials generated in post-synaptic membranes by transmitters 

released from the presynaptic neuron. Generation of the ionic currents responsible requires an 

extremely stable ionic microenvironment (Abbott, 2013). Homeostasis of the neural 

microenvironment depends on the effective separation of this environment from the blood, while 

allowing efficient exchange of essential gases, nutrients and waste products of metabolism, and 

efficient removal of larger waste products and cell debris. The housing of the delicate brain tissue 

within the skull provides some mechanical protection from trauma, but ‘buffer zones’ allowing the 

brain to float in a suitable fluid are also needed. The modern mammalian brain achieves all of these 

by compartmentalisation that allows dynamic exchange across key interfaces.  

 

The surface of the brain is protected by three layers of ‘meninges’, the tough outer dura, then the 

‘leptomeninges’ formed by the arachnoid layer and the pia (Davson & Segal, 1995). The 



 
 

 

104 

mammalian central nervous system is immersed in cerebrospinal fluid (CSF), a complex secretion 

primarily from circulating plasma, divided unequally between ventricular sites inside the brain (the 

connected lateral, third, and fourth ventricles) and extraventricular sites outside the brain and 

spinal cord (the subarachnoid spaces that typically contain most of the CSF) (Davson & Segal, 

1995; Thorne, 2014; Pizzo & Thorne, 2017). Interstitial fluid (ISF) fills the narrow 40-60 nm wide 

extracellular space (ECS) between neurons and glia (Thorne & Nicholson, 2006; Syková & 

Nicholson, 2008). While ISF is often regarded as similar in composition to CSF, this may be 

strictly correct only at ventricular and pial brain/spinal cord surface interfaces because (i) diffusion 

increasingly limits exchange with distance from these interfaces and (ii) a number of proteins and 

polysaccharides, e.g., extracellular matrix, are bound to cells and other ECS constituents and 

therefore not available for free exchange with the relatively cell-free CSF (Syková & Nicholson, 

2008; Wolak & Thorne, 2013).  

 

History of CSF generation and flow  

Ancient views on the role of CSF have ranged from symptoms of disease, to the seat of the soul 

or spirit. The ethereal spirit was thought to be formed in the brain and processed to a liquor vitalis, 

flowing to the rest of the body along nerves and spinal cord (Galenus of Pergamon 130-201 AD, 

in (Bauer, 1993)). What is astounding to us now is that the brain itself was thought to have little 

value, beyond acting as a conduit for CSF and maintaining the fluid. This idea became so culturally 

embedded, despite reservations by scientists such as Vesalius in the 16th century, that Shakespeare 

writes “ a foolish … spirit, …full of … objects, ideas, apprehensions, …begot in the ventricles of 

memory, nourished in the womb of the pia mater” when describing his school master in ‘Love’s 

Labour’s Lost’ (Bauer, 1993). 
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Centuries of anatomists including Cotugno (1764), Magendie (1842) and von Luschka (1870), 

(Deisenhammer, 2015) demonstrated the connections between the lateral ventricles and 

subarachnoid space, the latter two giving their names to the anatomical foramina connecting these 

spaces. Although they could not then discern the direction of CSF flow, important progress was 

made. However, it was not until 1891 when Quincke developed lumbar puncture to sample CSF 

from living subjects (McConnell, 1994), that the modern study of CSF dynamics, production and 

composition began, opening the way to new tools for diagnosis of brain diseases and treatment 

progress.  

 

In the early 20th century, experimental physiologists took this further, identifying a location for 

CSF secretion as the choroid plexuses (CPs) and the source of fluid as choroidal blood. By 

removing one lateral ventricle CP in the dog and blocking outflow via the foramina of Monro and 

the aqueduct of Sylvius, Dandy in 1919 (Dandy, 1919) observed the ventricle containing the plexus 

expanded whilst the other decreased in size, concluding that the CP was actively secreting CSF. 

More direct evidence for choroidal blood as a source of the CSF was given by Welch in 1963 

(Welch, 1963) who showed that the haematocrit of blood from the main choroidal vein was higher 

than in the anterior choroidal artery, suggesting loss of plasma volume as the blood passed through 

the plexus. The rate of CSF secretion has since been estimated for several mammalian species 

using a variety of techniques. Despite the obvious caveats when comparing rates between species, 

CSF secretion rate per unit weight of CP is quite comparable, between 0.2 – 0.6 µl/min/g (Davson 

et al., 1987).  
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At the same time as Welch, Ames et al. (Ames et al., 1965) observed freshly secreted CSF from 

exposed CPs which had been covered in oil. This method allowed newly secreted CSF collection 

and analysis, showing that its composition was similar to bulk CSF, but quite different from a 

simple plasma filtrate. For example, CSF has a higher Na+ and Cl- concentration compared to 

plasma, but is lower in K+, Ca2+, glucose, amino acids, urea (Davson, 1967). Notably, CSF has 

little protein, less than 0.5% of plasma levels (Cutler et al., 1967). The relative paucity of complex 

molecules led to the idea of CSF acting as a ‘sink’ (Davson et al., 1962) into which brain 

metabolites and waste products could flow down their concentration gradient and be removed with 

the normal drainage of CSF. Examples include metabolites of serotonin and histamine flowing 

from brain into CSF for disposal (Barkai et al., 1972; Prell et al., 1989).  

 

Pulsatile flow of CSF 

With the advent of modern imaging techniques, especially phase-contrast and real-time MRI, it is 

now possible to visualise CSF flow in the intact CNS and understand its circulation in more detail. 

These techniques are not without methodological issues (Brinker et al., 2014), but the weight of 

evidence favours a second-to-second pulsatile movement of CSF through the ventricular system, 

which also changes throughout the day. Early MRI studies by Nilsson et al. (Nilsson et al., 1992) 

observed pulsatile CSF flow through the cerebral aqueduct, and CSF velocity varied with cardiac 

cycle. During cardiac systole, CSF flowed approximately 8mm/sec toward the posterior brain 

(caudally), then gently back at 5mm/sec to the anterior brain (cranially) during cardiac diastole. 

Although the net direction of flow is toward the posterior brain, such pulsatility would act to mix 

CSF contents between ventricles and encourage the sink action of CSF (illustrative video can be 

seen at Wikimedia creative commons; (Dilmen, 2005)). Because peak CSF pulse velocity 
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corresponds with the elevated systolic blood pressure during each heart beat, the increased volume 

and pressure of blood entering the brain tissue and plexuses is thought to cause transient tissue 

swelling, squeezing the ventricles and subarachnoid space (SAS), mixing and moving the bulk 

CSF toward drainage sites. Mathematical models developed by Linninger and colleagues to inform 

a mechanistic understanding of the relationship between vascular pulsation and CSF flow, 

correlate well with in vivo data from healthy humans and help explain in more detail the clinical 

observation that CSF flow reversal is seen first in the cisterns, then in the lateral ventricles during 

the cardiac cycle (Sweetman & Linninger, 2011). Their models predict vascular expansion 

following cardiac systole occurs first at the base of the brain, so reversing the flow of cisternal 

CSF, followed by dilation of arterioles in brain parenchyma, compressing both sub-arachnoid 

space and lateral ventricles and displacing fluid toward the spinal canal. Contributing to this 

rhythm, respiration adds to pulsatility, but at a lower frequency (Dreha-Kulaczewski et al., 2015). 

Spector et al. (Spector et al., 2015) suggest that during anaesthesia, with slower and shallower 

breathing, this mixing effect would be reduced.  

 

Superimposed on these acute pulses is a circadian or diurnal rhythm. In children with 

hydrocephalus and an intrathecal catheter, circadian rhythms are seen in intracranial pressure, 

achieving twice the pressure during slow-wave sleep compared to the awake state (Di Rocco et 

al., 1975). In adult volunteers (25-32 y), maximal CSF production was estimated as 42 ± 2 ml/h at 

02:00 in the middle of the sleep cycle (range 35-48 ml/h n= 6), whereas the minimum was 12 ± 7 

ml/h at 18:00 in the afternoon (Nilsson et al., 1992). This gives a range of around 300 – 1000 ml 

CSF produced per day, depending on the time of day the measurements are made. A similar diurnal 

rhythmicity is also seen in rat CSF (Kervezee et al., 2014) and, interestingly, there is a parallel 
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change in BBB P-glycoprotein efflux transport function, which is increased during the waking 

period, suggesting a wider circadian control of brain barriers and fluids consistent with the majority 

of physiological functions. 

 

Refinements in MRI and improved resolution have made CSF imaging an invaluable tool in 

diagnosis and treatment supervision and carefully designed studies have confirmed these early 

results. Overall, the net CSF flow in adults is through the ventricles to the basal subarachnoid 

spaces (Bateman & Brown, 2012; Spector et al., 2015). 

 

The need for CSF – brain ISF exchange 

The exchange between CSF and ISF is the subject of intense and technically difficult investigation, 

either in the context of CSF as a route for drug delivery to brain, or to understand removal of waste 

products and pathological markers. But what might be the physiological purpose of this fluid 

exchange, beyond acting as a sink?  

 

The requirement for molecular transfer between CSF and brain ISF can be illustrated by 

compounds which are required by the CNS, but do not significantly enter brain from the systemic 

circulation across the brain endothelium forming the blood-brain barrier (BBB). These fall into 

three categories based on the origin of the molecules.  

 

Firstly, compounds synthesised by one region of the brain may require wider CNS distribution and 

use CSF pathways to achieve this, for example melatonin and vasopressin (Schwartz & Reppert, 

1985; Seckl & Lightman, 1988; Reiter et al., 2014). Melatonin, an antioxidant which also sets the 
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body’s circadian rhythm via the suprachiasmatic nucleus (SCN), requires CSF for its distribution 

from synthesis in the pineal gland to multiple CNS sites. Melatonin is secreted into the 3rd 

ventricle (3V) CSF, which is in direct contact with the pinealocytes; at night, during peak 

melatonin synthesis, the CSF concentration is 15 – 20x that of plasma (Legros et al., 2014; Tan et 

al., 2016). The hormone is transferred by CSF to the SCN, other hypothalamic regions, the 

hippocampus and choroid plexuses where there are high affinity MT1 receptors (Dubocovich et 

al., 2005). Lateral ventricle (LV) melatonin concentrations have been reported to be far lower than 

3V melatonin concentrations; this observation has been used in part to argue that 3V melatonin is 

not coming from recirculation via the plasma and choroid plexuses but rather through direct 

secretion into the pineal recess (Skinner & Malpaux, 1999; Tricoire et al., 2002). Indeed, in sheep, 

brain melatonin concentration close to the 3rd ventricle walls and aqueduct of Sylvius is double 

that of plasma (Legros et al., 2014), penetrating 8-10 mm into brain as the concentration gradually 

falls. 

 

In a second category are compounds of the systemic circulation that primarily enter CNS across 

the CPs into CSF, for example vitamin C and folate (Spector, 2014; Spector & Johanson, 2014). 

Vitamin C crosses CPs via the sodium vitamin C transporter 2 (SVCT2, solute carrier family 

Slc23a1), which is absent at the BBB in health, although may be expressed after stroke (Gess et 

al., 2011). Oxidized Vitamin C (≈ 10% of total Vitamin C) may use the GLUT1 transporter 

(Nualart, 2014), but there is little functional contribution in SVCT2 knockout mice, where CNS 

vitamin C is not detectable and mice die soon after birth (Sotiriou et al., 2002). In wild-type 

animals, CSF and brain vitamin C is around 6x higher than plasma (200–400 µM and 30–60 µM 

respectively, (Nualart, 2014)).  
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Thirdly, many compounds are synthesised by CPs or leptomeninges in health or response to 

disease or trauma, and secreted into CSF for CNS use, for example transthyretin, IGF-II and NGF 

(Stylianopoulou et al., 1988; Borlongan et al., 2004; Chen et al., 2005, 2008).  

 

The extent to which molecules exchange between CSF and ISF depends on many factors, including 

their chemistry (mass, lipophilicity), the presence and direction of concentration gradients and the 

presence of cellular receptors or uptake mechanisms on tanycytes, astrocytes and neurons. 

However, it is clear that such exchange is an important part of CNS function and homeostasis. 

 

Blood vessels and the perivascular space 

Arteries in the subarachnoid space penetrate into the brain parenchyma, carrying with them a 

number of layers (Fig. 1). The arteries branch into arterioles and then capillaries, followed by 

transition into venules and veins and finally vascular return to the brain surface. At the capillary 

level, transverse sections show one or more endothelial cells lining the lumen and a number of 

associated cell types including pericytes and astrocyte foot processes (endfeet), together with their 

basal laminae, forming the neurovascular unit (NVU).  

 

The perivascular spaces (PVS)1 of cerebral blood vessels have in recent years been the subject of 

increasing research focus as pathways for CSF/ISF exchange (Abbott, 2004; Iliff et al., 2012a, 

																																																								
	
1 Definitions: ‘Peri’ is enclosing or surrounding (as in pericardial, perimeter); ‘Para’ has many, less specific 
meanings, along or beside, e.g. parathyroid – but this does not really apply to circumferential structures. In common 
terms, ‘para’ is alongside (as in paramedic) or relating to, not the structure enveloping something closely. So here 
we have chosen to use the term ‘perivascular’ for the small spaces surrounding vessels in which tracer can move, 
and this is also its most common usage for the BBB/NVU. 
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2013; Jessen et al., 2015; Lochhead et al., 2015; Benveniste et al., 2017; Pizzo & Thorne, 2017; 

Pizzo et al., 2018) but controversy exists over their precise role (Hladky & Barrand, 2014; Smith 

et al., 2015, 2017; Jin et al., 2016; Engelhardt et al., 2017). Indeed, the glial components (astrocyte 

foot processes) that provide the outer boundary of the PVS within the parenchyma have been 

proposed to serve a special function for CNS clearance and waste turnover, forming the basis for 

a so-called ‘glymphatic’ circulation (Iliff et al., 2012a; Nedergaard, 2013) that may potentially 

allow a more complete exchange of CSF and ISF at both superficial and deep sites spanning the 

entire neural axis. Such a PVS (Fig. 1a) may be identified on all larger cerebral blood vessels in 

both the subarachnoid spaces (leptomeningeal blood vessels) and within the parenchyma. Filled 

with a fluid in potential communication with both CSF and ISF but also containing connective 

tissue, scattered cells, and basement membranes (BM), the PVS is a real compartment within the 

vascular connective tissue space of the adventitia (Frederickson & Low, 1969; Jones, 1970; Krisch 

et al., 1984; Zhang et al., 1990; Sixt et al., 2001; Wu et al., 2009; Pizzo et al., 2018) and possibly 

also the tunica media BM of large vessels (Carare et al., 2008; Weller et al., 2008; Pizzo et al., 

2018) as well as a potential compartment within the basal lamina of capillaries (Rennels et al., 

1985; Iliff et al., 2012a; Pizzo et al., 2018; Hannocks et al., 2018). Potential routes of entry from 

the CSF into the PVS include specialized pores, termed stomata, recently demonstrated on the 

adventitial lining cells of leptomeningeal vessels in the SAS of the rat by scanning electron 

microscropy (Fig. 1b; (Pizzo et al., 2018)), confirming earlier decades-old identification of such 

structures in cats (Zervas et al., 1982); similar pores may also exist on the pia (Cloyd & Low, 

1974; Reina et al., 2004), providing an additional route into the PVS via the subpial space 

(discussed in (Pizzo et al., 2018)). It has become increasingly clear that substances within the CSF 

may potentially access and distribute along the PVS to varying extents all throughout the 
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cerebrovascular tree, e.g. large full length antibodies (immunoglobulin G) have been shown to 

access the PVS of arterioles (Fig. 1c), capillaries (Fig. 1d), and venules following intrathecal 

infusion in rats (Pizzo et al., 2018). The demonstration that CSF-infused tracers can distribute 

perivascularly even along microvessels comprising the classical NVU has now led to a number of 

interesting questions regarding i) how such a perivascular distribution might accomplish CSF-ISF 

exchange, ii) the roles that astrocytes may play in regulating CSF-ISF exchange, and iii) the 

transport processes (e.g. diffusion, dispersion, or convection) governing fluid and tracer movement 

within the PVS and the surrounding brain ECS (Fig. 2). The PVS is unquestionably a site of great 

importance due to its involvement in disease processes affecting the NVU (e.g., cerebral amyloid 

angiopathy, present in > 90% of Alzheimer’s disease brains and a major cause of intracerebral 

haemorrhage in the elderly; (Thal et al., 2012; Iadecola, 2013; Greenberg et al., 2014)), emerging 

roles in physiology (e.g., immune surveillance, central waste clearance and the proposed 

‘glymphatic’ concepts; (Muldoon et al., 2013; Nedergaard, 2013; Jessen et al., 2015; Pizzo et al., 

2018)), and as a critical gatekeeper for widespread central drug delivery (Pizzo et al., 2018).  

 

Historical considerations: CSF/ISF exchange & flow along low-resistance pathways including 

the PVS 

It was recognized over one century ago that CSF was primarily formed by the choroid plexuses in 

the ventricles of the brain, through which it flowed before reaching the cranial and spinal SAS 

(Cushing, 1914; Weed, 1914). Even then, it was thought that ISF secreted at the BBB may drain 

along perivascular spaces out of the brain and into the CSF to clear the brain of waste (Cushing, 

1914; Weed, 1914), a concept revisited 60 years later by Helen Cserr to explain how the brain, 

lacking the classical lymphatics of the periphery, might accomplish efficient waste removal (Cserr, 
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1974; Cserr & Ostrach, 1974; Cserr & Patlak, 1992). Importantly, Cserr and colleagues (Cserr, 

1974; Cserr & Ostrach, 1974; Cserr et al., 1977, 1981, 1986) revived an earlier idea that a 

convective or bulk flow of ISF occurred along specialized pathways in the brain to communicate 

with and drain to the CSF. The key experiments involved the injection of small volumes (< 1 µL) 

of 2000 kDa blue dextran (Cserr & Ostrach, 1974) or 40 kDa horseradish peroxidase (Cserr et al., 

1977) into the caudate nucleus; although tracer profiles close to the injection site were interpreted 

as suggestive of short range diffusive transport in brain ECS, longer range transport seemingly 

inconsistent with diffusion was also observed along the perivascular spaces of blood vessels, along 

white matter tracts, and within the subependymal region and interpreted as having been produced 

by convective transport (bulk flow).  

 

Subsequent studies showed that a variety of different radiolabelled tracers were cleared from the 

brain with similar rate constants, despite vast differences in molecular size and diffusion 

coefficient, again suggestive of a clearance process that was convective in nature (Cserr et al., 

1977, 1981). While others disagreed with the existence of these convective flow pathways for ISF-

CSF exchange, arguing that diffusion through the brain ECS was solely responsible for drainage 

(Oldendorf & Davson, 1967; Davson & Segal, 1970), a general consensus emerged around the 

idea that ISF is largely produced by secretion of fluid across the capillaries (Cserr et al., 1977; 

Abbott, 2004), albeit with some contribution from the CSF (Abbott, 2004), and that ISF is an 

important extra-choroidal source of CSF (Pollay & Curl, 1967; Milhorat, 1969). Later studies 

complementary to Cserr’s original work also suggested preferential routes for ISF flow in the white 

matter (Rosenberg et al., 1980), particularly in the presence of brain oedema (Kalimo et al., 1986; 

Ohata et al., 1990; Ohata & Marmarou, 1992), and in the perivascular spaces (Rennels et al., 1985).  
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Experiments and discussion suggesting that CSF could potentially flow into the brain along the 

perivascular spaces began in the early 1900s with several groups making contributions (discussed 

in: (Woollam & Millen, 1954; Janzen, 1961)). Studies conducted by Weed (1914, (Weed, 1914)) 

implied that increased intracranial/infusion pressure was required to achieve perivascular 

distribution of CSF-administered tracer but subsequent work by Brierley (1950, (Brierley, 1950)) 

demonstrated perivascular distribution was possible with a physiological/minimal pressure 

increase. Later notable insights were provided by (i) Wagner (1974, (Wagner et al., 1974)) and 

Rennels (1985, (Rennels et al., 1985)), who showed that CSF-infused substances may be capable 

of reaching the PVS of capillaries, (ii) Rosenberg (1980, (Rosenberg et al., 1980)) and Konsman 

(2000, (Konsman et al., 2000)), who demonstrated the involvement of the white matter as a bulk 

flow pathway for CSF-infused substances, (iii) Fenstermacher and Patlak (1970 & 1975, (Levin et 

al., 1970; Patlak & Fenstermacher, 1975)), Rosenberg (1980, (Rosenberg et al., 1980)), Ghersi-

Egea (1996, (Ghersi-Egea et al., 1996a)), and Proescholdt (2000, (Proescholdt et al., 2000)), who 

performed experiments where the penetration of CSF-infused tracers across the brain-CSF-

interfaces appeared consistent with diffusive transport, and (iv) Krisch (1983 & 1984, (Krisch et 

al., 1983, 1984)) and Ichimura (1991, (Ichimura et al., 1991)), who demonstrated communication 

between the ECS, PVS, subpial space, and subarachnoid trabeculae core following CSF-infusion 

of tracer. It must be noted that the group of Weller and Carare have interpreted a number of their 

own more recent studies injecting tracers into the brain parenchyma as suggesting outward directed 

flow of ISF/solutes primarily confined to the capillary basal lamina and the smooth muscle 

basement membrane (tunica media) of arterioles/arteries (Carare et al., 2008; Morris et al., 2016), 

a process they have termed an ‘intramural periarterial drainage’ pathway (Diem et al., 2017; 

Engelhardt et al., 2017). Nevertheless, most experimental work and modelling to date has been 
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interpreted as supporting some type of inward transport process from the CSF to the brain within 

the vascular connective tissue space of the tunica adventitia of arteries and arterioles (see (Abbott, 

2004; Hladky & Barrand, 2014; Pizzo et al., 2018) for more discussion). 

 

The 1985 publication of Rennels et al. with CSF infusions of HRP stands out for both the speed at 

which the tracer distributed throughout the brain (taking as little as 10 min) and for the bold 

suggestion that a rapid ‘paravascular’ fluid circulation of CSF must exist along perivascular spaces 

comprising the entire vascular network (i.e., arteries à capillaries à veins) to account for it 

(Rennels et al., 1985). While certain aspects of the Rennels work were questioned in the decade 

after their publication (Ichimura et al., 1991), the past five years have witnessed a dramatically 

renewed interest in a possible circulation of CSF and CSF-borne tracers along perivascular spaces 

with relevance for CSF-ISF exchange, initially stimulated by new work from Nedergaard and 

colleagues (Iliff et al., 2012a).  

 

The ‘glymphatic’ system: original hypothesis & critical appraisal 

In 2012, Iliff et al. reported findings based on intracisternal injections of fluorescently-labelled 

dextrans and ovalbumin in mice, real-time monitoring of tracer movement using in vivo two-

photon microscopy via a closed cranial window preparation, and ex vivo confocal microscopy that 

suggested to them a brain-wide system of ‘paravascular pathways’ (Iliff et al., 2012a). Live animal 

two-photon imaging was used to show that fluorescence from infused tracers first appeared along 

the PVS of arteries on the brain surface and their associated penetrating arterioles and only later 

along capillaries and draining venules. They observed that both a small (3 kDa) and very large 

(2000 kDa) dextran each appeared to be rapidly transported over great distances via the PVS 
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(suggesting convective flow); however, only the smaller dextran appeared to efficiently leave the 

PVS to access the brain interstitium, interpreted as the result of ‘sieving’ by presumed narrow (~20 

nm) gaps between astrocyte endfeet. When the same experiments were repeated in aquaporin-4 

(AQP4) null mice, Iliff et al. reported that intracisternal ovalbumin (45 kDa) entry into the brain 

parenchyma was significantly diminished 30 min following a 5 min infusion (2 µL/min); 

furthermore, in vivo two-photon imaging showed that while 2000 kDa dextran access to 

penetrating arteriole PVS did not appear to be significantly altered in AQP4-null animals, 

penetration of 3 kDa dextran into the surrounding interstitium was dramatically reduced. Clearance 

of radiolabelled tracer substances out of the brain also tended to be reduced 1-2 hours after 

intrastriatal injection in AQP4-null animals.  

 

Taking account of these results together with speculated roles for how perivascular AQP4 might 

be affecting tracer distribution, as these water channels are enriched on glial (astrocyte) endfeet 

(Nielsen et al., 1997; Badaut et al., 2002), Iliff et al. hypothesized three serial steps of a glial-

lymphatic or ‘glymphatic’ system for waste clearance: (i) initial convective flow of subarachnoid 

CSF into the brain along peri-arterial spaces, (ii) AQP4-facilitated water and tracer flow from this 

peri-arterial space through the brain ECS (‘transparenchymal’ convection) resulting in directed 

transport of ISF toward venules/veins, and (iii) clearance out of the brain along peri-venous spaces 

(Iliff et al., 2012a; Iliff & Nedergaard, 2013; Nedergaard, 2013; Nedergaard & Goldman, 2016).  

 

A major critique of the ‘glymphatic’ hypothesis involves the proposed role of AQP4. Aquaporins 

are a large family of cell membrane channels containing ~0.5 nm pores (Gutiérrez et al., 1995) 

that confer selective permeability to water and, in some cases, certain other small molecules; 
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AQP1, AQP4, AQP5, and AQP9 are present in rodent brain (Badaut et al., 2002). AQP4 is 

particularly enriched in the brain at CSF-interfaces (Jung et al., 1994), with polarized expression 

in astrocytes at the pial surface-facing glia limitans, in ventricle-facing ependymal cells, and, 

importantly, within perivascular endfeet that form the boundary between the parenchymal blood 

vessels and the neuropil (Nielsen et al., 1997) (Fig. 2). It has been unclear by what precise 

mechanism(s) perivascular astrocytic AQP4 water channels might facilitate a transparenchymal 

flow of ISF and perivascular macromolecule tracers under normal conditions, as proposed in the 

‘glymphatic’ concept, particularly because (i) directed-convection from the arterial PVS to the 

venule PVS through the neuropil interstitium would depend on a hydrostatic pressure/osmotic 

gradient that is difficult to envision (Smith et al., 2015), (ii) AQP4 is incapable of transporting 

macromolecules, and (iii) much experimental work has suggested the high hydraulic resistance of 

the brain ECS would greatly restrict such a flow in favour of diffusion (Wolak & Thorne, 2013; 

Pizzo & Thorne, 2017; Holter et al., 2017). Additionally, a transparenchymal flow of ISF, solutes, 

and waste would appear difficult to reconcile with the required homeostasis of the brain 

microenvironment for synaptic transmission. Aquaporins clearly do play diverse roles in brain 

water balance in health and disease (Badaut et al., 2002; Hsu et al., 2015) and such concepts have 

undoubtedly informed the ‘glymphatic’ hypothesis. Previous studies performed on AQP4-

deficient mice have demonstrated that such animals exhibit an increased brain ECS volume 

fraction (Yao et al., 2008), increased basal brain water content (Haj-Yasein et al., 2011), and larger 

intracranial pressure elevations in response to induced vasogenic (non-cellular) oedema 

(Papadopoulos et al., 2004), suggesting that AQP4 indeed plays critical roles in the transport of 

water between brain compartments as well as the formation and resolution of oedema. The key 



 
 

 

118 

question for the ‘glymphatic’ concept is just what role astrocytic AQP4 may play in the circulation 

of fluid in perivascular compartments and how its deletion affects such circulation. 

 

Verkman and colleagues have further argued that the proposed ‘glymphatic’ hypothesis and its 

reliance on AQP4 is implausible based on physiological grounds (Smith et al., 2015) and recently 

reported on their own experimental work testing key aspects of the original Iliff et al. studies 

(Smith et al., 2017). Interestingly, this new work (Smith et al., 2017) emphasized that tracer 

movement in the brain parenchyma (outside of the perivascular spaces) was size-dependent and 

consistent with diffusion as the mechanism of transport, using a cisternal infusion paradigm in 

mice that was very similar to that employed by Iliff et al. (Iliff et al., 2012a). A separate recent 

experimental study in rats (Pizzo et al., 2018) has also confirmed the role of tracer size-dependent 

diffusive transport at the pial brain surface using a similar cisternal infusion paradigm to the 

Nedergaard group (Iliff et al., 2013). Finally and perhaps most importantly, the Verkman group 

replicated many of the original Iliff et al. cisternal infusion experiments in AQP4-null animals and 

found no qualitative or quantitative differences in ovalbumin distribution between wild type and 

AQP4 null mice (or between wild type and AQP4 null rats)(Smith et al., 2017). Further work will 

be required to resolve the precise role(s) that AQP4 water channels may or may not play with 

respect to tracer distribution in the perivascular and parenchymal compartments. 

  

The role of brain capillaries in secreting a fluid suitable for the optimal function of neurons and 

glia was largely ignored in the early conception of the ‘glymphatic’ system. The evidence for 

origin of ISF as a secretion across the brain capillary endothelium is well established; in vivo 

studies show good regulation of brain ions in the face of large changes in plasma concentration, 
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and the necessary ion channels and transporters are expressed at the BBB (Schielke & Betz, 1992; 

Abbott, 2004). Careful studies in primary cultured brain endothelial cells have provided a complex 

map of ion transporters and channels on apical and basal membranes, and the ways in which they 

could generate the required fluid flow (Hladky & Barrand, 2016). As the flow rate per unit area is 

low compared with choroid plexus secretion of CSF, it is not possible to demonstrate fluid 

production from segments of isolated brain capillary, but the net result is to supply local regions 

of the neuropil with fresh fluid of optimal composition for neural function. Interestingly, the brain 

endothelium shows down-regulation of the AQP1 highly expressed on non-brain endothelial cells 

(Dolman et al., 2005), consistent with the need to limit the rate of fluid production in order to 

maximize local ionic homeostasis. If a large percentage of the ISF were provided from recirculated 

CSF as might be implied by the ‘glymphatic’ hypothesis, this would contain waste products from 

all the upstream sites exposed to that CSF, a much less suitable medium for optimal neural 

function. 

 

Diffusion or flow of the ISF in the brain ECS? 

A great many studies using a wide variety of tracer substances and multiple different ex vivo/in 

vivo methods have concluded that the local transport of small and large molecules through the 

brain ECS of the neuropil is predominantly diffusive in nature; such studies have included 

ventriculocisternal or subarachnoid-cisternal perfusion of radiolabelled tracers (Rall et al., 1962; 

Levin et al., 1970; Patlak & Fenstermacher, 1975), real-time iontophoresis of the small 

tetramethylammonium ion (Nicholson & Phillips, 1981), and integrative optical imaging (IOI) of 

pressure-injected fluorescently labelled molecules (Nicholson & Tao, 1993; Thorne et al., 2004a; 

Thorne & Nicholson, 2006; Thorne et al., 2008; Wolak et al., 2015). Electron microscopy studies 
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focused on neuropil ultrastructure have long indicated a brain ECS width of approximately 10-20 

nm (Horstmann & Meves, 1959; Brightman & Reese, 1969; Van Harreveld, 1972; Peters et al., 

1991) and, importantly, that these narrow spaces could be accessed with tracers such as HRP (40 

kDa) following intracerebroventricular injection (Brightman & Reese, 1969; Brightman, 2002).  

 

More recently, Thorne and Nicholson used in vivo diffusion measurements to demonstrate that the 

ECS width in rat somatosensory cortex is substantially wider in living animals than these earlier 

EM-based estimates from processed, conventionally fixed tissue had indicated (Thorne & 

Nicholson, 2006). Integrative optical imaging of intraparenchymally-injected dextrans and 

quantum dots ranging from 3-35 nm in size showed that (i) transport in the neuropil of living 

animals could be adequately described by diffusion theory and (ii) modelling the brain ECS as 

cylindrical pores or as parallel planes and fitting such models (with the application of 

hydrodynamic theory for hindered diffusion) to experimental data led to ECS width estimates of 

approximately 40-60 nm (Thorne & Nicholson, 2006). Subsequent in silico modelling work based 

on expansion of actual tissue geometry from serial EM to match the established physiological brain 

ECS volume (20%; (Syková & Nicholson, 2008)) has mostly agreed well with the earlier IOI 

diffusion measurement-based estimates of brain ECS width (Kinney et al., 2013). It has long been 

suggested that the reason diffusive transport is strongly favoured over flow in the brain ECS under 

most conditions is that the hydraulic resistance of such narrow spaces is too high for bulk flow to 

occur even in the presence of a significant pressure difference (Fenstermacher & Patlak, 1976; 

Wolak & Thorne, 2013; Holter et al., 2017). Recent modelling studies of tracer movement through 

the ECS have continued to suggest that flow in the ECS (as suggested by the ‘glymphatic’ 

hypothesis) is unlikely (Jin et al., 2016; Holter et al., 2017). 
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There is currently much discussion regarding how the brain ECS as well as tracer transport from 

CSF into the brain may be affected by different brain states, i.e. awake versus sleeping versus 

anaesthetized conditions. Significant transport of a variety of different tracers into the brain from 

the CSF has now been demonstrated in vivo in rodents subjected to a wide variety of anaesthetics, 

including ketamine/xylazine (Iliff et al., 2012b; Xie et al., 2013), isoflurane (Iliff et al., 2013), 

avertin (Smith et al., 2017), and urethane (Pizzo et al., 2018). It has been suggested by Nedergaard 

and colleagues that the influx of tracers such as 3 kDa dextran from the CSF to the brain is 

profoundly suppressed in awake mice compared to naturally sleeping or ketamine/xylazine 

anaesthetized mice (Xie et al., 2013); reduced brain influx and circulation of CSF-infused tracer 

was further suggested to be the result of a significantly reduced brain ECS volume (and changes 

in ISF ionic composition (Ding et al., 2016)) associated with the awake state (Xie et al., 2013), a 

novel finding in itself that needs to be studied further and subjected to replication. Although 

interesting, decreased transport of substances from the CSF to the brain and a decreased brain ECS 

in awake animals has subsequently been challenged both conceptually (Hladky & Barrand, 2014) 

and experimentally (Gakuba et al., 2018). Indeed, Gakuba and colleagues recently used MRI and 

other methods to show that isoflurane-, ketamine/xylazine-, and ketamine-anaesthetized mice 

actually exhibited reduced CSF-to-brain influx of intrathecally infused contrast agent (DOTA-Gd), 

Evans blue, and 775 Da indocyanine green dye as compared to the awake state (Gakuba et al., 

2018). More work will be needed to resolve the discrepancies between different groups and the 

effects that different methods and tracer substances may have on the findings. 

 

A sieving effect of perivascular astrocyte endfeet? 

It is tempting to speculate that transport from the perivascular space into the adjacent brain ECS 

may be restricted or regulated based on the size of the gaps between adjacent astrocyte endfeet 
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bordering the perivascular space; indeed, Iliff et al. concluded that these gaps were likely 

responsible in some way for the sieving effect they observed between the distributions of small 

and large cisternally infused dextrans (discussed above; (Iliff et al., 2012a)). Transmission EM 

measurements from conventionally prepared, aldehyde-fixed tissue have suggested such endfoot-

endfoot clefts are approximately 20 nm wide (similar to conventional EM-based estimates of ECS 

width) (Mathiisen et al., 2010). However, a more recent transmission EM study using cryofixation 

methods suggested astrocyte coverage of cerebral blood vessels was significantly less complete 

than previously shown (Korogod et al., 2015), calling into question whether astrocyte endfoot 

sieving indeed occurs. The Korogod et al. figure for ECS volume in the relatively uniform brain 

parenchyma (~15% with cryopreservation cf ~2.5% with conventional fixation) is encouragingly 

closer to physiological measurements, so that in this case cryopreservation may well give a truer 

picture of the ECS than conventional fixation. However, it is harder to assess the data for 

perivascular coverage by astrocytes (~62% cf >90% with conventional fixation).  

 

Fig. 3 provides a summary of the major junctions and adhesions that have been described for 

endothelial cells and astrocytes at the BBB (Huber et al., 2001; Abbott et al., 2006; Mehta & 

Malik, 2006; Barresi & Campbell, 2006; del Zoppo & Milner, 2006; Förster, 2008; Strbian et al., 

2009; Tietz & Engelhardt, 2015). Endothelial cell-astrocyte interactions occur in part through 

complex associations with the extracellular matrix (ECM) and basal lamina that are mediated by 

integrins, αβ heterodimeric receptors that bind extracellularly to laminins and fibronectin to link 

the ECM to the cytoskeleton, and dystroglycan, a complex of α and β subunits that binds to 

laminins, agrin, and perlecan to provide additional links of the ECM to the cytoskeleton. Many 

additional linkages between laminins, proteoglycans, fibronectin, type IV collagen, and other ECM 
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/ basal lamina constituents have also been described (Mehta & Malik, 2006; Barresi & Campbell, 

2006; del Zoppo & Milner, 2006). In life, there is evidence that the astrocyte endfeet are strongly 

linked to the basal side of the endothelial cells by numerous such integrin-dystroglycan complexes, 

involving integrins in the endothelial basal cell membrane interacting with extracellular laminin 

and fibronectin, connecting collagen IV and proteoglycans in the extracellular space to 

dystroglycan inserted in the underlying astrocyte endfeet membrane. Similarly, it is proposed that 

the astrocytic layer forms an effective ‘second barrier’ surrounding the endothelial tube, with 

connexin 43 gap junctions linking adjacent astrocyte endfeet (Gaete et al., 2014), and the whole 

complex being sufficiently tightly knit to restrict ready entry of leukocytes and mast cells to the 

brain parenchyma except in pathological conditions (Engelhardt et al., 2016). It is also possible 

that matrix components of the basal lamina (e.g., specific laminin composition; (Sixt et al., 2001)) 

may play a more important role than has been appreciated (Hannocks et al., 2018), e.g., in 

restricting the entry of cells into the parenchyma after their migration across brain endothelial cells 

or the transfer of very large macromolecules (e.g., ~460 kDa ferritin; (Brightman, 2002)) from the 

ECS to the perivascular space for clearance. 

 

While the close proximity of adjacent cells and the small size of the extracellular spaces in 

conventionally-fixed brain tissue would not seem to accurately reflect the living condition, it is 

possible that the organization of adjacent perivascular astrocyte foot processes is captured more 

effectively in aldehyde-preserved tissue than in the TEM images captured after cryopreservation, 

where ice crystals may disrupt the fragile cell:cell associations in the neurovascular unit and 

perivascular space. More research is needed to resolve this question. The conclusion is that it is 
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important to bear in mind the physiology when interpreting microscopic images, especially those 

potentially subject to fixation/freezing artefacts.  

 

It bears stressing that basement membranes may prove to play a critical role in the sieving of 

perivascularly located molecules attempting to enter the brain parenchyma (Brightman, 1968, 

2002; Hannocks et al., 2018); indeed, recent experimental work has demonstrated that 

intracisternally infused small single-domain antibodies (17 kDa; 4.5 nm apparent hydrodynamic 

diameter) more fully access perivascular basement membranes than similarly infused large full 

length immunoglobulin G antibodies (150 kDa; 10 nm) (Pizzo et al., 2018). A recent molecular 

characterization of the PVS with respect to laminin composition and other markers by Sorokin and 

colleagues provides new, critical information for future work in this area (Hannocks et al., 2018). 

 

“ISF bulk flow” 

Confusion has long been associated with what different groups have meant in suggesting or 

describing “ISF bulk flow”. The pioneering work of Helen Cserr and a number of her 

contemporaries often made mention of “bulk flow of ISF” but careful reading reveals that this 

typically was intended to describe flow principally limited to low-resistance pathways such as the 

perivascular spaces and white matter tracts (Cserr et al., 1977; Rosenberg et al., 1980; Abbott, 

2004) and not within the narrow and tortuous brain ECS. In summary, it seems increasingly likely 

that a great many studied macromolecule tracers as well as endogenous proteins in the CSF 

distribute into brain tissue via transport processes that may be adequately described by some 

combination of diffusion in the ECS and convection in the perivascular spaces (Wagner et al., 

1974; Rennels et al., 1985; Ghersi-Egea et al., 1996a; Proescholdt et al., 2000; Pizzo et al., 2018).  
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CSF and ISF compartmentalization & drainage pathways 

CSF and ISF are generally considered to be similar in composition (Cserr & Patlak, 1992; Abbott, 

2004; Hladky & Barrand, 2014; Thorne, 2014), with the exception that the ISF exists in an 

environment containing an abundant ECM that may play key roles in CSF/ISF transport and 

exchange (Syková & Nicholson, 2008; Thorne, 2014). The polyanionic nature and binding 

capacity of the ECM may significantly impact the diffusion of certain ions and other molecules in 

the brain ECS (e.g., confinement or binding of ions by perineuronal nets (Härtig et al., 1999) or 

chondroitin sulphate proteoglycans (Hrabetová et al., 2009), sequestration of growth factors 

(Taipale & Keski-Oja, 1997), and protein binding to heparan sulphate proteoglycans (Thorne et 

al., 2008)). CSF-ISF exchange of molecules is therefore expected to be limited by (i) molecular 

size, (ii) ECM interactions, (iii) receptor binding, (iv) aggregation state (e.g., certain pathogenic 

proteins), (v) permeability characteristics (e.g., clearance across the BBB), (vi) distance from the 

brain-CSF interface, and likely other factors. 

 

The precise drainage pathways for CSF and ISF out of the central compartment have also been the 

source of much recent interest. CSF drainage occurs directly into the blood via arachnoid villi or 

granulations into the venous sinuses of the dura mater and also into the lymphatic system via 

cranial and spinal nerves (Pizzo & Thorne, 2017). Drainage occurs along the olfactory nerves to 

the nasal mucosa to the cervical lymph nodes (Faber, 1937; Bradbury et al., 1981; Bradbury & 

Westrop, 1983; Szentistványi et al., 1984; Weller et al., 1992; Kida et al., 1993), and along spinal 

nerves to cervical, intercostal, and other lymph nodes (Koh et al., 2005). An additional pathway 

for CSF/ISF drainage appears to occur within dural lymphatic vessels to the cervical lymph nodes 

(Aspelund et al., 2015; Louveau et al., 2015), but just how CSF enters the dural lymphatic vessels 

has not been well described.  
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Tracer studies suggest that the drainage of ISF and CSF from the brain is compartmentalized. For 

example, the transport and drainage of ISF-administered tracers has shown significant 

lateralization; brain-injected tracers appear to preferentially drain along perivascular spaces on the 

same side as the injection and into ipsilateral cervical lymph nodes (Bradbury et al., 1981; 

Szentistványi et al., 1984). By contrast, CSF-administered tracers drain into cervical lymph nodes 

on both sides (Szentistványi et al., 1984; Kida et al., 1993; Pizzo et al., 2018). Studies of nose-to-

brain transport further support some degree of separation between CSF and ISF (Thorne et al., 

2004b). Földi and colleagues have long proposed that drainage of ISF along the PVS is indeed 

compartmentalized from the CSF as it drains from the brain, possibly by the presence of the cells 

ensheathing the vessel in the subarachnoid space (Földi, 1996) (e.g., as described by (Alcolado et 

al., 1988)). In addition to tracer studies, antigenic responses also appear to suggest a 

compartmentation of CSF and ISF (Galea et al., 2007; Engelhardt et al., 2017), as parenchymal 

tissue grafts and ISF antigens elicit more limited immune responses (e.g., (Shirai, 1921; Murphy 

& Sturm, 1922; Stevenson et al., 1997)) than CSF administered tissue or antigen that usually 

results in a strong immune response (e.g., (Murphy & Sturm, 1922; Stevenson et al., 1997)). In 

summary, a synthesis of the older descriptive work on ISF-CSF relationships and fluid turnover 

and clearance from the central compartment, together with more recent work incorporating more 

sophisticated molecular characterization of specific drainage pathways out of the CNS to venous 

blood and draining lymph nodes suggests there remain gaps in our understanding of the precise 

relationships, pathways, and their relative importance. Further work is clearly needed in this area.  

 

Practical and Clinical Implications of ISF/CSF interaction 

CSF sampling has inherent problems associated with studying the composition and dynamics of 

CSF which include: pharmacological effect of anaesthesia; confounding effects of circadian 
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rhythm; inflammation during disease or surgical intervention; changed ventricular pressure after 

removing CSF or adding tracers into the enclosed ventricular system. All these will affect CSF 

flow and/or production, potentially influencing data obtained (these and other confounding factors 

are discussed in detail elsewhere (Spector et al., 2015)). Sampling CSF multiple times is a 

particular problem when comparing healthy and diseased states, or young vs old. Removal of fluid 

and reduction in intracranial pressure alter CSF dynamics until the fluid can be replenished, and 

replacement rate is faster in the young or healthy (591 ml/day, human), compared to in older or 

pathological situations (294 ml/day) (Silverberg et al., 2001; Rapoport et al., 2004). As a result, 

biomarkers or drugs are expected to be concentrated in the smaller volume of fluid of the old or 

with certain diseases. For example, Slats et al. (Slats et al., 2012) sampled 6 ml of patients’ CSF 

every hour for 36 hours using indwelling L3-4 lumber puncture cannula. They noted total CSF 

protein and pathological tau increased over the study period in the Alzheimer’s disease patients, 

but not in age-matched controls, suggesting an artefact in sampling from the frailer patients.  

 

Another important issue is assessing CSF uptake of systemic drugs when plasma concentration is 

10-100x greater than CSF or brain. Contamination of the CSF sample with whole blood or plasma 

must be ruled out, but microscopic inspection for erythrocytes cannot always rule out 

contamination because erythrocytes may lyse. Tests for haemoglobin are preferred because even 

a 1 in 100 contamination with blood could significantly affect drug determination (Chen et al., 

2006). 

 

Using CSF as a proxy for brain drug levels is commonly used in both clinical and pre-clinical 

studies. However, the pitfalls are numerous and include the issues already mentioned above, as 
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well as the fact that drug distribution in CSF depends on the chemistry of the compound and its 

interaction with uptake and efflux transporters at CNS/blood interfaces.  

 

Doran et al. (Doran et al., 2005) very helpfully studied a library of Pfizer’s small molecule drugs 

<450Da, measuring both brain and CSF uptake in mice after systemic administration. Re-analysis 

of their data (Fig. 4) shows that brain penetration increases as drugs become more lipid soluble 

(increasing CLogD); conversely however, CSF penetration decreases as drugs become more lipid 

soluble. This is consistent with the aqueous CSF being less amenable to partitioning of lipid 

soluble drugs compared to brain, where drugs are exposed to lipid cell membranes into which they 

can partition.  

 

For hydrophilic drugs with CLogD <1, CSF drug content may be predictive of brain levels because 

there is similar, modest distribution into both compartments and there is significant correlation 

between the two (p=0.023, R2 =0.68, df=6). However, for highly brain penetrant lipophilic drugs 

with CLogD > 3, CSF uptake does not correlate with brain (p=0.148, R2 =0.45, df=5) and brain 

levels are on average 9x those in CSF.  

 

Drug interaction with efflux transporters may also play a role. In mice lacking P-glycoprotein 

(mdr1a-/-/1b-/- knockout mice), there is even greater difference between brain and CSF distribution. 

This is mainly due to increased brain distribution in mdr1a-/-/1b-/- mice since P-glycoprotein is not 

available to efflux the drug back to blood. For example, lipophilic drugs with CLogD >3 have 

brain levels on average 12x higher than CSF (compared to 9x CSF levels in wild-type mice). Even 

hydrophilic drugs’ brain distribution is affected, increasing from 2x CSF levels in the wild-type 
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mice, to 3x CSF levels in the mdr1a-/-/1b-/- mice for drugs with CLogD <1. In general, brain and 

CSF uptake of P-glycoprotein substrates are closer to each other at any given CLogD in the wild-

type mice. 

 

Therefore, it cannot be assumed that the presence of any compound in CSF is a true reflection of 

its brain level, particularly for lipophilic drugs that evade efflux transport. Similar data are not 

available for large molecules or biologics and would presumably be different for drugs interacting 

strongly with other transport or efflux systems. 

 

CNS pathologies and disturbances of brain fluids 

Several pathologies of the cerebral microvasculature, including the associated cells of the 

neurovascular unit, and the perivascular space, have been mentioned briefly above. Here we focus 

on some additional brain pathologies with particular relevance to fluid drainage pathways and 

brain fluid flow. 

 

Brain oedema is the accumulation of excess fluid in the brain, either in the intracellular (cytotoxic 

oedema) or extracellular compartments (vasogenic oedema) (Nag et al., 2009), though these two 

types of fluid accumulation rarely occur independently (e.g., certain pathologies including 

diabetes, stroke, and traumatic brain injury may involve both vasogenic and cytotoxic oedema 

(Tasker & Acerini, 2014; Dreier et al., 2017)). Cytotoxic (cellular) oedema can result from toxic 

agents (including many in common use such as dinitrophenol (weight loss agent), hexachlorophene 

(disinfectant), and organophosphates including insecticides (Chen, 2012)), ischaemic stroke, or 

hypoxia; in cytotoxic oedema, the BBB stays intact, but disturbance of cellular metabolism impairs 
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ion transport in glial cell membranes, leading to cellular retention of sodium and water, and cell 

swelling especially in astrocytes in grey and white matter. Cytotoxic oedema may also be 

associated with a reduced ECS volume, further hindering diffusional transport of oedema fluid and 

solutes in the gray matter (Hossmann, 1976). Vasogenic oedema results from breakdown of the 

BBB, e.g. associated with trauma, hypertension, osmotic imbalance, brain cancer and brain 

inflammation (meningitis or encephalitis), allowing intravascular proteins and fluids into the 

parenchymal ECS. Several studies of vasogenic oedema models have demonstrated that bulk flow 

pathways, including white matter tracts and perivascular spaces, are important sites for oedema 

fluid movement and clearance (reviewed in (Pizzo & Thorne, 2017)). Aquaporin water channels 

clearly play a role in the resolution of edema; in particular, AQP4 has been suggested to regulate 

ECS water in the healthy and diseased brain due to its localized expression on astrocytes at brain-

CSF and blood-brain interfaces and demonstrated alterations in disease states (Badaut et al., 2014). 

Treatments based on mechanistic understanding may include intravascular mannitol and/or saline 

(osmotherapy), melatonin, and inhibitors of water channels (e.g., aquaporins) and ion 

cotransporters (Deng et al., 2016; Winkler et al., 2016). Finally, decompressive craniectomy may 

be required in extreme/acute cases (Brown & Wijdicks, 2017). 

    

Prion diseases (or transmissible spongiform encephalopathies, TSE's) are a group of progressive 

neurodegenerative conditions, which unlike most infections which involve bacteria or viruses, 

involve misfolded protein (Griffoni et al., 2003; Zabel & Reid, 2015). All known prion diseases 

in mammals affect brain structure, creating microscopic holes and hence a ‘spongy’ texture, with 

severe consequences for brain function. Prion diseases exist in both animals and humans. Scrapie, 

a disease affecting sheep and goats, was the first prion disease to be identified in the 1730s. In 
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humans, the outbreak of Creutzfeldt-Jakob disease variant resulted from eating infected bovine-

derived meat.  

 

Prion-like spread of other CNS pathologies involving aggregated proteins is now recognised – for 

Amyloid-β (Alzheimer’s disease), α-synuclein (Parkinson’s disease) and mutant huntingtin 

(Huntington’s disease) (Costanzo & Zurzolo, 2013; Borghammer, 2017), although the underlying 

mechanisms are not understood in detail (Holmes & Diamond, 2012; Huang et al., 2015). 

Extracellular vesicles (EVs) released from one cell and capable of influencing another (a known 

method of cell:cell communication), are recognised to be involved in the protein transmission in 

some of these neuropathies (Krämer-Albers & Hill, 2016; Valdinocci et al., 2017), and also in 

tumours (Choi et al., 2017). It is clear that the health of CSF and ISF flow and drainage will 

influence the spread of such aggregated proteins. 

 

Epilepsy, brain trauma, phosphorylated tau, and enlarged perivascular spaces  

A recent analysis of abnormal phosphorylated tau (p-tau) deposition in samples from temporal 

cortex and adjacent white matter taken from patients with temporal lobe epilepsy (TLE) and 

chronic traumatic encephalopathy (CTE) has reported a similar pattern of pathological tau 

deposition in perivascular spaces in both conditions, suggesting similar underlying 

cerebrovascular pathology with abnormal perivascular p-tau accumulation as a potential 

mechanism (Puvenna et al., 2016). Both TLE and CTE physiopathology involve neuronal death 

which likely initiates spillage of unbound tau protein into the extracellular space and, from there, 

to perivascular lining cells and perivascular spaces. Extracellular p-tau appeared to follow 

extracellular drainage pathways in the neuropil that led toward perivascular spaces bordering large 
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(>100 µm diameter) blood vessels; p-tau immunoreactivity was prominent within astroglial cells 

adjacent to blood vessels and frequently appeared clustered within the perivenous space. 

Importantly, aggregated p-tau was detected in brain tissue from both CTE and TLE, but little was 

observed in control brain. Since larger aggregates of p-tau would not be as free to move readily 

through the brain ECS by diffusion as unbound monomers, such aggregates likely become trapped 

within the tissue, particularly the tissue space bordering venules and large veins; this sequence of 

events would be expected to further impede the subsequent clearance of p-tau and other waste 

constituents over time. Interestingly, military personnel exposed to blast shockwaves (e.g., from 

explosive devices) also show a characteristic pattern of GFAP and p-tau immunoreactivity with 

prominent astroglial scarring at brain-fluid interfaces including the subpial region and perivascular 

spaces (Shively et al., 2016). Perivascular accumulation of p-tau is also observed in Alzheimer’s 

disease and has been demonstrated to be present in arteries/arterioles as well as veins in the 

parenchyma (Merlini et al., 2016). Interestingly, perivascular amyloid beta deposits (cerebral 

amyloid angiopathy) within the tunica media of leptomeningeal arteries as well as cortical arteries, 

arterioles and capillaries are among the classic neuropathological hallmarks of Alzheimer’s 

disease, while veins and venules rarely exhibit such deposits (Serrano-Pozo et al., 2011a). Such 

characteristic amyloid beta accumulation in Alzheimer’s disease has led some to suggest that this 

pathology results from failure of amyloid beta drainage out of the brain within the basement 

membranes of capillaries, arterioles and arteries (Preston et al., 2003). However, it has also been 

suggested that this pattern of amyloid beta deposition could be due to abnormal perivascular 

amyloid beta entry and accumulation from the CSF into the brain (Ghersi-Egea et al., 1996b; Pizzo 

et al., 2018), consistent with reports that leptomeningeal arteries typically exhibit more cerebral 

amyloid angiopathy than penetrating cortical arteries (Serrano-Pozo et al., 2011b). Indeed, it is 
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now increasingly appreciated that structural alterations in draining venules and veins also may play 

a role in the pathology of Alzheimer’s disease (Lai et al., 2015), so the precise mechanisms at play 

in producing the perivascular pathology and amyloid deposition of Alzheimer’s disease require 

further study . 

 

Finally, it bears noting that an enlarged PVS has been identified (typically associated with larger 

caliber vessels such as perforating arterioles and venules) in a number of clinical MRI studies of 

patients with traumatic brain injuries (Inglese et al., 2005), acute ischemic stroke (Doubal et al., 

2010), and multiple different types of mucopolysaccharidoses (Zafeiriou & Batzios, 2013; 

Matsubara et al., 2017). Enlarged perivascular spaces might simplistically suggest either increased 

water secretion by the BBB, decreased clearance of CSF, increased resistance to the 

circulation/transport and/or drainage of perivascular fluid, or a combination of all of the above. 

The mechanism of increased production or decreased CSF absorption seems unlikely, at least in 

ageing-related small vessel ischemic disease where ventricular size is commonly normal, so it is 

tempting to speculate that some form of hindrance or impedance of perivascular fluid 

circulation/transport may underlie the enlarged PVS observed in this condition. 

 

In summary, if cerebral regulation of fluid and waste elimination is disrupted, a dangerous cycle 

can emerge between impedance of waste clearance pathways and exacerbation of cerebral oedema 

or inflammation.  

 

Conclusions 

So, to return to the question – Does the ‘glymphatic’ system exist, in the form of AQP4-dependent 

convective flow pathways bathing neurons, synapses and glia in the parenchyma? It is becoming 
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increasingly apparent that under normal conditions such flows likely do not exist in the neuropil 

of the grey matter. Rather than a ‘glymphatic’ system as originally proposed (Iliff et al., 2012a; 

Nedergaard, 2013; Nedergaard & Goldman, 2016), the weight of the evidence now suggests the 

existence of a perivascular fluid system for the CNS, with convective flow or dispersion along the 

perivascular spaces of larger vessels and then diffusion predominantly regulating CSF/ISF 

exchange at the level of the neurovascular unit associated with CNS microvessels, as now proposed 

by several groups (Wolak & Thorne, 2013; Smith et al., 2015, 2017; Jin et al., 2016; Asgari et al., 

2016; Holter et al., 2017; Pizzo et al., 2018; Hannocks et al., 2018). It remains possible that 

pericapillary convection occurs in the basal lamina in addition to diffusion to formally link up the 

arteriolar and venular perivascular fluid compartments and allow a fully convective circulation 

pathway (Pizzo et al., 2018; Hannocks et al., 2018); regardless, CSF/ISF exchange may at least 

partly occur through the neuropil of the grey matter at the capillary level by diffusion, as neurons 

and all the other constituents of the NVU are not located further than about 10-20 µm from the 

pericapillary spaces, a distance that has likely been optimized for the effective diffusion of glucose, 

oxygen, and countless other substances from the circulation (Abbott et al., 2006; Wolak & Thorne, 

2013). 

 

In summary, the classical view of the system (pre-2012) together with recent studies, supports the 

evidence for diffusion (not bulk flow) from capillaries and throughout the interstitium, the optimal 

arrangement for homeostasis of the neuronal microenvironment. This acts together with a well-

regulated system of convective flow channels where they are most needed and will least disturb 

neural function: a) in the vascular system supplying arteries and ultimately capillaries, and b) in 

the perivascular space around large arteries and arterioles, extending down to the capillary level, 
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carrying flow of a small volume of CSF from the brain surface into the brain. The PVS around 

venules and veins would appear to collect fluid drainage from the interstitium and channel it out 

of the parenchyma, partly back to the CSF in the SAS but also to other sites; in addition, there is 

some seepage of fluid drainage across the ependyma into the ventricles. The net result is well-

maintained homeostasis of the neural microenvironment, efficient (and sufficient) communication 

between CSF produced by the CP and the brain parenchyma, and efficient clearance of cell debris 

and waste products of metabolism which are too large to exit across the endothelium of the blood 

vessels. Clearly, much more work is needed to resolve current discrepancies surrounding many 

other aspects of the system, perhaps most notably the effect that different anaesthetics, natural 

sleep and wakefulness may have on convective and diffusive transport in the PVS and ECS, 

respectively. More sophisticated quantitative modelling of such transport is urgently needed and 

will likely play a larger role in the future to better clarify some of the discrepancies and to suggest 

new experiments that may help to resolve them. 

 

In several pathologies, disturbances of any element of this system can result in brain fluid 

accumulation and oedema. In many cases the oedema is local and resolved by endogenous repair 

mechanisms; in more severe cases, medical/surgical intervention may be required. Recovery of 

brain function can involve adjustments in the vascular and brain fluid flow channels, and neuronal 

plasticity to compensate at least in part for damaged circuits. It is clear that maintaining some form 

of healthy perivascular fluid circulation and at least some degree of CSF/ISF exchange, as well as 

a healthy cardiovascular system, are important in preserving effective CNS function into old age. 
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Figure 1. The perivascular space (PVS). (A) Schematic depicting a leptomeningeal artery in 

the subarachnoid space as it penetrates into the brain parenchyma (neuropil), with a gradually 

thinning smooth muscle cell layer (tunica media) and narrowing lumen diameter. Smooth muscle 

cells become sparser as vessel size decreases, with capillary microvessels characterized by a 

small lumen, pericytes and a basal lamina originating mainly from capillary endothelial cells 

and astrocytes. Key locations of potential CSF and ISF exchange are labelled with red text: (i) 

stomata / pores present on the CSF-facing leptomeningeal lining cells that have been identified 
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on the outer surfaces of arteries in the subarachnoid space, (ii) fenestrations / gaps / clefts on 

the CSF-facing pial lining cells of the brain surface, and (iii) the PVS, a fluid compartment 

within the outer walls of blood vessels that includes the vascular connective tissue space of the 

arterial/arteriolar adventitia, the basement membrane (BM) surrounding smooth muscle cells in 

the tunica media, and potentially extends all the way down to a pericapillary fluid space between 

astroglial and endothelial BM of microvessels. Veins/venules are not depicted. (B) Scanning 

electron micrographs show the existence of numerous pores/openings termed ‘stomata’ on the 

outer leptomeningeal sheaths of blood vessels in the subarachnoid space. Shown: Middle cerebral 

artery (MCA) leptomeningeal surface (rat) exhibiting a micron-sized pore with noticeably dense, 

underlying perivascular fibres in the vascular connective tissue space (see (Pizzo et al., 2018)). 

(C-D) Fluorescently labelled non-targeted immunoglobulin G (IgG) antibodies intrathecally (I.T.) 

infused at a low flow rate (80 µL applied cisternally over 50 min) reveal prominent perivascular 

signal along all vessel types in the rat, including cortical penetrating arterioles and numerous 

microvessels (shown). RECA-1, rat endothelial cell antigen-1 (endothelial cell marker) (D 

adapted from (Pizzo et al., 2018)).
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Figure 2. The neurovascular unit (NVU). The NVU refers to the monolayer of brain endothelial 

cells making up CNS blood vessels (and smooth muscle cells for larger calibre vessels), their 

associated neurons, and the numerous non-neuronal cells (e.g., pericytes, astrocytes, and 

microglia), extracellular matrix and basement membranes that surround them; our understanding 

of the NVU and the details of the extensive coupling, association, and regulation that exists 

between NVU components remains a highly active area of investigation. Key questions (bulleted 

text) include the degree of astrocyte coverage (e.g., are adjacent astrocyte foot processes nearly 

always closely situated or do larger gaps exist to allow more intimate association of neurons, 

microglia and other cells with the endothelial cell and its associated extracellular matrix?), the 

roles subserved by aquaporin-4 (AQP4) water channels highly expressed on astrocytic endfeet, 

the normal mode of fluid/tracer transport in the extracellular space, and whether a pericapillary 

fluid space normally exists in the basal lamina (indicated with an asterisk). See text for 

discussion. The transmission electron micrograph (right) illustrates the extensive distribution of 

40 kDa horseradish peroxidase through the extracellular space and the basal lamina of a cerebral 

blood vessel following intraventricular administration (adapted from (Brightman, 2002) with 

permission).



Figure 3. Junctions and adhesions of the blood-brain barrier (BBB) and cerebral microvessel 

basal lamina. Several different tight junction proteins restrict and regulate paracellular diffusion as 

well as the diffusion of membrane components between the luminal and abluminal compartments 

of polarized endothelial cells; these include occludin, claudins-3, -5, and -12, zonula occludens-1 

(ZO-1) and -2 (ZO-2), and various junctional adhesion molecules (JAMs), all of which also 

participate in complex linkages with the actin cytoskeleton that allow endothelial cells to sense 

and respond to internal and external forces. Adherens junctions consisting of vascular endothelial 

cadherins and associated intracellular scaffold proteins such as the catenins regulate cell-cell 

contacts and tensile forces through additional linkages with the actin cytoskeleton. Interactions 

of endothelial cells (and astrocytes) with components of the extracellular matrix (ECM) and 

basal lamina are facilitated by integrins, αβ heterodimeric receptors that bind extracellularly to 

laminins and fibronectin to link the ECM to the cytoskeleton, and dystroglycan, a complex of α 

and β subunits that binds to laminins, agrin, and perlecan to provide additional links of the ECM to 
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the cytoskeleton. Numerous additional linkages within the ECM and basal lamina occur between 

laminins, proteoglycans, fibronectin, and type IV collagen (arrows), among others. Adapted from 

(Huber et al., 2001; Barresi & Campbell, 2006; del Zoppo & Milner, 2006; Strbian et al., 2009) 

with additional information incorporated from (Abbott et al., 2006; Mehta & Malik, 2006; Förster, 

2008; Tietz & Engelhardt, 2015).
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Figure 4. Brain/plasma (a) and CSF/plasma (b) AUC ratios for CNS-active agents plotted against their 

CLogD values, in Female FVB (WT) and mdr1a-/- /1b-/- (KO) mice. Re-analysis of data from Doran et 

al. (Doran et al., 2005). Mice were administered with 3 mg/kg drug s.c. (5 mg/kg caffeine) then brain, 

CSF and plasma taken at 0.5, 1, 2.5, or 5 h post-dose. Drug analysis was by HPLC/mass spectrometry, 

yielding the area under the curve (AUC). For this analysis, drugs with weak P-glycoprotein interaction 

(brain uptake KO : WT ratio <2), were selected from the original data set of 33 compounds, n = 5 mice 

per genotype per time point. The inverse correlation between CSF/plasma ratio and drug lipid solubility 

CLogD (b) shows the most lipid soluble drugs had the smallest distribution in CSF in both WT and KO 

mice (p<0.05). Lines represent linear regression analysis for (a) Brain/plasma; WT open squares, R2 0.01, 

p=0.109; KO filled diamonds, R2 0.09, p= 0.138 (b) CSF/plasma; WT open circles, R2 0.158, p=0.040. 

KO filled circles, R2 0.206, p=0.017 (df=26). Key: Bus Buspirone, Caf Caffeine, Car Carisoprodol, Chl 

Chlorpromazine, Cit Citalopram, Cloz Clozapine, Crb Carbamazepine, Cyclo Cyclobenzaprine, Dia 

Diazepam, Eth Ethosuximide, Flx Fluoxetine, Hal Haloperidol, Hyd Hydroxyzine, Lam Lamotrigine, 

Mep Meprobamate, Meth Methylphenidate, Mid Midazolam, Mor Morphine, Nor Nortriptyline, Phn 

Phenytoin, Sel Selegiline, Srt Sertraline, Sul Sulpiride, Th Thiopental, Traz Trazodone, Ven Venlafaxin, 

Zol Zolpidem. 
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Abstract 

Antibody-based therapeutics are being administered into the cerebrospinal fluid (CSF) for the 

treatment of central nervous system cancers in humans, despite a scarcity of data describing or 

demonstrating how these large macromolecules exchange with the brain tissue or how the presence 

of brain tumors impacts CSF-brain exchange. In the present study we investigated the transport of 

an intracisternally-infused, species-matched rat immunoglobulin G (IgG) into and out of the rat 

central nervous system. Coronal brain sections revealed superficial penetration at the brain-CSF 

interface that was characteristic of diffusion as well as remarkable access of rat IgG to the cerebral 

perivascular spaces. We hypothesized this widespread perivascular access may indicate a receptor-

mediated shuttling of IgG into the perivascular spaces across leptomeningeal cells. We showed the 

perivascular entry of rat IgG could be competed off by a co-infusion of excess unlabeled rat IgG, 

which reduced the number of perivascular profiles by 2-3 fold across different brain regions, 

providing supporting evidence for receptor-mediated transport of IgG into the perivascular space. 

Infusion of rat IgG into tumor-bearing nude rats after implantation of human glioma cells revealed 

an absence of IgG within the tumor and up to a 5-fold reduction in the number of perivascular 

spaces accessed. This data provides critical new information regarding the importance of IgG 

species/receptor-binding capacity and highlights the severe impact that brain tumors have on the 

delivery and distribution of intrathecal antibodies within the central nervous system.  

 

Introduction 

A number of clinical trials are underway administering antibody therapeutics into the cerebrospinal 

fluid (CSF) for the treatment of central nervous system (CNS) cancer, particularly leptomeningeal 

disease and CNS lymphoma (clinicalstrials.gov; see Prologue Tables 1 and 2). However, 
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preclinical work describing the precise CSF-to-brain distribution mechanisms and patterns, or the 

distribution expected in much larger human brains, is scarce (Pizzo et al., 2018). Our recent study 

suggested that CSF-to-brain transport of non-targeted single-domain (4.5 nm) and full-length 

species-mismatched goat (10 nm) antibodies occurred via diffusion into the brain at brain-CSF 

interfaces and rapid transport along cerebral perivascular spaces. Prior experimental (Rall et al., 

1962; Levin et al., 1970; Patlak & Fenstermacher, 1975; Nicholson & Phillips, 1981; Nicholson 

& Tao, 1993; Thorne et al., 2004; Thorne & Nicholson, 2006; Thorne et al., 2008; Wolak et al., 

2015a) and modeling  (Jin et al., 2016; Holter et al., 2017) studies also suggested that transport 

within the brain’s extracellular spaces was consistent with size-dependent Fickian diffusion, 

including at brain-CSF interfaces (Levin et al., 1970; Patlak & Fenstermacher, 1975; Pizzo et al., 

2018) where molecules in the CSF can move directly into the neuropil. However, transport within 

cerebral perivascular spaces is relatively size-independent and occurs far more rapidly than can be 

explained by diffusion, suggesting it involves convective transport/bulk flow (reviewed in (Abbott, 

2004)) or the recently proposed mechanism of dispersion/bulk mixing with no net directional flow 

(Asgari et al., 2016). The perivascular space referred to here (Pizzo et al., 2018; Hannocks et al., 

2018) is a mostly fluid space i) between the blood vessel wall and ensheathing leptomeningeal 

fibroblasts or ii) between the blood vessel wall and brain parenchyma (delineated by the 

perivascular glia limitans, formed by astrocyte end feet and their basement membrane); it also 

contains connective tissue (e.g., collagen) and perivascular macrophages and is analogous to the 

vessel tunica adventitia (see (Pizzo et al., 2018)). It is possible that transport involves both this 

fluid space as well as surrounding basement membranes (Carare et al., 2008; Morris et al., 2016), 

which have recently been characterized (Hannocks et al., 2018). 
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The perivascular transport pathway has been suggested to involve i) size-dependent entry into 

perivascular spaces from the CSF (Pizzo et al., 2018), potentially via stomata in leptomeningeal 

fibroblasts that ensheath subarachnoid blood vessels (Zervas et al., 1982; Pizzo et al., 2018), 

intercellular gaps between leptomeningeal cells (Frederickson & Low, 1969; Jones, 1970; Cloyd 

& Low, 1974; Oda & Nakanishi, 1984), or openings in the pia mater (Frederickson & Low, 1969; 

Jones, 1970; Cloyd & Low, 1974) followed by ii) rapid, relatively size-independent transport along 

perivascular spaces via convection or dispersion (Abbott, 2004; Asgari et al., 2016) to the level of 

the capillaries (Hannocks et al., 2017; Pizzo et al., 2018). Thus, we hypothesize that the ability of 

macromolecules in the CSF to access and rapidly distribute throughout the perivascular spaces, 

and subsequently diffuse into the brain parenchyma, will govern if therapeutic brain levels are 

achievable using CSF administration. However, there are a number of understudied factors that 

may impact perivascular/CNS transport including antibody binding to endogenous receptors and 

the presence of CNS tumors.  

 

Immunoglobulin G (IgG) antibodies are produced by B lymphocytes and are composed of two 

antigen-binding fragments (Fab) and a crystallizable fragment (Fc)(See Prologue Fig. 1). The Fab 

domains impart the bivalent, selective, and potent binding affinity for antigens and the Fc domain 

imparts binding to Fc receptors (Woof & Burton, 2004; Holliger & Hudson, 2005; Abbas et al., 

2015). IgG binding to Fcg receptors on the cell surface (at physiological pH) to modulate effector 

functions, e.g., stimulation of phagocytosis by macrophages, activation of neutrophils, or natural 

killer cell-mediated antibody dependent cell toxicity (Ravetch & Bolland, 2001). The neonatal Fc 

receptor, FcRn, is involved in IgG recycling (e.g., IgG is rescued by FcRn in endothelial cells gives 

IgG its characteristically long systemic half-life) and IgG transcytosis (e.g., IgG is transported 
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across syncytiotrophoblasts from maternal circulation to fetal circulation to confer immunity). 

FcRn binds IgG at an acidic pH (<6.5), i.e., in mucus layers or in the acidified endosome 

(Roopenian & Akilesh, 2007). Previous reports have described CNS expression of Fcg receptors 

on leptomeningeal cells, perivascular cells (macrophages), and choroid plexus cells (stromal 

(macrophages) and epithelial) (Nyland, 1982; Peress et al., 1989) and expression of FcRn on brain 

endothelial cells and choroid plexus epithelial cells (Schlachetzki et al., 2002; Latvala et al., 2017) 

but their precise localization in the brain and comprehensive functions are still unclear. The 

distribution of these receptors at CSF interfaces suggests a physiological role at these sites (Peress 

et al., 1989). It is currently poorly understood how antibody binding to endogenous receptors in 

the brain could impact CSF-to-brain distribution, but this critical information could help guide 

antibody engineering and delivery strategies in pre-clinical and clinical studies.   

 

Pathological changes in the brain are also likely to impact circulation of CSF and perivascular 

transport of CSF-borne molecules, as has been suggested in Alzheimer’s disease/cerebral amyloid 

angiopathy (Hawkes et al., 2011; Arbel-Ornath et al., 2013), traumatic brain injury (Iliff et al., 

2014), stroke (Arbel-Ornath et al., 2013); altered transport is also observed with different 

apolipoprotein E isoforms (Hawkes et al., 2012) and with aging (Hawkes et al., 2013; Kress et al., 

2014). However, the effect of brain tumors on the distribution of macromolecules from the CSF 

into the brain has not yet been studied, despite its clear relevance for ongoing clinical trials. It is 

likely that changes to the central compartment with CNS cancer—structural changes in the 

meninges or perivascular spaces, altered pressure differentials, blood-brain barrier disruption, 

and/or altered receptor expression—could induce vastly different CSF-to-brain macromolecule 
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distributions; understanding potential causes for altered distribution may allow for significantly 

improved delivery strategies.  

 

In the present study, we investigated the distribution of intrathecally-administered, fluorescently-

labeled rat IgG in the normal rat brain or in a model of primary brain cancer using qualitative and 

quantitative ex vivo florescence microscopy techniques. Rat IgG showed surprisingly exceptional 

access to the cerebral perivascular spaces, despite the somewhat limited access of an identically-

sized goat IgG to the perivascular spaces using the same infusion paradigm (Pizzo et al., 2018). 

We hypothesized that endogenous Fc receptor expression at leptomeningeal sites shuttles IgG from 

the CSF into the perivascular spaces, likely for the purpose of immune surveillance; this was 

supported by competition experiments which showed an excess of unlabeled IgG could impede 

labeled IgG from accessing perivascular spaces. Intrathecal infusion of rat IgG into tumor-bearing 

nude rats intracranially-implanted with human U87 malignant glioma cells showed a lack of IgG 

delivery to the tumor and a significant reduction in perivascular space access, even at distant sites 

from the tumor. These results highlight the importance of understanding mechanisms of CNS 

transport for macromolecules, reveal the impact of antibody-receptor interactions, and demonstrate 

how pathology can disrupt macromolecule drug delivery.  

 

Materials and Methods 

Animal use 

Experiments were carried out at the University of Wisconsin-Madison in accordance with the 

National Institutes of Health Guide for the Care and Use of Laboratory Animals (2011) and local 

Institutional Animal Care and Use Committee regulations. Rats were housed in a climate-
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controlled room under a 12:12 h light/dark cycle and had access to food and water ad libitum. 

Every effort was made to minimize pain and distress of the animals. Female Sprague-Dawley rats 

(180-240 g; approximately 9-14 weeks of age; Harlan/Envigo, Indianapolis, IN) were used for 

normal animal experiments and male athymic nude rats (200-300 g, approximately 2 months of 

age, Hsd:RH-Foxn1rnu; Envigo, Indianapolis, IN) were used for glioma studies.  

 

U87 cell culture 

Standard serum conditions were used to maintain the U87 glioma cell line (growth medium: 

DMEM, 10% fetal bovine serum, 1% antibiotics), maintained in cell culture incubator at 37°C and 

5% CO2. Cells were passaged upon approximately 70% confluency using Accutase (Clark et al., 

2012; Zorniak et al., 2012).  

 

Glioma cell implantation  

Orthotopic brain xenografts were initiated as previously described (Clark et al., 2012; Zorniak et 

al., 2012). Briefly, U87 glioma cells were enzymatically dissociated to single cells and 106 cells 

were suspended in 5 µL of growth medium. Nude rats were anesthetized with isoflurane and placed 

in a stereotaxic frame in the flat skull position. The skull was exposed by a midline cranial incision 

and a burr hole drilled in the skull without disrupting the dura; the dura was then punctured so as 

not to deflect the injection needle. Using a 5 µL Hamilton syringe with a 26 GA needle, glioma 

cells were stereotactically implanted into the right striatum at 1 µl/min at the following coordinates 

referenced from bregma: 0 mm antero-posterior, +3.5 mm medio-lateral, and -4.5 mm dorso-

ventral. The needle was left in place in the brain for 3 minutes before being slowly withdrawn and 

the burr hole then sealed with cyanoacrylate. The skin was then sutured closed and the wound site 
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injected with lidocaine/bupinorphine and a topical triple antibiotic ointment was applied. Animals 

were returned to their home cage and monitored until recovered from anesthesia. Intrathecal 

infusions were performed on tumor-bearing rats 12-14 days post injection (N=5 animals of lesser 

weight; divided between treatment groups) or 20-26 days post injection (N=2; animals of greater 

weight when injected, one from each treatment group), when neurological symptoms were 

observed (tumor cells implanted into slightly smaller rats progressed more quickly).   

 

Intracisternal infusions 

Normal or glioma-implanted rats were anesthetized to a surgical plane with urethane (1.2 g/kg, 

i.p., supplemented to effect with 0.375 g/kg urethane i.p.) and atropine (0.1 mg/kg s.c.) was 

administered to reduce bronchial secretions. Rats were placed on a homeothermic blanket (Harvard 

Apparatus, Holliston, MA) to maintain body temperature at 37°C and positioned in a stereotaxic 

frame in the flat skull position (prone). Rats were prepared surgically as described previously 

(Wolak et al., 2015a; Pizzo et al., 2018). The infusion setup consisted of a ~1.5 cm piece of 

polyetheretherketone (PEEK) tubing (PlasticsOne, Roanoke, VA) sealed inside PE-10 tubing 

connected to a Hamilton syringe, which was controlled by an infusion pump (Quintessential 

Stereotaxic Injector, Stoelting, Wood Dale, IL); the tubing was filled with infusate prior to 

insertion. The dura overlying the cisterna magna was exposed by a midline neck incision and 

retraction of the subcutaneous tissue. A 30 GA dental needle was used to puncture the dura and 

the PEEK cannula immediately inserted 1 mm into the cisterna magna (30° from the horizontal) 

and sealed to the dura with cyanoacrylate.  
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Eighty microliters of antibody solution was infused over 50 minutes at a rate of 1.6 µL/min, a rate 

that has been demonstrated not to significantly increase intracranial pressure (Yang et al., 2013; 

Bedussi et al., 2017). Rats were repositioned supine and the abdominal aorta cannulated 

immediately after the infusion. Thirty-minutes after completion of the infusion, 0.5 mL of blood 

was drawn via the abdominal aorta cannula then the animal was immediately perfused with 50 mL 

ice cold 0.01 M phosphate buffered saline (PBS) at a rate of 15 mL/min followed by 450 mL of 

4% paraformaldehyde (PFA) in 0.1 M phosphate buffer, euthanizing the animal by exsanguination.  

 

Infused antibody solutions 

All rats received the same amount of fluorescently-labeled, normal pooled polyclonal rat IgG 

(AlexaFluor488 conjugated ChromPure rat IgG, 012-540-003; Jackson ImmunoResearch 

Laboratories, Inc., West Grove, PA) in a total infusate volume of 80 µL. Rat IgG was reconstituted 

with water as instructed to a concentration of 2 mg/mL (13.3 µM); the IgG solution contained 15 

mg/mL bovine serum albumin (BSA) for stability, warranting removal before infusion as it was 

desirable to maintain similar osmotic pressure as previous studies (Pizzo et al., 2018). 

Additionally, while albumin and IgG binding to FcRn have been suggested to be non-competitive 

(Chaudhury et al., 2006), removal of BSA also ensured interaction of IgG with endogenous 

receptors was not impacted. BSA was removed from the IgG by adding the reconstituted solution 

to an Amicon Ultra-0.5 mL centrifugal filter (100 kDa molecular weight cutoff, Millipore, 

Billerica, MA) with 0.01 M PBS to achieve a total volume of 0.5 mL; the column was spun for 10 

min at 14,000 g from a volume of 0.5 mL three times followed by a recovery spin for 2 min at 

1,000 g. The concentration of the IgG solution was determined using a microplate reader 

(FLUOstar Omega; BMG Labtech, Ortenberg, Germany) and comparison with a standard curve, 
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and the final concentration adjusted to 2 mg/mL IgG without BSA. Labeled IgG in a 20:1 molar 

excess of unconjugated IgG (ChromPure rat IgG, 012-000-003; Jackson ImmunoResearch 

Laboratories, Inc.) or labeled IgG in 0.75 M mannitol (in 0.01 M PBS) was similarly prepared by 

adding unlabeled IgG/0.01 M PBS or 0.75 M mannitol to the column to achieve the 0.5 mL total 

volume per spin; the concentration of the filtrate was determined, and the final concentration of 

labeled IgG adjusted to 2 mg/mL using 0.01 M PBS or 0.75 M mannitol.  

 

Plasma levels 

Blood drawn from the abdominal aorta cannula was added to a tube with heparin immediately after 

collection and kept on ice until centrifugation at 3,000 g for 10 min followed by centrifugation of 

the supernatant (plasma) at 10,000 g for 10 min. The final supernatant was removed and the IgG 

concentration in the plasma determined using a microplate reader (FLUOstar Omega; BMG 

Labtech) and comparison with a standard curve. Intrathecal saline-infused or untreated rats (N=7) 

were used as controls; N=2 untreated nude rats also showed similar control plasma fluorescence 

to normal untreated Sprague-Dawley rats.  

 

Ex vivo fluorescence imaging 

All dissected tissues (whole brain and spinal cord, nasal passages, cervical lymph nodes, dorsal 

dura mater) were imaged immediately using an MVX10 Macroview microscope (Olympus, 

Tokyo, Japan) equipped with an Orca-flash 2.8 CMOS camera (Hamamatsu, Hamamatsu City, 

Japan) and a X-Cite 120Q illuminator (Lumen Dynamics Group, Inc.,Mississauga, Ontario, 

Canada) using the appropriate filter set (Chroma, U-M49002XL or U-M49008XL, Bellows Falls, 

VT, USA), as described previously (Pizzo et al., 2018). Images were taken in overlapping sections 

for the whole brain, spinal cord, nasal passages, and dura; the images were manually aligned and 
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autoblended into a single image using Photoshop CC (Adobe Systems, San Jose, CA). The whole 

brain and dura were placed in 0.01 M PBS overnight and the whole brains sectioned (100 µm, 

coronal) the following day using a vibratome (VT1000S; Leica Microsystems, Wetzlar, Germany). 

Whole coronal sections were imaged immediately after sectioning by placing brain sections on a 

wet petri dish and some sections reserved for immunohistochemistry (IHC). The spinal cord, nasal 

passages, and lymph nodes were placed in 30% sucrose in 0.01 M PBS at 4°C after dissection and 

the following day coated in optimal cutting temperature compound (Tissue-Tek, Sakura Finetek 

USA, Inc., Torrance, CA) and frozen in isopentane on dry ice. Tissue was kept at -20°C until being 

sectioned (25 µm) on a cryostat (CM1950; Leica Microsystems).  

 

Immunohistochemistry and confocal microscopy  

All steps were performed at room temperature unless otherwise specific. Free-floating coronal 

brain sections and the dorsal dura mater were blocked for 2 hours in blocking buffer containing 

5% serum or 10% BSA prepared in 0.01 M PBS with 0.3% triton X-100 (PBST). Sections were 

then washed for 15 min three times in PBST, incubated with primary antibodies in blocking buffer 

overnight at 4°C, washed three times in PBST for 15 min, incubated with secondary antibodies in 

blocking buffer for 2 hours, washed in PBST for 15 min, incubated with 4’,6-diamidino-2-

phenylindole (DAPI) in PBST (2 µg/mL) for 20 minutes, then washed for 15 min 3 times in PBST, 

and finally mounted onto slides using Prolong Diamond Antifade (Life Technologies, Carlsbad, 

CA). A Cy3-conjugated mouse-anti-alpha smooth muscle actin antibody (1:500, C6198; Sigma-

Aldrich, St. Louis, MO) was blocked and prepared in 10% BSA in PBST and was not combined 

with any other primary/secondary antibodies. Blocking buffer was 5% serum from the secondary 

antibody host (or 2.5%/2.5% serum from each secondary host species) for all unconjugated 

antibodies. Additional unconjugated primary antibodies included: mouse-anti-rat endothelial cell 
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antigen-1 (RECA-1; 1:1000, ab9774; Abcam, Cambridge, MA), chicken-anti-glial fibrillary acidic 

protein (GFAP; 1:1000, NBP1-05198, Novus Biologicals, Littleton, CO), goat-anti-Iba-1 (1:100, 

NB100-1028; Novus Biologicals), mouse-anti-laminin gamma 1 (1:500, mab2139; R&D systems, 

Minneapolis, MN), mouse-anti-human nuclei (1:250-1:500, mab1281; EMD Millipore, 

Burlington, MA), mouse-anti-Cd11b (1:500, CBL1512; EMD Millipore), sheep-anti-Lyve-1 

(1:1000, AF7939; R&D Systems), and rabbit-anti-Fc gamma receptor IIb (Fcgr2b, 1:250, bs-

6031R; Bioss, Woburn, MA). Secondary antibodies included (all used at 1:500 dilution): donkey-

anti-sheep 594 (A11016, Life Technologies), pre-adsorbed goat-anti-mouse 647 (ab150119, 

Abcam), goat-anti-chicken 594 (ab150172, Abcam), donkey-anti-goat 546 or 594 (A11056 or 

A11058, Life Technologies), or goat-anti-rabbit 594 (A11012, Life Technologies). Staining of 

sections without primary (control) showed the highly-cross adsorbed goat-anti-mouse 647 

(A21236, Life Technologies) secondary antibody had substantial binding to 

endogenous/administered rat IgG and thus sections utilizing mouse primary antibodies detected 

with this secondary were not included. Staining for endogenous rat IgG in glioma brain sections 

was performed at room temperature by incubation in blocking buffer (5% goat serum in PBST) 

for 2 hours, incubation with goat-anti-rat 594 (SAB4600111, Sigma-Aldrich or goat-anti-rat 594, 

A11007, Life Technologies) or the goat-anti-mouse 647 (Life Technologies) mentioned above for 

2 hours (1:250-1:500 dilution), 15 min PBST wash, 20 min DAPI incubation, and 3 PBST washes 

for 15 min each before mounting. Cryosections of spinal cord, lymph nodes, and nasal passages 

were stained on slides by outlining the sections with a hydrophobic pen and following the above 

protocol. Confocal imaging was performed using a FV1000 confocal microscope (Olympus) using 

FLUOVIEW (Olympus) or an A1R confocal microscope (Nikon, Tokyo, Japan) with NIS 

Elements (Nikon).  
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Diffusion measurements at the brain surface following intrathecal infusion of rat IgG  

Images of coronal brain sections obtained using the Olympus MVX10 were analyzed using Fiji 

(Schindelin et al., 2012) according to previously described methods (Wolak et al., 2015a; Pizzo et 

al., 2018). Briefly, the fluorescence intensity gradient along a line (~80 µm wide and ~200-500 

µm deep) drawn normal to the ventral brain surface was fitted to the appropriate diffusion 

equations (Wolak et al., 2015a). This provided an estimate of the effective diffusion coefficient 

for rat IgG following intrathecal infusion (D*infus) at the ventral brain surface. Four lines were 

analyzed per coronal section; four sections were analyzed per animal at coronal levels of 

approximately 1.5 mm anterior to bregma (± 0.5 mm) or 3 mm posterior to bregma (± 0.5 mm) 

from bregma (Paxinos & Watson, 2007) totaling 16 sections per animal. For one of the four rat 

IgG-infused animals, the difference between the maximum intensity and the minimum intensity 

(background) along the line was less than 500 arbitrary units so this animal was not included in 

the average diffusion coefficient. Average (and minimum) R2 values were 0.94 (0.86) and 0.96 

(0.89) for sections 1.5 mm anterior and 3 mm posterior to bregma, respectively.  

 

Quantification of perivascular signal 

Images of coronal brain sections were analyzed using Fiji (Schindelin et al., 2012) similar to 

previously described methods (Pizzo et al., 2018). Briefly, the coronal section was outlined using 

the wand tool (excluding the ventricular areas), the section was divided into dorsal and ventral 

halves, and the area of the dorsal/ventral halves measured. The horizontal dorsal/ventral division 

line was placed at approximately half the vertical distance from the dorsal–ventral extent of the 

lateral ventricles (LVs) for sections 1.5 mm anterior to bregma or at bregma (0mm), and just 

inferior to the dorsal hippocampus and dorsal third ventricle for sections 2.5 mm posterior to 
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bregma. Next, a threshold was set for all sections from each individual animal to distinguish 

background autofluorescence (due to white matter) from the antibody signal and the ‘Analyze 

Particles’ command used to count and characterize i) the percent area of the dorsal/ventral half 

section that was positive for antibody signal and ii) the number of perivascular profiles within the 

dorsal/ventral half section (which could be normalized by the section area providing number of 

perivascular profiles per mm2). For glioma rats, the coronal sections were further divided into 

ipsilateral and contralateral hemispheres along the midline, resulting in four quadrants analyzed 

per section, providing quantification relative to the general tumor quadrant (dorsal/ipsilateral). Re-

analysis of rat IgG section in quadrants showed no differences from halves as both are normalized 

by area (not shown). There were no restrictions set on analyzed particle characteristics except that 

profiles must be two pixels or greater.  

 

Scanning electron microscopy  

In four tumor-bearing nude rats a portion of the brainstem/spinal cord containing part of the basilar 

artery and the vertebral arteries was carefully dissected from the whole brain by two coronal cuts 

following IgG (N=2) or IgG + 0.75 M mannitol (N=2) infusion and perfusion/fixation with PBS 

and 4% PFA described above. The tissue blocks were post-fixed overnight at 4°C in 2% PFA + 

2.5% glutaraldehyde in 0.1 M PBS then washed in PBS the following day and prepared as 

described previously (Pizzo et al., 2018). Briefly, tissue blocks were dehydrated at room 

temperature in increasing levels of ethanol, dried using a CO2 critical point dryer (Tousimis, Sandri 

780A, Rockville, MD, USA) and sputter coated with approximately 3-5 nm of 60:40 

gold:palladium using an Auto ConductVac IV (SeeVac, Pittsburgh, PA, USA). Imaging was 

performed using an LEO 1530 field emission scanning EM (3 kV; Zeiss) at magnifications 

between approximately 60X and 120,000X. 
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Statistical Analysis 

All statistical analyses were performed using SigmaPlot software (Systat Software Inc., San Jose, 

CA) and all values reported are mean ± SEM based on N animals and n individual measurements. 

Comparisons between only two treatment groups utilized a Student’s two-tailed t test to determine 

statistical differences, with p values listed in the text. Group comparisons of three or more 

treatment groups utilized a Kruskal-Wallis one-way ANOVA on ranks (p < 0.001) as at least one 

group did not pass the normality test or equal variance test; post hoc pair-wise comparisons were 

made using Dunn’s method (p < 0.05).  

 

Results 

Distribution of intrathecal rat IgG in the normal rat brain and spinal cord 

Normal female Sprague-Dawley rats received an 80 µL intracisternal infusion of fluorescently-

labeled rat IgG in the prone position (as described previously, (Pizzo et al., 2018) over 50 min at 

a rate of 1.6 µL/min. This infusion rate is approximately half the CSF production rate in rats 

(Davson & Segal, 1995), and the infusion rate/duration has demonstrated no significant change in 

intracranial pressure in rats (Yang et al., 2013; Bedussi et al., 2017) nor evidence of retrograde 

flow into the ventricles (Pizzo et al., 2018). Rats were perfused/fixed and the brain and spinal cord 

dissected and immediately imaged. Infusion of rat IgG (N=4) showed widespread distribution on 

the dorsal (Fig. 1A) and ventral (Fig. 1B) brain surfaces, predominantly associated with major 

surface vessels (e.g., circle of Willis and caudal rhinal vein), CSF cisterns (e.g., olfactofrontal, 

quadrigeminal), and some nerves (e.g., hypoglossal and trochlear). Punctate signal was associated 

with the perivascular spaces of penetrating vessels perpendicular to the brain surface. Similarly, 
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the surface of the spinal cord showed IgG signal from the cervical region to the cauda equina that 

was predominantly associated with surface arteries and dorsal and ventral nerve roots (Fig. 1 E 

and F). Rat IgG was also intrathecally infused into rats in the presence of a 20:1 molar excess of 

unlabeled rat IgG to probe if labeled-IgG binding to endogenous receptors could be disrupted by 

competition from an excess of unlabeled IgG, potentially altering the distribution patterns. IgG 

was still associated with major surface arteries of the brain (Fig. 1 C and D) and spinal cord (Fig. 

1 G and H), but showed less apparent signal around nerves, essentially no punctate perivascular 

signal associated with penetrating vessels, and revealed a very different pattern of signal associated 

with more tortuously-shaped vessels on the surface.  

 

Imaging of coronal brain sections revealed a steep gradient at the surface of the brain facing the 

CSF as well as extensive access of rat IgG to the parenchymal perivascular spaces (Fig. 2A-I). The 

fluorescence profile at the ventral brain surface was extracted using Fiji and fit to the appropriate 

diffusion equation (an analytical solution to Fick’s second law) to estimate a diffusion coefficient 

in the brain following intrathecal infusion (D*infus) as described previously (Wolak et al., 2015b; 

Pizzo et al., 2018); four gradients per section and four sections per animal were analyzed at two 

coronal levels (1 mm anterior to bregma and 3 mm posterior to bregma) which were not 

significantly different (Student’s two-tailed t-test, p=0.06) so resulting diffusion coefficients were 

averaged. An excellent fit of the raw data to the diffusion equation suggested agreement of this 

transport with Fickian diffusion. The resulting D*infus was 2.5 ± 0.1 x 10-8 cm2/s (N=3, n=96). A 

Student’s two-tailed t-test showed a significant difference between rat IgG D*infus and the 

previously reported D*infus for goat IgG (D*infus = 3.4 x 10-8 cm2/s, p=0.004; (Pizzo et al., 2018)), 

likely due to greater rapid, reversible binding of rat IgG to endogenous receptors in the brain 

(hindering transport and producing a lower D*) compared to goat IgG.  
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The perivascular distribution of rat IgG was remarkably widespread (Fig. 2A-I). Rat IgG appeared 

to track along nearly the entire length of the vessel profile in many cases (e.g., in the cortex), 

continuing along many smaller branches. Interestingly, a few brain regions show lesser 

perivascular signal including the medial striatum (e.g., Fig. 2C) and large portions of the thalamus 

(e.g., Fig. 2 E and F) and brainstem (e.g., Fig. 2H). Perivascular signal in the upper cervical spinal 

cord was also limited to the anterior spinal artery in the anterior median fissure, a few penetrating 

profiles in the white matter, and a few profiles in the spinal gray matter. Diffuse signal was also 

prominent in the periventricular white matter around the lateral ventricle (in 3 of 4 animals), which 

has been previously described for a single-domain antibody and goat IgG under some conditions 

(Pizzo et al., 2018). This precise origin of this signal is unknown but has been postulated to be 

associated with: connection/transition of the perivascular space with the choroid plexus/stroma, 

connections between the subarachnoid space and ventricles via velae or the choroidal fissure, and 

the potential for white matter to transport molecules by bulk flow (Cserr et al., 1977; Szentistványi 

et al., 1984; Ichimura et al., 1991) (see discussion in (Pizzo et al., 2018)). The phenomenal access 

of rat IgG to the perivascular spaces needed to be reconciled with the size-dependent perivascular 

access reported previously, where goat IgG showed a substantially lesser access to the perivascular 

space than what was observed here for the identically-sized rat IgG (Pizzo et al., 2018). We 

hypothesized that rat IgG binding to endogenous Fc receptors in the brain could be partly 

responsible for rat IgG entry into the perivascular spaces, perhaps to allow IgG to survey for 

antigens in the perivascular space. To test this hypothesis, a competition experiment was designed 

to prevent labeled rat IgG from interacting with endogenous receptors by flooding the receptors 

with an excess of unlabeled rat IgG (see Prologue Fig 4). Thus, an identical amount of labeled rat 

IgG was prepared in a 20:1 molar excess of unlabeled rat IgG and infused intrathecally into normal 
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rats (XIgG). Images of coronal sections revealed a strikingly different distribution of rat IgG with 

excess IgG (Fig. 2J-R), showing an apparent reduction in the number perivascular profiles 

accessed and greater IgG signal at the brain surface (periventricular white matter signal occurred 

in 4/5 animals, similar to rat IgG alone). Indeed, the perivascular distribution of rat IgG with excess 

IgG appeared quite similar to intrathecally-infused goat IgG (Pizzo et al., 2018). A method was 

developed to quantify the perivascular signal from brain section images using Fiji to delineate the 

section outline, threshold signal from background, and analyze the ‘particles’ or perivascular 

profiles to facilitate comparison between treatment groups (Fig. 3A-L; see (Pizzo et al., 2018)). 

Coronal sections (6-8 per coronal level per animal) were divided into dorsal and ventral halves 

based on anatomical landmarks to provide a simple division that would allow some regional 

differences to be distinguished (Fig. 3A-L). Quantification of the percent area of antibody signal 

(Fig. 3M; Table 1) overall showed little difference between IgG alone and IgG with excess 

(Kruskal-Wallis one-way analysis of variance on ranks with Dunn’s method post hoc pairwise 

comparison); this lack of quantitative distinction is at least partly attributed to the numerous but 

small perivascular profiles of rat IgG alone, which contribute a smaller area, and the relatively 

high accumulation of surface signal following infusion of rat IgG with excess IgG. However, 

quantification of the number of perivascular profiles per mm2 (Fig. 3N, Table 1) demonstrated a 

significantly reduced number of perivascular profiles for rat IgG with excess (Kruskal-Wallis one-

way analysis of variance on ranks with Dunn’s method post hoc pairwise comparison) both 

dorsally and ventrally in sections at all three coronal levels (1.5 mm anterior to bregma, at bregma 

(0mm), and 2.5 mm posterior to bregma). A previous study from our laboratory demonstrated size-

dependent entry from the CSF into the perivascular spaces potentially caused by putative sieving 

by leptomeningeal lining cells; co-infusion of mannitol with goat IgG was thought to manipulate 
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this barrier (see Prologue Fig. 3) to improve perivascular access for goat IgG (Pizzo et al., 2018). 

Here, we also co-infused rat IgG with 0.75 M mannitol intrathecally, but observed no apparent 

differences in perivascular access, as may be expected for a molecule that already possesses and 

incredible ability to enter the perivascular space (Fig. S1).  

 

 

Table 1. Summary of antibody signal quantification from ex vivo fluorescence imaging of brain 
sections.  
  % Area with antibody signal (N,n)a 

Infused Antibody  + 1.5 mm  0 mm  -2.5 mm 
IgG                         

dorsal 5.03 ±  0.17 (4,32) 3.16 ±  (4,24) 0.12 5.49 ±  0.62 (4,28) 
ventral 6.66 ±  0.37 (4,32) 4.07 ±  (4,24) 0.39 2.99 ±  0.24 (4,28) 

IgG + excess                         
dorsal 4.53 ±  0.27 (5,40) 4.24 ±  (5,30) 0.34 4.48 ±  0.26 (5,35) 
ventral 6.95 ±  0.62 (5,40) 6.02 ±  (5,30) 0.40 4.26 ±  0.28 (5,35) 

  Number of PV profiles per mm2 slice area (N,n)a 

Infused Antibody  + 1.5 mm  0 mm  -2.5 mm 
IgG                         

dorsal 13.99 ±  0.72 (4,32) 12.19 ±  (4,24) 0.72 10.26 ±  0.58 (4,28) 
ventral 19.56 ±  0.61 (4,32) 16.88 ±  (4,24) 0.76 11.21 ±  0.44 (4,28) 

IgG + excess                         
dorsal 4.50 ±  0.29 (5,40) 4.34 ±  (5,30) 0.34 4.56 ±  0.26 (5,35) 
ventral 8.46 ±  0.57 (5,40) 6.96 ±  (5,30) 0.63 5.60 ±  0.46 (5,35) 

aAntibody signal above a background threshold was quantified using Fiji to measure the percent area with antibody 
signal within dorsal or ventral halves of brain slices (1.5 mm anterior to bregma, 0 mm (at bregma), or 2.5 mm 
posterior to bregma) and the number of perivascular profiles normalized by slice area (mm2). Values represent mean 
± s.e.m.; N animal experiments and n brain sections per treatment group. 
 
 

Confocal imaging of intrathecal rat IgG in the normal rat brain perivascular spaces 

Representative coronal sections were stained using immunohistochemistry to examine infused rat 

IgG localization relative to other cellular markers including endothelial cells (rat endothelial cell 

antigen-1, RECA-1), vascular smooth muscle cells (alpha smooth muscle actin, aSMA), and 

astrocytes (glial fibrillary acidic protein, GFAP). Rat IgG signal was present around 

leptomeningeal arteries on the brain surface (e.g., the central internal carotid artery, Fig. 4A) in 
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what has been described as the subarachnoid perivascular space/vascular connective tissue 

space/adventitia (Pizzo et al., 2018); rat IgG appeared to be restricted from entering the tunica 

media to access the smooth muscle basement membrane between smooth muscle cells. Large veins 

on the brain surface, which were lacking significant smooth muscle and had a large diameter and 

relatively thin vascular wall, were also associated with rat IgG (Fig. 4B). Rat IgG was able to 

access parenchymal perivascular spaces along putative arterioles (Fig.4 C and E), microvessels 

(Fig. 4D), and venules (Fig. 4E); IgG appeared to integrate into the arteriole smooth muscle 

basement membrane between smooth muscle cells creating a circumferential banding pattern while 

signal along veins/venules appeared to have more a more longitudinally-arranged pattern. Rat IgG 

appeared in putative subarachnoid and perivascular macrophages (Fig. 4 B and arrowhead in C; 

also see Fig. S2) and was diffusely present along the pial surface (Fig. 4F). Rat IgG infused with 

an excess of unlabeled IgG was also present along perivascular spaces associated with 

leptomeningeal arteries (also failing to access the tunica media, Fig. 4G), arterioles (Fig. 4H, 

showing similar banding patterns), and venules (Fig. 4I). However, there were differences in the 

appearance of this perivascular signal—distinct ‘holes’ absent of signal were visible (particularly 

evident in Fig. 4. I (inset), J3, and K3 single channel images), some areas of signal were very 

patchy and inconsistent (e.g., Fig. 4K), and most notably the signal on the pial surface was 

strikingly sporadic and irregular (Fig. 4 L compared with F).  

 

Drainage pathways for intrathecal rat IgG 

Previous studies have identified several drainage pathways for central molecules, including 

clearance via arachnoid granulations/villi to the dural sinuses and systemic circulation (Weller et 

al., 1992; Davson & Segal, 1995), clearance via perivascular/perineural/lymphatic pathways to the 

nasal mucosa and cervical lymph nodes (Faber, 1937; Bradbury & Westrop, 1983; Weller et al., 
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1992; Cserr & Knopf, 1992; Kida et al., 1993; Koh et al., 2005), clearance along other cranial and 

spinal nerves to the lymphatics (reviewed in (Koh et al., 2005)), and clearance via lymphatic 

vessels in the dura around cranial nerves (Aspelund et al., 2015) and other not fully elucidated 

dural lymphatic pathways to reach cervical lymph nodes (Kida et al., 1993; Furukawa et al., 2008; 

Aspelund et al., 2015; Louveau et al., 2015). Similar to intrathecally-infused goat IgG (Pizzo et 

al., 2018), rat IgG appeared to utilize the olfactory drainage pathway with particularly prominent 

signal around the ventral olfactory bulbs (Fig. 1B) and olfactory nerve layer (Fig. 2A and J). 

Drainage predominantly reached the olfactory mucosa (with little signal in the respiratory mucosa) 

and both the superficial and deep cervical lymph nodes following IgG infusion (Fig. 5 A, A inset, 

and B) or infusion of IgG with excess unlabeled IgG (Fig. 5 C, C inset, and D), which appeared 

similar. Confocal imaging revealed that IgG was localized to the olfactory mucosa lamina propria, 

appeared to stop abruptly within the basal lamina (not reaching into the epithelium), and was 

associated with vessels (putative blood vessels or lymphatic vessels) and nerve bundles (Fig. 5F).   

 

Cranial and spinal nerves showed IgG signal (Fig. 1 B, E, and F) potentially associated with dural 

lymphatic vessels or perineural drainage pathways. IgG in the dorsal dura mater was diffusely 

associated with the superior sagittal and transverse sinuses (Fig. 5E), likely due to clearance via 

arachnoid villi, with additional signal present around vessels, particularly in the dura over the 

dorsal and lateral cortex (Fig. 5E inset). Confocal imaging of the dural vessels (Fig. 5 H and I) 

with lymphatic vessel endothelial hyaluronan receptor 1 (Lyve-1) to label lymphatic endothelial 

cells (macrophages also stain positive for Lyve-1; see Fig. S2) did not reveal significant co-

localization of IgG and Lyve-1 in what appeared to be vessels. In many cases it appeared Lyve-1 

cells (putative macrophages) were adjacent to vessels where IgG was present (Fig. 5H, green 
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arrows in I) without co-localization, but some co-localization of IgG with Lyve-1 cells was also 

observed (Fig. 5I yellow arrows); it is possible that some of these cells are part of lymphatic vessels 

and not individual cells, but this will require further investigation. As the dural blood vessels do 

not possess a tight endothelial barrier (Nabeshima et al., 1975), movement of IgG between the 

dural sinuses, blood vessels, and interstitium are possible and may explain some of the dural 

distribution of IgG, in addition to the potential for substances in the dura (e.g., drained via 

arachnoid villi) to reach dural lymphatic vessels. Plasma concentration of rat IgG was measured 

by fluorescence detection using a microplate reader and comparison with a standard curve (Table 

2). IgG concentration was 19.8 ± 0.4 nM (N=4, n=17) or 14.9 ± 1.3 nM (N=5, n=21) following 

infusion of rat IgG alone or with an excess of unlabeled IgG, respectively, demonstrating a slight 

but significant decrease in clearance to the blood in the presence of competition by unlabeled IgG 

(Student’s two-tailed t-test, p=0.0016).  

 
 

Table 2. Plasma levels of IgG in normal and glioma rats following intrathecal rat IgG infusion.  

aEstimated concentration of intrathecally-infused rat IgG in the CSF was approximately 4.3 µM, assuming 80 µL of 
13.3 µM rat IgG administered into 250 µL of subarachnoid CSF (with instantaneous mixing). bEstimated total 
concentration of intrathecally-infused rat IgG with a 20:1 molar excess of unlabeled rat IgG in the CSF was 
approximately 90.5 µM, assuming 80 µL of 280 µM rat IgG administered into 250 µL of subarachnoid CSF (with 
instantaneous mixing). Total CSF volumes in the rat range ~150–300 µL (Davson & Segal, 1995; Fenstermacher et 
al., 1999; Preston, 2001). 
 

 

Infusate Measured plasma concentration  
of IgG (nM)a N animals (n measurements) 

rat IgGa 19.8 ± 0.4 4 (17) 
rat IgG + excessb 14.9 ± 1.3 5 (21) 
rat IgG (U87)a 7.6 ± 0.8 3 (13) 

rat IgG + 0.75 M mann (U87)a 16.7 ± 1.3 4 (17) 



 174 

Distribution of intrathecal rat IgG in the rat brain and spinal cord of a primary rat model of 

glioma 

Characterization of the CSF-to-brain distribution pathways in normal animals aids in 

understanding the physiological routes for exchange. However, it is highly likely that the presence 

of pathology can impact distribution along these routes, thus, it is critical to elucidate these 

differences for the sake of ongoing clinical trials. Therefore, we characterized the distribution of 

rat IgG in a primary rat model of glioma. Human U87 malignant glioma cells were injected into 

the right striatum in male athymic nude rats; approximately two weeks after implantation rats were 

intrathecally-infused with rat IgG. Distribution of IgG on the whole brain surface did not appear 

different from IgG distribution in normal animals; in some animals the tumor reached the cortical 

surface and showed slight abnormalities in the vasculature with lesser IgG signal (not shown).  

Coronal sections demonstrated a consistent and complete lack of IgG signal in the tumor (Fig. 6), 

and perivascular signal in the normal ipsilateral and contralateral brain regions was reduced but 

variable between animals (Fig. 6, compare columns one and two). Our previous study showed that 

intrathecal co-infusion of mannitol with goat IgG improved access of goat IgG into the 

perivascular spaces, putatively due to osmotic alteration of the lining cells that may govern 

perivascular entry (Pizzo et al., 2018). Here, we intrathecally co-infused 0.75 M mannitol in 0.01 

M PBS with rat IgG in tumor-bearing rats to probe if a physical barrier might be contributing to 

reduced perivascular access. Imaging of brain sections (Fig. 6) revealed a similar variability in 

perivascular access between animals as with rat IgG alone in glioma rats and no apparent delivery 

improvement with co-infusion of mannitol. Quantification of IgG from images of coronal brain 

sections (Fig. 7; Table 3) was performed by dividing the dorsal/ventral halves medially to 

determine differences between dorsal/ventral/ipsilateral/contralateral quadrants relative to the 
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general tumor area (which was primarily in the dorsal/ipsilateral quadrant). IgG signal in brain 

sections showed a significant reduction in percent area of IgG signal between normal and glioma 

rats both ipsilaterally and contralaterally for approximately 9 of the 12 measured regions, with 

lesser differences in percent area of signal in more posterior (further from the tumor) ventral brain 

regions (Kruskal-Wallis one-way analysis of variance on ranks with Dunn’s method post hoc 

pairwise comparison). However, the number of perivascular profiles per mm2 revealed 

significantly fewer perivascular profiles in glioma animals compared to rat IgG in normal animals 

for all 12 regions, with no significant differences between IgG or IgG with mannitol in glioma rats 

(Kruskal-Wallis one-way analysis of variance on ranks with Dunn’s method post hoc pairwise 

comparison).  

 

Immunohistochemistry of representative coronal sections (Fig. 8) showed rat IgG localization and 

tumor characteristics using markers for human nuclei (HuNu, to detect implanted human tumor 

cells), astrocytes (GFAP), endothelial cells (RECA-1), ionized calcium-binding adapter molecule 

1 (Iba-1, to detect microglia and macrophages), Fcg receptor IIb (FcgRIIb, to label cells expressing 

this inhibiting Fc receptor), and laminin g1 (to label all basement membranes). Characteristics of 

the tumors include: i) evident staining for human nuclei, as expected (Fig. 8 A and H), ii) low 

expression of GFAP within the tumor (as demonstrated previously (Restrepo et al., 2011; Silver 

et al., 2013)) but a strong astrocytic border between the tumor and surrounding normal brain (Fig. 

8 A, B3, D, and E), iii) highly vascularized tumors with vessels that appeared slightly larger than 

vessels in the normal brain with some exceptionally large vessels within or around the tumor (Fig. 

8B4), iv) high expression of Iba-1 within the tumor—the Iba-1 positive cells had a more rounded 

morphology similar to macrophages within the tumor, as compared with the typical microglial 

staining observed in surrounding normal brain (Fig. 8 C3), v) increased expression of FcgRIIb on  
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cells within the tumor, quite possibly associated with the high number of Iba-1 positive cells (Fig. 

8 F and G), and vi) strong expression of the basement membrane marker laminin g1, which 

overshadowed laminin expression associated with the normal vasculature in the brain (Fig. 8I). In 

two nude rats with implanted U87 cells, the tumors had grown so large that insertion of the 

Table 3. Summary of antibody signal quantification from ex vivo fluorescence imaging of brain 
sections in glioma rats. 
 % Area with antibody signal (N, n)a 

Infused Antibody  + 1.5 mm 0 mm  -2.5 mm 

IgG (U87 rats)             
dorsal contra 1.34 ± 0.11 (3,24) 1.74 ± 0.18 (3,18) 2.51 ± 0.48 (3,21) 

dorsal ipsi 0.98 ± 0.10 (3,24) 0.49 ± 0.04 (3,18) 1.18 ± 0.09 (3,21) 
ventral contra 4.00 ± 0.37 (3,24) 5.42 ± 0.44 (3,18) 4.38 ± 0.51 (3,21) 

ventral ipsi 3.35 ± 0.35 (3,24) 3.51 ± 0.13 (3,18) 3.44 ± 0.41 (3,21) 

IgG + 0.75 M mannitol (U87 rats)             

dorsal contra 1.36 ± 0.11 (4,32) 1.24 ± 0.21 (4,24) 1.29 ± 0.25 (4,28) 
dorsal ipsi 0.48 ± 0.05 (4,32) 0.37 ± 0.05 (4,24) 0.69 ± 0.09 (4,28) 

ventral contra 3.17 ± 0.32 (4,32) 3.43 ± 0.26 (4,24) 2.40 ± 0.22 (4,28) 
ventral ipsi 2.22 ± 0.23 (4,32) 2.06 ± 0.14 (4,24) 1.94 ± 0.15 (4,28) 

 Number of PV profiles per mm2 slice area (N, n)a 

Infused Antibody  + 1.5 mm 0 mm  -2.5 mm 

IgG (U87 rats)             
dorsal contra 4.90 ± 0.36 (3,24) 5.26 ± 0.49 (3,18) 3.97 ± 0.22 (3,21) 

dorsal ipsi 2.69 ± 0.14 (3,24) 2.40 ± 0.21 (3,18) 2.93 ± 0.18 (3,21) 
ventral contra 10.78 ± 0.70 (3,24) 10.27 ± 0.92 (3,18) 8.30 ± 0.25 (3,21) 

ventral ipsi 8.83 ± 0.54 (3,24) 7.15 ± 0.77 (3,18) 7.05 ± 0.66 (3,21) 

IgG + 0.75 M mannitol (U87 rats)             

dorsal contra 5.13 ± 0.47 (4,32) 4.93 ± 0.52 (4,24) 3.11 ± 0.31 (4,28) 
dorsal ipsi 2.38 ± 0.25 (4,32) 1.88 ± 0.20 (4,24) 2.13 ± 0.21 (4,28) 

ventral contra 14.34 ± 0.80 (4,32) 13.09 ± 0.65 (4,24) 8.51 ± 0.36 (4,28) 
ventral ipsi 8.40 ± 0.43 (4,32) 6.97 ± 0.43 (4,24) 6.90 ± 0.42 (4,28) 

aAntibody signal above a background threshold was quantified using Fiji to measure the percent area with 
antibody signal within dorsal/ventral/ipsilateral/contralaterl quadrants of brain slices (1.5 mm anterior to bregma, 0 
mm (at bregma), or 2.5 mm posterior to bregma) and the number of perivascular profiles normalized by slice area 
(mm2). Values represent mean ± s.e.m.; N animal experiments and n brain sections per treatment group. 
 
 



 177 

intracisternal cannula was not possible due to obstruction of the cisterna magna by the cerebellum. 

These untreated glioma rats, in addition to two IgG-infused glioma rats, were utilized to gauge 

blood-brain barrier integrity to endogenous, circulating rat IgG. Brain sections were stained using 

a fluorophore conjugated anti-rat IgG antibody, which revealed IgG throughout the entire tumor 

region with perhaps slight spillover into peri-tumoral edematous areas.  

 

Evidence for leptomeningeal stomata in athymic nude rats 

We previously demonstrated the presence of stomata, or pores, in leptomeningeal cells that 

ensheath leptomeningeal blood vessels on the brain surface using scanning electron microscopy in 

normal Sprague-Dawley rats (Pizzo et al., 2018), which had previously been shown in cats (Zervas 

et al., 1982). We hypothesized these pores may be a site of perivascular entry from the CSF, as 

leptomeningeal fibroblasts separate the perivascular/vascular connective tissue space of 

leptomeningeal vessels from the CSF. In the present study, we also confirmed the presence of 

numerous micron-sized stomata on leptomeningeal cells covering the basilar and vertebral arteries 

on the brain surface in athymic male nude rats following intrathecal infusion of rat IgG (N=2) or 

rat IgG with 0.75 M mannitol (N=2; Fig. 9).    

 

Discussion 

The key findings of this study were: i) transport of species-matched rat IgG antibodies in the brain 

extracellular space at brain-CSF interfaces was consistent with Fickian diffusion, ii) species-

matched rat IgG readily accessed the parenchymal perivascular spaces, at least in part via a 

receptor-mediated process, iii) intrathecal IgG showed no delivery to a primary brain tumor in rats, 

and iv) the presence of a primary brain tumor significantly reduced perivascular transport 

throughout the brain.  
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Comparison of intrathecally-administered IgG antibodies  

The results of the current study share important similarities and differences from our previous 

study of intrathecally-infused species-mismatched goat IgG in rats (Pizzo et al., 2018). This allows 

us to make a powerful comparison that can probe transport differences between size-related 

outcomes and binding-related outcomes as well as speculate potential physiological roles of 

endogenous IgG circulating in the CSF based on its localization in the brain. First, both goat and 

rat IgG appeared to move into the narrow, brain extracellular spaces at the pial surface in a manner 

that is consistent with Fickian diffusion, as evidenced by an excellent fit of the raw data to the 

diffusion equation. The diffusion coefficient for rat IgG was slightly lower than for goat IgG 

following intrathecal infusion despite their essentially identical molecular weight and 

hydrodynamic diameter; this most likely reflects the enhanced species-specific ability of rat IgG 

to rapidly and reversibly bind to endogenous receptors (i.e., Fcg receptors) while traversing the 

brain extracellular spaces. These results are in agreement with previous experimental (Rall et al., 

1962; Levin et al., 1970; Patlak & Fenstermacher, 1975; Nicholson & Phillips, 1981; Nicholson 

& Tao, 1993; Thorne et al., 2004; Thorne & Nicholson, 2006; Thorne et al., 2008; Wolak et al., 

2015a) and modeling (Jin et al., 2016; Holter et al., 2017) studies which suggest that transport of 

molecules (from small tetramethyl ammonium ions to large quantum dots) within the narrow, 40-

60 nm wide (Thorne & Nicholson, 2006) brain extracellular spaces are consistent with diffusion 

(as discussed in (Abbott et al., 2018; Pizzo et al., 2018)). This is in contrast to part of the 

‘glymphatic’ hypothesis which suggests a convective/bulk flow occurs in the neuropil facilitated 

by aquaporin-4 water channels localized to perivascular astrocyte end feet (Iliff et al., 2012; 

Nedergaard, 2013). Second, while rat IgG accessed significantly more perivascular spaces 

compared to goat IgG (Student’s two-tailed t-test, all p<0.001 for percent area and number of 
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perivascular profiles per mm2 at coronal sections 1.5 mm anterior and 2.5 mm posterior to bregma), 

their distribution once within the perivascular spaces shared some patterns. Neither IgG had 

substantial access to the tunica media of large leptomeningeal arteries, possibly suggesting a lack 

of IgG access to amyloid beta (discussed in (Pizzo et al., 2018)) which can accumulate in the tunica 

media in cerebral amyloid angiopathy and appears to be out of reach from both systemically- or 

centrally-delivered antibodies (Koenigsknecht-Talboo et al., 2008). Rat and goat IgG both also 

distributed along vessels of all caliber, including arteries and arterioles (which exhibited 

circumferential banding patterns, presumably associated with the outer smooth muscle basement 

membrane), veins and venules, as well as microvessels smaller than 8 µm in diameter. As 

supported by this study and hypothesized elsewhere (Hannocks et al., 2017; Abbott et al., 2018; 

Pizzo et al., 2018), the ability of CSF macromolecules of various sizes to reach the level of the 

capillary and the apparently distinct astrocyte and endothelial/pericyte basement membranes at the 

level of the capillary (Hannocks et al., 2017) appear to suggest that a pericapillary space (or 

potential space) exists that is capable of quickly transporting large macromolecules. This has led 

us to postulate a possible ‘perivascular fluid system’ (Abbott et al., 2018) which allows rapid 

convective or dispersive transport along the entire vascular network (arteries/arterioles-capillaries-

venules/veins) in the brain. Third, rat IgG and goat IgG appear to utilize the similar drainage 

pathways, resulting in high antibody signal in the olfactory mucosa lamina propria and cervical 

lymph nodes; while rat IgG was also present in the dura it appeared to often be associated with 

larger blood vessels rather than associated with Lyve-1 cells which could indicate lymphatic 

vessels. It is possible that a shorter/longer distribution time may indicate differences in the kinetics 

along various drainage routes. Thus, the olfactory drainage pathway is at least an important 
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pathway for CSF clearance with implications for drainage of CNS antigens (Bradbury & Westrop, 

1983; Kida et al., 1993; Knopf et al., 1995; Engelhardt et al., 2017).  

 

There were also obvious differences between the parenchymal brain distribution of rat IgG and 

goat IgG (Pizzo et al., 2018) from the CSF; first and foremost, rat IgG displayed an astonishingly 

greater access to the perivascular spaces than goat IgG (rat IgG percent area was 1.7-3.5 fold 

greater and number per mm2 was 1.4-2.9 fold greater than goat IgG at coronal sections 1.5 mm 

anterior and 2.5 mm posterior to bregma). This did not appear to negate our hypothesis (which is 

supported by our additional unpublished observations) that access to the perivascular space is size-

dependent (Pizzo et al., 2018), but rather suggested that rat IgG possessed a unique mechanism to 

readily enter the perivascular space. One possible mechanism could be greater hinge 

length/flexibility (Roux et al., 1997; Woof & Burton, 2004; Vidarsson et al., 2014) for rat IgG 

which may allow it more conformational flexibility to fit through tighter spaces, but did not seemed 

sufficient to entirely account for the dramatic difference. Species-specific variations in potential 

glycosylation patterns also seemed insufficient to explain the difference. Thus, a receptor-mediated 

shuttling of IgG from the CSF into the perivascular space seemed most likely. There is clear 

physiological reason for this mechanism—IgG is the principal antibody in the extracellular fluid, 

responsible for encountering and binding to antigens to induce engulfment by phagocytes or 

activation of the complement system (Abbas et al., 2015). Indeed, the cerebral perivascular spaces 

have demonstrated high levels of complement proteins (Broadwell & Sofroniew, 1993) and 

contain numerous phagocytic cells (perivascular macrophages; (Bechmann et al., 2001)), and are 

also considered an important route for CNS surveillance by immune cells (Fabry et al., 2008; 

Ransohoff & Engelhardt, 2012; Engelhardt et al., 2017). Interestingly and notably, it does not 
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appear that IgG easily escapes the perivascular spaces to diffuse into the neuropil (e.g., see Fig. 

4); this implies the astrocyte basement membrane may pose a significant barrier to IgG, 

constraining it to the perivascular space (Hannocks et al., 2017). This may indicate CNS 

surveillance occurs predominantly within the CSF and perivascular compartments unless there is 

a breach in the basement membrane. We then tested the CSF-to-perivascular IgG receptor-

mediated transport hypothesis using a competition experiment—a 20:1 molar excess of unlabeled 

IgG with the same amount of labeled IgG as prior experiments was co-infused intrathecally and 

showed that the excess unlabeled IgG prevented a significant amount of labeled IgG from entering 

the perivascular spaces (a 2-3-fold decrease in number of perivascular profiles per mm2 across 

different brain regions). The resulting distribution of IgG with excess appeared somewhat similar 

to the goat IgG (Pizzo et al., 2018); however, goat IgG actually accessed a significantly greater 

number of perivascular profiles per mm2 compared to rat IgG with an excess of unlabeled 

(Student’s two-tailed t-test, all p<0.05 at coronal sections 1.5 mm anterior and 2.5 mm posterior 

to bregma) which may indicate that even goat IgG was to some extent able to utilize the Fc 

receptor-mediated pathway, despite species differences. This might also suggest that other 10 nm 

sized-molecules may have more limited perivascular entry compared to goat IgG. Additionally, 

the anatomical regions/specific vascular territories where infused rat IgG with excess unlabeled 

IgG and goat IgG were present showed similarities (e.g., both consistently accessed the 

perivascular space of lenticulostriate vessels). This suggested to us at least two ‘types’ of 

perivascular spaces in the brain—perivascular spaces that are more easily accessed, even by large 

substances in the CSF, and perivascular spaces that more difficult to access. More accessible 

perivascular spaces may be larger in size, have fewer obstructions, and/or have greater driving 

forces for entry and transport; this category generally includes the perivascular spaces of large 
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penetrating lenticulostriate vessels and other penetrating vessels from the ventral brain surface. On 

the other hand, difficult to access perivascular spaces may be smaller in size, be more obstructed, 

and/or have weaker entry/transport driving forces; this category may include perivascular spaces 

of the dorsal cortex or dorsal thalamus. Co-infusion of intrathecal mannitol improved goat IgG 

access to these perivascular spaces, but intrathecal mannitol did not appear to improve access for 

rat IgG access—this is likely because rat IgG already accessed these spaces very well.  

 

Altogether, this data suggests a receptor-mediated entry of IgG into the perivascular space, 

presumably by an Fc receptor. One Fc receptor in particular, FcRn, is known to play a role in 

recycling of IgG in endothelial cells and transcytosis of IgG at other sites in the body (see reviews 

(Roopenian & Akilesh, 2007; Knudsen Sand et al., 2015; Pyzik et al., 2015)). Prior studies have 

demonstrated expression of Fc receptors in the brain leptomeninges (Nyland, 1982; Peress et al., 

1989) and our own unpublished observations), precisely where we have hypothesized possible 

perivascular entry (Pizzo et al., 2018). Thus, we postulate that IgG is transported by FcRn and 

potentially other Fc receptors from the CSF into the perivascular spaces. It is important to note 

that FcRn only has affinity for IgG in an acidic environment (e.g., the mucosa or acidified 

endosome; (Jones & Waldmann, 1972; Rodewald, 1976)), thus FcRn is not expected to aid in 

internalization of IgG. FcRn is only capable of binding and transcytosing IgG once it has reached 

the acidified endosome. IgG must therefore rely on nonspecific cellular uptake mechanisms (e.g., 

pinocytosis) or specific uptake mechanisms (e.g., binding to a protein or receptor on the cell 

surface) (Simister et al., 1996; Kristoffersen & Matre, 1996; Leach et al., 1996; Firan et al., 2001). 

This hypothesized process may be similar to the FcRn-dependent transport of IgG across the 

syncytiotrophoblasts between two compartments at physiological pH (Simister et al., 1996). 
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Overall, this distribution has incredibly important implications for the expected distribution of 

species-matched or species-mismatched antibodies in both pre-clinical and clinical studies, i.e., 

distribution of a non-human(ized) antibody in clinical trials may have a worse than expected 

distribution in the human brain. Direct visualization of administered antibodies in humans is no 

simple task, so a negative trial outcome may never even be attributed to a delivery problem. 

However, if a similar mechanism of enhanced perivascular entry for IgG exists in humans it 

provides an exciting opportunity to enhance the distribution and brain delivery of IgG and Fc-

fusion proteins, for instance an Fc domain-fused enzyme for treatment of neuropathic lysosomal 

storage disorders.  

 

A second less apparent difference between rat IgG and goat IgG (Pizzo et al., 2018) was access to 

the spinal perivascular spaces—while subtle, it appeared that goat IgG actually had greater 

perivascular access (particularly to the spinal gray matter) but rat IgG was mostly excluded from 

spinal perivascular spaces. A recent study found no apparent ultrastructural differences between 

the spinal perivascular spaces (Lam et al., 2017) and previously reported cerebral perivascular 

spaces. Specific reasons for poor rat IgG entry into spinal perivascular spaces are not obvious, but 

it is clear is that the spinal cord may not utilize the same receptor-mediated IgG shuttling into the 

spinal perivascular spaces we showed for the brain, which likely has interesting physiological 

explanations and important clinical implications.  

 

Third, rat IgG showed a slightly but significantly lower plasma concentration after infusion 

compared to goat IgG (Student’s two-tailed t-test, p<0.05). While the differences are small and 

could possibly be attributed to error in the standard curve or detection method, one might speculate 

that there may be Fc receptor-mediated mechanisms for prolonging IgG half-life in the CSF. Rat 
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IgG may also simply have a lower availability to drain out of the CNS because more rat IgG enters 

the brain tissue along perivascular spaces, leaving less in the CSF to drain into the blood. On the 

other hand, infusion of rat IgG with excess unlabeled rat IgG showed a slight but significantly 

reduced plasma concentration compared to IgG infusion alone (1.3-fold), which could suggest a 

receptor-mediated efflux of IgG from the CSF. Fc receptor-mediated clearance from the central 

compartment has been suggested by some studies (Bergman et al., 1998; Schlachetzki et al., 2002; 

Deane et al., 2005; Cooper et al., 2013) but refuted by others (Garg & Balthasar, 2009; Abuqayyas 

& Balthasar, 2013; Chen et al., 2014), likely highlighting the complicated nature of these studies 

and the role of Fc receptors.  

 

The impact of primary brain tumors on the intrathecal distribution of rat IgG in the brain 

The number of clinical trials ongoing in children and adults utilizing CSF-administered antibodies 

and other larger proteins is surprising considering the paucity of preclinical data describing CNS 

distribution in animal models (healthy or diseased) or predicted distributions in larger human 

brains. In the present study we reported significantly reduced brain distribution of rat IgG 

following intrathecal infusion in athymic nude rats implanted with human U87 malignant glioma 

cells. No intrathecally-infused IgG was present within the tumor and perivascular transport was 

reduced on both ipsilateral and contralateral hemispheres and at sites several millimeters from the 

tumor. Co-infusion of mannitol intrathecally did not provide any delivery benefit. While there 

clearly an overall decrease in delivery in tumor-bearing animals, there was also some variability—

certain glioma animals had a relatively ‘good’ distribution compared to other glioma animals. 

There was no apparent correlation between distribution and tumor size (i.e., some animals with 

large tumors had better distribution than other animals with smaller tumors), time post-
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implantation (i.e., animals implanted on the same day and intrathecally infused on the same day 

showed differences in the distribution), or tumor contact with CSF spaces (i.e., if the tumor 

contacted the ventricles or subarachnoid space). Interestingly, there was one correlative factor—

two glioma animals with a strikingly ‘poor’ distribution (Fig. 6, second and fourth columns) from 

the rat IgG group or rat IgG with mannitol groups also had substantially lower levels of IgG in the 

plasma compared to the average for their treatment group (see Fig. 6 legend). There were no 

obvious reasons for these differences in terms of surgery or animal condition. Perhaps the 

differences reflect different states of Fc receptor expression and function, which appear to be 

involved in perivascular transport and potentially IgG efflux from the central compartment. 

Alternatively, these animals may have significantly altered CSF dynamics (e.g., reduced 

production rate or stagnation) which would likely impact brain delivery and clearance from the 

central compartment.     

 

Several possible factors may have contributed to the lack of rat IgG transport to the brain tumor a 

well as reduced transport into the brain distant from the tumor, including: altered pressure 

gradients, disruption of Fc receptor-mediated transport, and additional physical barriers. First, a 

lack of signal in the tumor itself may be due in part to changes in the pressure differential in the 

brain. Elsewhere in the body, it has been demonstrated that tumor interstitial pressure is high 

compared to surrounding tissue, attributed in part to high permeability of tumor vasculature and a 

lack of functional lymphatic drainage of the interstitium (Baxter & Jain, 1989; Ferretti et al., 2009; 

Stylianopoulos et al., 2013). In the intracranial compartment, brain tumor interstitial pressure has 

been demonstrated to be elevated compared to the interstitial pressure of the normal cortex (with 

some dependence on tumor size), presumably driven by the same mechanisms of high vascular 

permeability and poor lymphatic drainage (Boucher et al., 1997). Thus, for some tumors, the 
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outwardly-directed pressure gradient would be to push fluid away from the tumor toward the CSF, 

opposing transport of CSF-borne IgG into the tumor. Intrathecal mannitol might even be expected 

to worsen tumor delivery by creating an osmotic gradient that encouraged fluid movement from 

the circulation/tumor toward the hyperosmolar CSF, opposing transport of IgG from CSF to 

brain/tumor. Indeed, systemic treatment of rodents with furosemide showed reduced pressure in 

both the tumor and the normal brain; however, in some cases the pressure gradient between the 

tumor/brain was maintained (Boucher et al., 1997), which may still hinder CSF-to-brain delivery, 

and systemic mannitol would be expected to show similar results. In the present study, lower 

plasma concentration of IgG in glioma animals compared to normal animals also supports the idea 

that IgG is unable to reach the tumor, rather than suggesting that intrathecal IgG enters the tumor 

and then sinks into systemic circulation. Increased intracranial pressure caused by the mass effect 

of the growing brain tumor (Wasserstrom et al., 1982; Boucher et al., 1997) may induce 

compensatory mechanisms to balance intracranial pressure, potentially including altered CSF 

production, circulation, and/or drainage as well as changes in cerebral blood flow, which may 

impact transport within the CSF and perivascular spaces. Again, alterations in intracranial pressure 

are likely to disrupt the perivascular transport if it is convective (driven by a pressure gradient) in 

nature.  

 

Second, it was evident that the blood-tumor barrier was permeable to systemic IgG and allowed 

IgG to distribute throughout the tumor and potentially into the CSF compartment. Systemic IgG 

may have thus competed with intrathecal IgG for Fc receptor-mediated perivascular access. 

However, infusion of IgG with excess unlabeled IgG in normal animals revealed a uniquely 

different pattern of IgG distribution, particularly at the pial surface but also in the perivascular 

spaces. Confocal imaging in glioma animals did not show these abnormalities, perhaps suggesting 
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no significant competition. Competition for potentially receptor-mediated clearance pathways (as 

demonstrated by lower plasma concentration of IgG when IgG was infused with an excess of 

unlabeled IgG) contribute to the 2.6-fold lower plasma concentration of IgG in glioma animals 

compared to normal animals (though may not be sufficient to explain the large difference). Data 

from humans showed that approximately 59% or 46% of brain tumor patients showed elevated 

IgG levels depending on whether the tumor was protruding into the ventricles or not, with average 

CSF levels of IgG elevated nearly 6-fold in all patients with brain tumors (average CSF IgG 

concentration: 0.153 µM or 0.873 µM IgG, in normal controls and brain tumor patients, 

respectively; (Rao & Böker, 1987), suggesting competition is certainly possible. Additionally, 

expression of Fc receptors could be altered (as demonstrated here for FcgRIIb) so that receptor-

mediated transport into the perivascular is reduced; even if receptor-mediated transport is 

functional the drivers of perivascular transport may be disrupted (e.g., altered pressure gradients) 

thus the distribution may still be severely impacted.   

 

Third, physical barriers may also contribute to poor delivery into the tumor and within the tumor. 

The astrocytic border around the tumor may hinder diffusion between the surrounding brain and 

the tumor and the increased laminin basement membrane in the tumor could make diffusion within 

the tumor more difficult; indeed, measurements of the extracellular space in excised human brain 

tumors have shown increased extracellular space volume but also increased tortuosity (a measure 

of hindrance of molecule movement) within the tumor in part attributed to increased extracellular 

matrix (Vargová et al., 2003). In vivo, however, factors such as vascular permeability have been 

suggested to cause an outwardly-directed convection in the tumor interstitium (Baxter & Jain, 

1989). Perivascular transport may also be physically obstructed by cancer cells in the ‘perivascular 

niche’ (Calabrese et al., 2007; Gilbertson & Rich, 2007; Winkler, 2017). In 1938 Scherer (Scherer, 
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1938) described specific preferential pathways (now known as Scherer’s secondary structures) for 

the invasion of glioma cells in the brain along perivascular spaces, the subpial space, nerves, and 

white matter tracts—remarkably, the very same pathways thought to be involved in rapid CSF 

transport (Cserr et al., 1977; Szentistványi et al., 1984; Ichimura et al., 1991). Numerous additional 

studies have demonstrated via both ex vivo and in vivo imaging methods that tumor cells utilize 

the perivascular spaces for migration and vascular co-option using rodent/human cell lines and 

patient-derived tumor cells in models of primary and metastatic brain cancer, as well as in 

genetically engineering models with de novo brain tumor formation (Olson et al., 1974; Nagano 

et al., 1993; Holash et al., 1999; Farin et al., 2006; Winkler et al., 2009; Baker et al., 2014; Watkins 

et al., 2014). The CSF and its communication with the perivascular space has even been suggested 

as a way for tumor cells to disseminate to distant brain sites (Thorsen & Tysnes, 1997); indeed, it 

has been demonstrated that human leptomeningeal tumors involve many of the areas we visualize 

CSF tracers accessing—the perivascular spaces, CSF cisterns, subpial space, and cranial and spinal 

nerve roots (Olson et al., 1974), and these routes could also play a role in the development of 

extracranial metastases (e.g., (Rickert, 2003)). However, it is unlikely that perivascular obstruction 

plays a significant role in our study because U87 tumors tend to grow in a single large mass without 

the infiltrative borders typical of glioblastoma and no tumor cells were detected with the human 

nuclei marker outside of the main mass.  

 

Conclusions 

We feel the data provided herein is critical for interpretation of preclinical and clinical 

pharmacodynamic response and for future guidance to improve drug delivery strategies. It also 

made it clear that it is vital to understand how pathological changes in the brain are likely to impact 

intrathecal delivery to predict the likelihood of success. 
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Figure 1. Representative distribution of intrathecally-infused rat IgG on the surface of the brain 

and spinal cord. Ex vivo fluorescence imaging of rat IgG on the dorsal (A) and ventral (B) surfaces 

of the brain demonstrated association of IgG with major surface arteries (e.g., the middle cerebral 

artery, MCA; basilar artery, bas; and vertebral arteries; vert). High signal is also present at brain 

interfaces with CSF cisterns (e.g., olfactofrontal cistern, OFC; quadrigeminal cistern, QC) and 

around several cranial nerves/nerve roots (e.g., trochlear nerves, cranial nerve IV; hypoglossal 

nerves, cranial nerve VII). Widespread punctate signal is associated with perivascular spaces of 

penetrating vessels. Infusion of rat IgG with a 20:1 molar excess of unlabeled IgG (XIgG) shows 

signal in similar areas on the dorsal (C) and ventral (D) brain surface, including at interfaces 

with CSF cisterns and in association with major surface arteries. However, the signal on the 
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surface shows a very different pattern of signal, outlining numerous tortuously-shaped vessels on 

the surface (e.g., area around basilar artery) and demonstrating far fewer penetrating profiles. The 

dorsal (E) and ventral (F) surfaces of the spinal cord after rat IgG infusion revealed perivascular 

signal associated with surface vessels and penetrating vessels along the entire length of the spinal 

cord, with marked signal around each spinal nerve root. The surface of the dorsal (G) and ventral (H) 

spinal cord following infusion of rat IgG with excess unlabeled IgG showed similar distribution to 

the brain, with numerous tortuous vessels on the surface outlined by IgG signal and few penetrating 

profiles; signal around nerve roots was present but somewhat less apparent.  
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Figure 2. Representative ex vivo fluorescence 

imaging of intrathecally-infused rat IgG signal 

in coronal brain sections. (A-I) 100 µm sections 

of the brain after rat IgG infusion revealed 

widespread signal throughout most regions of 

the brain. (A) Olfactory bulbs showed signal 

associated with the olfactory nerve layer, and 

the olfactory bulbs and olfactory tract/frontal 

cortex had numerous perivascular profiles. (C-G) 

Perivascular signal was prominent in many brain 

regions including the cortex, lateral striatum, 

hypothalamus, and hippocampus; perivascular 

signal in the medial striatum and anterior thalamus 

was rare. Periventricular signal in the white matter 

adjacent to the lateral ventricles occurred in 3 of 4 

animals (asterisks). (H) Signal in the cerebellum 

was predominantly in the interfolial spaces and 

within the deep cerebellar nuclei, while signal in 

the brainstem was generally scarce except along 

penetrating vessels of the putative basilar artery. (I) 

The spinal cord showed rare perivascular profiles, 

either penetrating from the surface to cross the 

white matter or along vessels in the spinal gray 

matter. (J-R) Rat IgG signal with infusion of a 20:1 

molar excess of unlabeled rat IgG (XIgG) revealed 

striking differences in perivascular distribution—an 

accumulation of labeled rat IgG at the brain surface 
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was evident (arrowheads) and overall reduction in perivascular spaces accessed (particularly 

evident in the cortex and parts of the striatum and hypothalamus). Periventricular white matter 

was present in 4 of 5 animals, and certain brain areas maintained perivascular signal even with an 

excess of unlabeled IgG (e.g., anterior/medial areas like the diagonal band/medial septal nucleus, 

lenticulostriate vessels in striatum (arrows), and ventral brain areas like amygdala) relative to 

infusion of rat IgG alone. See (Pizzo et al., 2018) for additional discussion on potential origins of 

perivascular signal regional variability and periventricular white matter signal.
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Figure 3. Quantification of perivascular 

fluorescent signal in coronal brain section 

images using Fiji. The whole coronal 

brain section was outlined (yellow or red) 

to determine the area of the section (with 

ventricular areas excluded). Each section 

was divided into a dorsal half and a ventral 

half by a horizontal line (described below). 

Fluorescent signal above a certain threshold 

(background autofluorescence from white 

matter) was detected within the section. 

(A-L) Eight sections per animal were 

analyzed approximately 1.5 mm anterior 

to bregma (± 1 mm) with the horizontal 

dorsal/ventral division line at approximately 

half the dorsal-ventral extent of the lateral 

ventricles. (E-H) Six sections per animal were 

analyzed at bregma (0 mm; ±0.5 mm) with 

the horizontal dorsal/ventral division line at 

approximately half the dorsal-ventral extent 

of the lateral ventricles. (I-L) Seven sections 

per animal were analyzed approximately 

2.5 mm posterior to bregma (± 1 mm) with 

the horizontal dorsal/ventral division line 

placed just below the dorsal hippocampus 

and dorsal third ventricle. The percent area 

for the individual images were as follows: 
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(A-B) 5.7% dorsal, 3.6% ventral, (C-D) 4.2% dorsal, 6.3% ventral, (E-F) 2.6% dorsal, 1.5% 

ventral, (G-H) 5.0% dorsal, 6.1% ventral, (I-J) 5.5% dorsal, 1.2% ventral, (K-L) 5.5% dorsal, 

3.7% ventral. The number of perivascular profiles per mm2 for the individual images were as 

follows: (A-B) 16.3 dorsal, 19.1 ventral, (C-D) 2.6 dorsal, 9.4 ventral, (E-F) 10.7 dorsal, 13.2 

ventral, (G-H) 2.4 dorsal, 6.9 ventral, (I-J) 11.6 dorsal, 10.5 ventral, (K-L) 3.6 dorsal, 4.1 ventral. 

(M) Summary of the number of perivascular spaces per mm2 following intrathecal infusion of rat 

IgG (blue) or rat IgG with an excess of unlabeled IgG (green). The percent area of signal was not 

different between rat IgG versus rat IgG with excess for 5 of 6 brain regions. (N) Summary of the 

percent area of antibody signal following intrathecal infusion of rat IgG (blue) or rat IgG with an 

excess of unlabeled IgG (green). The number of perivascular spaces per mm2 was significantly 

greater for all 6 brain regions compared to rat IgG with an excess of unlabeled IgG. See Table 

1 for details. (*) Denotes Kruskal-Wallis one-way analysis of variance on ranks (p<0.001) with 

Dunn’s method post hoc pairwise comparison, p<0.05. N=4 animals for rat IgG and N=5 animals 

for rat IgG with excess. 
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Figure 4. Confocal imaging of intrathecally-infused rat IgG within perivascular spaces of all caliber 

of vessels and associated with the meninges. (A and G) Fluorescently-labeled rat IgG was localized 

around large leptomeningeal arteries on the brain surface including the internal carotid artery 

(ICA), shown here. Neither rat IgG (A1-A2) or rat IgG with excess IgG (XIgG; G1-G2) were able 

to access the tunica media (*) where smooth muscle cells were labeled with alpha smooth muscle 

actin (αSMA); IgG appeared to be constrained to the outer perivascular compartment/vascular 

connective tissue space/adventitia (**). (B) Rat IgG was also associated with large veins on the brain 

surface (based on size/morphology and lack of smooth muscle staining) as well as macrophages 

in the subarachnoid space (green cells between vein and parenchyma; see Fig. S2 for macrophage 

markers). Rat IgG around penetrating arterioles (C and H) in the cortex showed a characteristic 

circumferential banding pattern associated with the smooth muscle basement membrane, while 

signal around venules (E and I) did not show circumferential banding but often showed longitudinal 

signal, perhaps associated with longitudinally-arranged perivascular connective tissue. Signal was 

also often present around vessels smaller than 8 µm in diameter (e.g., D). Rat IgG infused with an 

excess of unlabeled IgG showed differences in the pattern of signal, including dark perivascular cell 

profiles devoid of IgG signal (most apparent in single channel images H (inset), I (inset), J3, and 

K3) as well as overall patchy/irregular perivascular signal (e.g., K). A striking difference in signal 

pattern was evident along the pial brain surface, where rat IgG infused with an excess of unlabeled 

IgG showed irregular bright and dark patches of signal (L), while rat IgG alone showed a consistent 

appearance at the surface (F). 
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Figure 5. Drainage of intrathecally-infused rat IgG from the central compartment involves olfactory 

drainage pathways, cervical lymph nodes, and potentially the dura mater. Infusion of rat IgG (A) 

or rat IgG with an excess of IgG (XIgG; C) revealed similar drainage to the nasal mucosa, with 

the highest signal (see pseudocolored fluorescence intensity, B and D) at the cribriform plate (CP) 

and in the ethmoturbinate region of the olfactory mucosa (OM) and less signal in the respiratory 

mucosa (RM). (F) Confocal imaging demonstrated that rat IgG signal in the olfactory mucosa was 

within the lamina propria (LP) around putative blood/lymphatic vessels and nerve bundles, but 

signal stopped abruptly at the basal lamina (BL) and did not enter the olfactory epithelium (OE). 

(E) The dorsal dura mater showed rat IgG signal was prominent along the superior sagittal sinus 

(SSS) and transverse sinuses (TS; see schematic G); signal over the cortical dura (E inset) appeared 
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to be around vascular profiles and followed along branches. (H-I) Confocal imaging of the vascular 

profiles as designated in (G) with a marker of lymphatic endothelial cells and macrophages (Lyve-1) 

revealed little co-localization of rat IgG with Lyve-1 (e.g., H, and green arrowheads in I), with 

occasional co-localization in Lyve-1 positive cells (e.g., yellow arrowheads in I). 
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Figure 6. Perivascular distribution of intrathecally-infused rat IgG in a rat model of glioma. Human 

U87 malignant glioma cells were implanted into the right striatum in athymic nude rats prior to 

intrathecal infusion of rat IgG (first and second columns) or rat IgG prepared in 0.75 M mannitol 

(third and fourth columns). Intrathecal rat IgG signal was not present within the brain tumor in any 

animal, though occasionally rat IgG signal was present in perivascular spaces of the unaffected brain 

directly adjacent to the tumor (e.g., see 0 mm (bregma), column 2). Some animals (column 1 and 

3) showed a particularly great reduction in IgG distribution throughout the brain across the entire 

neural axis (i.e., signal at sites very distant from the tumor had reduced perivascular signal, e.g., 

the olfactory bulbs). Some animals appeared less affected, with perivascular signal in similar brain 

regions as infused rat IgG in normal animals (e.g., cortex), except for the tumor. The variability did 

not appear to correlate with tumor size or the extension of the tumor to CSF interfaces (i.e., the pial 

surface or ventricular surface). Interestingly, the two glioma animals with the worst whole-brain 

distribution (column 1 and 3) had plasma concentrations that were a fraction of the average for their 

treatment group (i.e., plasma values for columns 1-4 were: 3.1 ± 0.06 nM (n=4), 9.9 ± 0.08 nM 

(n=5), 9.8 ± 0.08 nM (n=5), 16.6 ± 0.2 nM (n=4), while average values were 7.6 ± 0.8 nM (N=3) 

and 16.7 ± 1.3 nM (N=4) for rat IgG and rat IgG in 0.75 M mannitol, respectively; see Table 2). 
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Figure 7. Quantification of perivascular fluorescent signal in coronal brain section images of 

tumor-bearing rats. Perivascular signal was quantified in the same manner for glioma animals 

as for normal animals (Fig. 3), except that brain sections were divided into dorsal/ventral halves 

(as before) and also additionally divided vertically along the midline. Thus four quadrants were 
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analyzed per section, providing quantification relative to the general tumor quadrant 

(dorsal/ipsilateral) as depicted in the coronal section schematics (adapted from (Paxinos & Watson, 

2007). (A) Summary of the percent area of antibody signal following intrathecal infusion of rat 

IgG in normal rats (blue), rat IgG in glioma rats (red), or rat IgG in 0.75 M mannitol in glioma 

rats (light red). The percent area of signal was significantly lower in glioma animals for 9 of 12 

analyzed quadrants as compared with normal animals. (B) Summary of the number of perivascular 

spaces per mm2 following intrathecal infusion of rat IgG in normal rats (blue), rat IgG in glioma 

rats (red), or rat IgG in 0.75 M mannitol in glioma rats (light red). The number of perivascular 

spaces per mm2 was significantly lower in glioma rats for all 12 brain regions compared to normal 

animals. See Table 3 for details. (*) Denotes Kruskal-Wallis one-way analysis of variance on ranks 

(p<0.001) with Dunn’s method post hoc pairwise comparison, p<0.05. N=4 animals for rat IgG, 

N=3 animals for IgG in U87 rats, N=4 animals for IgG + 0.75 M mannitol in U87 rats. 
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Figure 8. Confocal imaging of glioma rats. (A) A tumor in the cortex was labeled by a human 

nuclei antibody (HuNu; magenta; also in H) and showed imperceptible staining for the astrocyte 

marker glial fibrillary acidic protein (GFAP; red) within the tumor. Strong GFAP signal was 

present around the tumor border, separating the tumor from the adjacent normal cortex (also 

in D, E). Infused rat IgG (green) was absent from the tumor but was visible in the meninges 
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over the tumor and cortex. The tumor boundaries were also evident based on the density of the 

nuclear stain DAPI (blue). (B) Labeling of rat endothelial cell antigen-1 (RECA-1) demonstrated 

that the tumors are highly vascularized, as expected for U87, again with an astrocytic border around 

the tumor. (C) Numerous cells within the tumor were labeled by the microglial/macrophage marker 

Iba-1 (red; normal microglia morphology was apparent in adjacent normal tissue), with a more 

rounded/amoeboid morphology similar to macrophages. (F-G) The expression of the inhibitory Fc 

receptor (Fc gamma receptor IIb, FcγRIIb) was high in the tumor relative to the surrounding normal 

brain, and the cells expressing FcγRIIb had a similar morphology to the Iba-1 positive cells and 

were quite possibly in some of the same cells. (I) A pan-laminin (lamininγ1) antibody labeled all 

basement membranes, but signal around normal vasculature was overshadowed by extremely high 

signal associated with tumor vasculature; some basement membranes potentially associated with 

the meninges and glia limitans are evident at the pial surface. (J) A tumor-bearing rat that was not 

intrathecally infused was utilized to assess blood-brain barrier integrity. Endogenous rat IgG was 

detected by antibody labeling, revealing IgG (presumably from the systemic circulation) leaked 

across the permeable blood-tumor barrier and entered the tumor interstitium and likely peri-tumoral 

edematous areas as well, potentially also accessing the CSF at sites where the tumor reached the 

pial brain surface or the ventricular surfaces.  
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Figure 9. Stomata are present on leptomeningeal fibroblasts ensheathing subarachnoid blood 

vessels in athymic nude rats. In four glioma animals a portion of the brainstem containing 

the basilar and vertebral arteries was carefully dissected and processed for scanning electron 

microscopy. (A) Numerous micron-sized stomata, or pores, were present on the leptomeningeal 

fibroblasts ensheathing the basilar artery on the surface of the brain. (B-C) Close examination 

of the stomata reveals a smooth, thickened rim as well as underlying connective tissue (e.g., 

collagen) of the perivascular space/vascular connective tissue space. These leptomeningeal 

stomata have been previously shown using scanning electron microscopy in rats (Pizzo et al., 

2018) and cats (Zervas et al., 1982). 
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Figure S1. Ex vivo fluorescence imaging of intrathecally-infused rat IgG in 0.75 M mannitol 

in coronal brain sections. (A-I) Rat IgG was co-infused with 0.75 M mannitol into normal rats 

to determine if enhanced perivascular access could be achieved, as shown previously for goat 

IgG (Pizzo et al., 2018). Inclusion of hyperosmolar mannitol (N=1) did not show an obvious 

improvement, as might be expected for a molecule that already possesses remarkable access to 

the perivascular spaces. 
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Figure S2. Characterization of rat IgG uptake by meningeal and perivascular cells. 

Immunohistochemistry was performed using three markers associated with macrophages (Iba-1, 

A, Cd11b, B, and Lyve-1, C). This revealed that intrathecal rat IgG is internalized by cells 

positive for all three markers and suggested that these cells were subarachnoid and perivascular 

macrophages.  
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CHAPTER 5 
Endogenous immunoglobulin G (IgG) and albumin distribution in the rodent brain reveals 
striking differences: IgG is restricted to perivascular pathways and albumin is widespread 
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Abstract 

Albumin and IgG are abundant proteins in the serum and in the cerebrospinal fluid (CSF), albeit 

at <1% of serum concentrations. Surprisingly, the distribution of these proteins within the brain 

and spinal cord are not well-described but are certain to inform about the protein’s origins and 

functions. Additionally, both albumin and IgG bind to the neonatal Fc receptor (FcRn) which is 

involved in both recycling of these proteins and has been implicated in transcytosis of IgG across 

barriers elsewhere in the body. We recently suggested that IgG transport from the CSF into the 

perivascular spaces of the brain utilizes receptor-mediated entry, perhaps FcRn, leading us to probe 

whether endogenous IgG can also enter and utilize the perivascular spaces, perhaps to carry out its 

role as a main contributor to humoral immunity. Indeed, we showed in rats that endogenous IgG 

was present in perivascular spaces throughout the brain without apparent entry into the brain 

parenchyma, while albumin was distributed widely and appeared intracellular. This suggests either 

nonspecific mechanisms of transport (e.g., size-dependent diffusion) and/or specific mechanisms 

of transport (e.g., receptor-mediated transcytosis) produce distinct patterns of distribution for these 

serum-derived proteins in the brain; likely reflecting their physiological functions.  

 

Introduction 

Albumin and immunoglobulin G (IgG) antibody are two of the most abundant proteins in the body, 

with serum concentrations of approximately 43 g/L and 10 g/L, respectively (albumin normal 

range: 28-54 g/L; IgG normal range: 5-17 g/L; (Ganrot & Laurell, 1974; Tibbling et al., 1977; 

Reiber, 1980; Rao & Böker, 1987)). As large hydrophilic macromolecules such as these cannot 

cross the blood-brain barrier (BBB) or blood-CSF barriers (BCSFBs) in large amount by passive 

diffusion, their concentration in the central nervous system (CNS) is substantially less. However, 
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they are still among the most abundant proteins in the cerebrospinal fluid at concentrations of 

approximately 240 mg/L and 22 mg/L, respectively (albumin normal range: 144-336 mg/L; IgG 

normal range: 7.4-39.4 mg/L; (Ganrot & Laurell, 1974; Tibbling et al., 1977; Reiber, 1980; Rao 

& Böker, 1987)). Detailed distribution of these prevalent proteins within the brain and spinal cord 

are lacking but could provide valuable information regarding protein origin and function.  

 

Albumin is a 66.5 kDa heart-shaped single polypeptide with a hydrodynamic diameter of 7.4 nm 

(Tao & Nicholson, 1996) folding into three homologous domains, each with two subdomains 

(DIA, DIB, DIIA, DIIB, DIIIA, and DIIIB; (Dockal et al., 1999)). Albumin is the predominant 

contributor for maintaining the osmotic pressure of the blood and demonstrates an incredible 

propensity as a carrier molecule for both endogenous and exogenous substances (Peters, 1975). 

Albumin possesses the highest number of sites for binding fatty acids (including seven common 

binding sites), plus two primary drug binding sites (in addition to several secondary drug binding 

sites), several metal binding sites, and sites for interaction with other proteins and receptors (Peters, 

1975; Curry, 2009; Knudsen Sand et al., 2015). Albumin is predominantly produced in the liver 

but is found in nearly every fluid and tissue of the body with approximately 37.5% in the vascular 

system and 62.5% located extravascularly (Peters, 1975). Albumin diffusion through endothelial 

fenestrations expected to be very limited due to albumin’s size (Sarin, 2010), thus it is also 

suggested to utilize transcytotic pathways across the endothelial cell by vesicular transport (Milici 

et al., 1987; Michel, 1996); albumin binding proteins/receptors (e.g., gp60 now known as albondin, 

and the related secreted protein, acidic and rich in cysteine, SPARC, and cubilin/megalin) likely 

assist in this process (Schnitzer & Oh, 1992; Merlot et al., 2014). At least two of these albumin 

binding proteins, SPARC and glycophorin A, are expressed in the choroid plexus epithelial cells 
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and have been suggested to play a role in albumin (and other serum protein) transport across this 

barrier (Liddelow et al., 2012). 

 

IgG is a 150 kDa Y-shaped protein, comprised of two heavy chains and two light chains connected 

by disulfide bonds (see (Woof & Burton, 2004; Holliger & Hudson, 2005; Abbas et al., 2015)) 

with a hydrodynamic diameter of ~10 nm (Wolak et al., 2015a). This Y-shape is created by two 

antigen binding fragments (Fab; 50 kDa each, consisting of one light chain and part of one heavy 

chain, each) and one crystallizable fragment (Fc) domain (heavy chains), connected by a hinge 

region (Woof & Burton, 2004; Holliger & Hudson, 2005; Abbas et al., 2015). IgGs and other 

antibodies are produced and secreted by B lymphocytes and are an important component of the 

adaptive immune system (humoral immunity), with a primary role of binding to antigens to assist 

with their neutralization or elimination via activation of effector functions (Woof & Burton, 2004; 

Holliger & Hudson, 2005; Abbas et al., 2015). Antibodies thus are found all throughout the body 

where they may encounter pathogens (with specific tissue distributions depending on antibody 

isotype; (Janeway et al., 2001; Abbas et al., 2015)). IgG often functions by binding to Fcg receptors 

(e.g., Fcg I, II, III; only IgG-antigen complex binds at high affinity) to induce effector functions 

including phagocytosis and immune cell activation (or inhibition) (Woof & Burton, 2004; Holliger 

& Hudson, 2005; Abbas et al., 2015). Previous reports have described CNS expression of Fcg 

receptors in leptomeningeal cells, arachnoid granulations, perivascular cells (macrophages), 

choroid plexus epithelial and stromal cells, and subependymal periventricular regions (Nyland, 

1982; Peress et al., 1989; Ulvestad et al., 1994; Vedeler et al., 1994). In situ hydridization and 

expression data for mice appears to support FcgRIIb localization at brain-CSF interfaces (Allen 

Institute for Brain Science, 2004).  
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Interestingly, a single receptor is capable of binding to both of these proteins, the neonatal Fc 

receptor (FcRn). FcRn is a heterodimeric protein consisting of a smaller b2-microglobulin subunit 

non-covalently associated with a larger subunit major histocompatibility complex (MHC) class I-

like heavy chain, which contains three extracellular loops (a1, a2, and a3) and a transmembrane 

region (Simister & Mostov, 1989). The DIII domain of albumin (with contributions from DI (Sand 

et al., 2014)) binds to a flexible loop in the FcRn a1 domain (regulated by a histidine residue on 

the a2 domain; (Andersen et al., 2012)), and the junction between the IgG Fc domains CH2 and 

CH3 binds the a2 domain on FcRn (with additional involvement of the a1 domain and the b2 

microglobulin; (Burmeister et al., 1994)); as albumin and IgG bind opposite sides of FcRn’s heavy 

chain, albumin and IgG binding to FcRn is thought to be non-competitive (Chaudhury et al., 2006). 

FcRn has a pH dependent binding to both albumin and IgG and is only capable of binding either 

protein with high affinity at an acidic pH (approximately 6.0-6.5; (Jones & Waldmann, 1972; 

Rodewald, 1976; Chaudhury et al., 2003, 2006). The binding stoichiometries of FcRn to albumin 

and IgG appear to be 1:1 (Chaudhury et al., 2006) and 2:1 (Huber et al., 1993; Burmeister et al., 

1994), respectively. Both albumin and IgG possess some degree of species-specificity, an 

important consideration for preclinical studies, particularly pharmacokinetic and 

pharmacodynamic studies. For example, human FcRn has weak/negligible binding for most other 

species of IgG (e.g., illuminating the reason for the low mouse IgG half-life in humans), while 

mouse FcRn shows strong binding for most other species of IgG, and even binds human IgG with 

greater affinity than mouse IgG (thus human IgG has a longer half-life in mice than mouse 

IgG)(Ober et al., 2001; Andersen et al., 2010). Albumin species differences have also been 

demonstrated, for example, human FcRn is capable of binding mouse albumin in addition to 

human albumin (Andersen et al., 2010), as well as other species of albumin (Chaudhury et al., 
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2006). See Roopenian et al. for a thorough review on FcRn structure, function, and potential role 

in therapies (Roopenian & Akilesh, 2007).  

 

Expression of FcRn in vascular endothelial cells in the body has been shown to rescue albumin 

and IgG from degradation in the lysosome (Brambell, 1966; Chaudhury et al., 2003), giving each 

protein their characteristically long half-lives in the blood of approximately 19 days for albumin 

(Peters, 1975) and 21-28 days for IgG (Abbas et al., 2015). FcRn was first implicated in the 

maternal-to-fetal transfer of IgG from the mother’s milk from the (acidic) neonatal intestinal 

mucosa to the fetal circulation (Halliday, 1955; Hemmings & Brambell, 1961; Brambell, 1969; 

Jones & Waldmann, 1972; Wallace & Rees, 1980). FcRn has also been recognized for its 

transcytotic role between compartments at physiological pH (7.4), including transport across 

placental syncytiotrophoblasts for the purpose of maternal-to-fetal transfer of IgG to confer passive 

immunity; how IgG reaches the acidified endosome to bind FcRn is not understood, but may 

involve specific (e.g., other Fc receptor- or protein-mediated uptake) or nonspecific (fluid-phase 

endocytosis) mechanisms (Simister et al., 1996; Kristoffersen & Matre, 1996; Leach et al., 1996; 

Firan et al., 2001). Transcytosis of albumin by FcRn has not been demonstrated but is assumed to 

be likely (Knudsen Sand et al., 2015). CNS expression of FcRn has only been reported for brain 

endothelial cells and choroid plexus epithelial cells (Schlachetzki et al., 2002; Latvala et al., 2017). 

In situ hybridization and expression data for mice suggests FcRn localization at brain-CSF 

interfaces (Allen Institute for Brain Science, 2004). Studies utilizing Fc receptor knockout animals 

or competition experiments have generated a debate in the literature as to whether FcRn in the 

CNS plays a significant role in IgG efflux from the central compartment (Bergman et al., 1998; 
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Schlachetzki et al., 2002; Deane et al., 2005; Cooper et al., 2013) or whether it plays no significant 

role (Garg & Balthasar, 2009; Abuqayyas & Balthasar, 2013; Chen et al., 2014). 

 

An in-depth investigation of the distribution of albumin and IgG in the brain and spinal cord using 

modern techniques is lacking. A prior study by Broadwell & Sofroniew (Broadwell & Sofroniew, 

1993) immunostained for endogenous albumin, IgG, IgM, and complement C9 in rat brain 

sections. These serum proteins were detected all along the brain-CSF interfaces and penetrated to 

a small extent (albumin, IgM) or large extent (IgG, C9) into the perivascular spaces of penetrating 

vessels in the cortex. Circumventricular organs (CVOs) stained evidently for these serum proteins 

leading the authors to suggest that signal along the ventricular compartment was a result of 

spillover from the CVOs. A similar CSF- and CVO-associated distribution was also demonstrated 

for IgG and serum proteins in other studies (Kozlowski et al., 1992; Schmidt-Kastner et al., 1993). 

We also recently reported a receptor-mediated transport of intrathecally-administered antibodies 

from the CSF into the cerebral perivascular spaces in rats (see Chapter 4). This suggested to us 

that endogenous IgG, which is abundant in the CSF, may utilize these same receptor-mediated 

pathways to enter the perivascular spaces and perform a role in immune surveillance. Thus, in the 

present study we used immunohistochemistry and fluorescence microscopy to determine the 

distribution of endogenous albumin and IgG in the rat and mouse brain and spinal cord. IgG in the 

rat brain appeared mostly extracellularly and was generally restricted to circumventricular organs 

and the perivascular compartment, with an appearance similar to that of intrathecally administered 

IgG (see Chapter 4 and (Pizzo et al., 2018). Preliminary albumin distribution in the rat was 

widespread and predominantly appeared to be intracellular throughout the parenchyma. The results 

suggested possible differences in albumin and IgG and entry into/distribution within the brain 
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tissue. Preliminary results in mice showed albumin distribution in the mouse was similarly 

widespread through the parenchyma, but endogenous mouse IgG appeared to have a more limited 

access to the perivascular spaces compared to rat IgG but also showed a widely cellular localization 

in sharp contrast to rats. A lack of cellular IgG in rats may be the result of a lack of sensitivity in 

detection or due to species differences. These findings suggest that IgG likely predominantly enters 

the CNS via the CSF, circulating through the PVS in search of antigens; however, there may be 

species differences in the extent of this surveillance that are critically important considering the 

mouse is a widely used animal model.  

 

Materials and Methods 

Animal use 

Experiments were carried out at the University of Wisconsin-Madison in accordance with the 

National Institutes of Health Guide for the Care and Use of Laboratory Animals (2011) and local 

Institutional Animal Care and Use Committee regulations. Female Sprague-Dawley rats (250-280 

g; Envigo, Indianapolis, IN) or female C57/BL6 mice (approximately 20 g; Envigo) were housed 

in a climate-controlled room under a 12:12 h light/dark cycle. Rodents had access to food and 

water ad libitum. Every effort was made to minimize pain and distress of the animals. Rodents 

were anesthetized to a surgical plane with urethane (1.2 g/kg, i.p., supplemented to effect with 

0.375 g/kg urethane i.p.) as determined by absence of a pedal reflex and placed on a homeothermic 

blanket (Harvard Apparatus, Holliston, MA) to maintain body temperature at 37°C. In rats, the 

abdominal aorta was surgically exposed and cannulated using an 18.5 GA cannula (Exel 

International, Los Angeles, CA) connected to a three-way stopcock filled with sterile saline. Rats 

were perfused with 50 mL ice cold 0.01 M phosphate buffered saline (PBS) followed by 450 mL 
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4% paraformaldehyde in 0.1 M PBS at a rate of 15 mL/min using a peristaltic pump (Minipuls 3, 

Gilson, Inc., Middleton, WI). Mice were transcardially perfused with 10 mL ice cold 0.01 M PBS 

followed by 50 mL of 4% paraformaldehyde at a rate of ~7.5 mL/min. The brain and upper cervical 

spinal cord were dissected and sectioned immediately using a vibratome (100 µm, coronal; 

VT1000S, Leica Microsystems, Wetzlar, Germany). Sections were placed in 0.01 M PBS 

overnight at 4°C for immunohistochemistry the following day.  

 

Immunohistochemistry of rat brain sections 

Immunohistochemistry (IHC) of free-floating coronal brain sections was performed at room 

temperature unless otherwise stated. Steps entailed: 2 hour incubation in blocking buffer 

containing 5% serum prepared in 0.01 M PBS with 0.3% triton X-100 (PBST), three 15 min 

washes in PBST, incubation with chicken-anti-albumin primary (1:250; NBP1-77027, Novus 

Biologicals, Littleton, CO) in blocking buffer overnight at 4°C, three 15 min washes in PBST, 2 

hour incubation with secondary antibodies in blocking buffer, one 15 min wash in PBST, 20 min 

incubation with 4’,6-diamidino-2-phenylindole (DAPI) in PBST (2 µg/mL), and three 15 min 

washes in PBST. Some mouse sections were also stained with rabbit-anti-Neun (a neuronal 

marker, 1:1000; ab177487, Abcam). Some rat sections were stained with only conjugated anti-rat 

IgG antibodies thus the overnight incubation in primary was skipped and all IHC steps performed 

in a single day. Secondary antibodies included goat-anti-chicken 594 (ab150172, Abcam), highly 

cross-adsorbed goat-anti-rabbit 488 (A11034, Life Technologies, Carlsbad, CA), goat-anti-rat IgG 

594 (SAB4600111, Sigma-Aldrich or goat-anti-rat IgG 594, A11007, Life Technologies), or a 

highly cross-adsorbed goat-anti-mouse IgG 647 (A21236, Life Technologies) which was found to 
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bind to rat IgG very well. Mouse brain sections were then mounted onto slides and coverslipped 

using Prolong Diamond Antifade (Life Technologies). 

 

Imaging of coronal brain sections 

Rat brain sections were imaged immediately after completion of IHC on a petri dish wet with 0.01 

M PBS. Images were captured using an MVX10 Macroview microscope (Olympus, Tokyo, Japan) 

equipped with an Orca-flash 2.8 CMOS camera (Hamamatsu, Hamamatsu City, Japan) and a X-

Cite 120Q illuminator (Lumen Dynamics Group, Inc.,Mississauga, Ontario, Canada) using the 

appropriate filter set (Chroma, U-M49002XL or U-M49008XL, Bellows Falls, VT, USA). 

Sections were then immediately mounted onto slides and coverslipped using Prolong Diamond 

Antifade (Life Technologies). Slides were imaged using an A1R confocal microscope (Nikon, 

Tokyo, Japan) with NIS Elements (Nikon). 

 

Results 

Predominantly perivascular distribution of IgG in the rat brain 

Immunohistochemistry of untreated coronal rat brain sections (100 µm) for endogenous rat IgG 

(N=3) revealed a widespread distribution of IgG across the entire neural axis (see Fig. 1 for detailed 

description). IgG appeared to be mostly confined to the perivascular spaces but also showed 

apparent entry into the brain in circumventricular organs (e.g., subfornical organ, median 

eminence, and area postrema). IgG also showed relatively high signal at brain-CSF interfaces, in 

the choroid plexus, in some periventricular white matter regions, and associated with the meninges 

and some cranial nerves (showing a markedly similar pattern of distribution to previous reports of 

CSF-infused IgG (see Chapter 4 and (Pizzo et al., 2018)). IgG in the upper cervical spinal cord 
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showed some patterns of signal that may be associated with the perivascular spaces, but also 

showed some cellular and diffuse profiles; more caudal sections of the upper cervical spinal cord 

showed little endogenous IgG labeling.  

 

Widespread, cellular distribution of albumin in the rat brain and spinal cord 

Preliminary immunohistochemistry of untreated coronal rat brain sections (100 µm) for 

endogenous rat albumin (N=2) revealed a widespread distribution across the entire neural axis that 

was strikingly different than IgG distribution. Albumin exhibited a cellular profile in most areas 

of the brain including the olfactory bulbs, cortex, cerebellum, as well as the spinal cord (see Fig. 

2 for detailed description). Relatively high albumin signal was also present at brain-CSF interfaces 

(i.e., the pial and ventricular surfaces), in the choroid plexus, and associated with the meninges, as 

might be expected for the most abundant protein in the CSF. Perhaps surprisingly, there was not 

evidently high signal in circumventricular organs compared to adjacent brain areas which may be 

due to the generally widespread brain distribution.  

 

Confocal imaging of IgG and albumin localization in the rat brain 

Confocal imaging of endogenous rat IgG signal with the nuclear stain DAPI demonstrated the 

specific localization of IgG in the brain (Fig. 3). IgG at the cortical surface appeared to be 

associated with the meninges and the perivascular space (or vascular connective tissue space) of 

large leptomeningeal arteries on the brain surface, without substantial penetration into the tunica 

media. The most anterior aspect of the lateral ventricles revealed diffuse (seemingly extracellular) 

periventricular signal in this densely cellular region, and the ependyma of the lateral ventricles a 

few millimeters posterior revealed high patches of signal in addition to low cellular signal along 
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the CSF interface. IgG also penetrated into the parenchyma along the perivascular spaces of 

arterioles and showed the same circumferential banding pattern associated with the smooth muscle 

basement membrane following intrathecal infusion of IgG (see Chapter 4 and (Pizzo et al., 2018)). 

Some IgG signal also appeared to be in the perivascular space around penetrating venules but did 

not reach very far into the brain along these vessels. Endogenous IgG was also present around 

microvessels (smaller than approximately 8 µm in diameter), suggesting that IgG accessed spaces 

around all caliber of vessels in the brain.  

 

The preliminary albumin distribution was quite different from IgG distribution, further evidenced 

by confocal imaging of albumin and IgG labeled in the same sections (Fig. 4). Periventricular 

regions of the dorsal aspect of the lateral ventricles (anterior horn) showed consistent albumin 

distribution in densely packed cells throughout the region, while IgG distribution in this area 

occurred irregularly in patches and appeared more diffuse (perhaps extracellular). Albumin was 

also present in association with the meninges and cortical brain surface, with the highest signal in 

cellular profiles of the cortex, reminiscent of astrocyte and neuronal morphologies, but this must 

be confirmed with additional immunohistochemistry. Interestingly, albumin did not show a 

perivascular distribution like IgG, and the two endogenous proteins did not appear to co-localize 

in any areas. However, it is also possible that the sensitivity of the fluorescence methods utilized 

were not high enough to detect fully detect the distribution of these endogenous proteins, which 

are present at relatively low concentrations compared to the periphery.  

 

Confocal imaging of endogenous mouse IgG and albumin 

Preliminary studies also demonstrated the localization of endogenous IgG and albumin in the 

mouse brain (N=2). Endogenous albumin distribution in the mouse brain was similar to the rat 
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brain, and demonstrated signal in the choroid plexus, at brain-CSF interfaces, in cellular profiles 

throughout the parenchyma, but absence of signal in perivascular spaces. Co-localization with the 

neuronal marker NeuN appeared to occur occasionally but albumin signal was also evident in cells 

negative for NeuN. Endogenous mouse IgG brain distribution showed some dissimilarities to 

endogenous rat IgG. Mouse IgG showed less apparent signal associated with circumventricular 

organs (while rat IgG showed very high signal in these areas) and illuminated cellular profiles 

throughout the brain (while rat IgG showed no cellular profiles). Generally, IgG did not appear to 

be present in the same cells as albumin, and the IgG cellular profile was reminiscent of microglia, 

but this must be confirmed with additional cellular markers. Mouse IgG was also present in the 

perivascular spaces of some vessels and showed some circumferential banding around arteriole 

smooth muscle cells, but the extent of perivascular distribution in mice seemed substantially lesser 

than in the rat.  

 

Discussion 

In the present study we revealed the strikingly different brain and spinal cord distribution of 

endogenous albumin and IgG, two abundant serum proteins. IgG appeared to be restricted to the 

circumventricular organs and perivascular spaces in the rat brain. This suggested significant 

barriers to IgG exit from the perivascular compartment (i.e., the astrocyte basement membrane), 

possibly indicating a physiological reason to prevent IgG from diffusing into the parenchyma. The 

IgG distribution in the present study showed similarities to previous reports (Kozlowski et al., 

1992; Schmidt-Kastner et al., 1993; Broadwell & Sofroniew, 1993). In sharp contrast, preliminary 

studies demonstrated a widespread cellular distribution of endogenous albumin in the rat brain, 

suggesting it either had no significant barriers to widespread transport or it utilized specific 
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mechanisms to achieve extensive distribution. Preliminary studies in the mouse brain showed a 

similar albumin distribution to rats, but mouse IgG showed sparse perivascular profiles in addition 

to widespread cellular profiles (which does agree with one previous study (Hazama et al., 2005)). 

It is unclear if this discrepancy shows species differences in IgG brain distribution or if cellular 

IgG in rat brain sections is below the sensitivity of detection with our methods; this will require 

further investigation. The current study has provided critical new information regarding 

endogenous protein access and distribution to the brain tissue, which we speculate may have a 

number of important physiological purposes and functions, discussed below. 

 

Distribution of endogenous IgG in the brain—localization, proposed functions, and 

mechanisms of entry 

Endogenous IgG in the rat brain was present at expected locations including the CVOs and CSF-

contacting surfaces, but also demonstrated extensive signal along numerous perivascular spaces. 

Interestingly, the pattern of perivascular signal was strikingly similar to intrathecally-administered 

antibodies in rats (see Chapter 4 and (Pizzo et al., 2018)). The observation that endogenous and 

intrathecal antibodies access the same pathways for distribution indicates important key points. 

First, the extensive perivascular distribution of intrathecal antibodies (see Chapter 4 and (Pizzo et 

al., 2018)) is highly unlikely to have been caused by increased pressure or other non-physiological 

drivers ‘forcing’ access to the perivascular space, as access of endogenous antibodies demonstrates 

the ability to enter this compartment under normal conditions. Second, high levels of endogenous 

IgG were present in similar areas to intrathecal goat IgG (Pizzo et al., 2018) and did not show 

signal as extensively as intrathecal rat IgG. We suggest that this is a result of ‘easy’ to access 

perivascular spaces (which large molecules with minimal binding can access, e.g., goat IgG (Pizzo 
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et al., 2018) and nanoparticles (Chapter 6)) and more difficult to access perivascular spaces (which 

may require special circumstances for large macromolecules to access, e.g., osmotically enhanced 

entry of goat IgG (Pizzo et al., 2018) or Fc receptor-mediated entry of rat IgG (see Chapter 4 for 

additional discussion)). As intrathecal rat IgG is likely to highlight the same receptor-mediated 

pathways available for endogenous IgG, it is possible that endogenous rat IgG was present much 

more extensively at lower levels than IHC could reliably detect.  

 

Endogenous IgG signal appeared within the CVOs which are lacking BBB characteristics and are 

permeable to serum proteins. Despite this IgG was constrained in its diffusion from the CVOs and 

did not penetrate far into surrounding brain tissue, nor did it significantly or consistently label the 

ventricular surfaces. This suggests that bloodborne IgG encountered a barrier layer at this level; 

perhaps in part imposed by the tanycytes and other glial cells/basement membranes. Indeed, 

previous studies have suggested that a blood/CVO-CSF barrier is imposed by the tight junctions 

between the tanycytes which tightly regulate movement of molecules between the CVOs and 

ventricles (Mullier et al., 2010; Langlet et al., 2013). This contrasts the idea proposed by Broadwell 

and Sofroniew (Broadwell & Sofroniew, 1993), who suggested that the ventricular signal of 

endogenous serum proteins observed was likely caused by spillover from CVOs. One group has 

also demonstrated glial cells/basement membranes demarcate the borders of the CVOs and may 

contribute to different functional areas (Pócsai & Kálmán, 2014, 2015), also perhaps imposing 

some kind of brain/CVO barrier; indeed in our studies IgG has not appeared to be capable of easily 

crossing basement membranes. 

 

Neither endogenous IgG (which had a relatively long circulation time; Figs. 3 and 4) nor 

exogenous intrathecal IgGs (which had a much shorter circulation time ((Pizzo et al., 2018) 
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Chapter 4) appeared to diffuse out of the perivascular spaces, again indicating a barrier. We have 

previously hypothesized that the astrocyte basement membrane may pose a diffusional barrier to 

IgG escape from the perivascular space into the parenchyma due to the large size of IgG 

((Hannocks et al., 2018) and Chapter 4). This implies a physiological reason to contain IgG to the 

CSF and perivascular spaces for surveillance of antigens. Indeed, IgG likely circulates these 

pathways to encounter antigens and is then appropriately positioned to activate the complement 

system (complement C9 has been demonstrated in the perivascular space; (Broadwell & 

Sofroniew, 1993)) or induce phagocytosis by perivascular macrophages. Perhaps only when the 

basement membrane is breached (e.g., to allow parenchymal entry of extravasated immune cells 

(Agrawal et al., 2006; Song et al., 2015)) can IgG also enter the parenchyma in high amounts.  

 

In general, proteins in the systemic circulation are almost entirely excluded from the CNS by the 

BBB and BCSFBs (Davson & Segal, 1995; Abbott et al., 2006; Calias et al., 2014). For example, 

Azzi et al. immunized rats against HRP to later detect autologous anti-HRP IgG entry into the 

CNS using transmission electron microscopy. They demonstrated that in the cortex and spinal cord 

(both gray and white matter) IgG was restricted from entering the endothelial cells or crossing 

tight junctions and essentially did not access the brain, while extracellular IgG was present in the 

dorsal root ganglion of the spinal cord by apparent passage across permeable vessels (Azzi et al., 

1990). A similar study by the same group demonstrated autologous anti-HRP IgG antibodies 

crossed the fenestrated capillaries of the choroid plexus into the stroma but did not cross the 

choroid epithelial cells in any manner (interestingly, they did speculate that connections between 

the choroid plexus stroma and perivascular drainage pathways from the brain may serve to 

eliminate the accumulated IgG from the stroma; (Fleury et al., 1984)). Another study of the rat 
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choroid plexus by Aleshire et al. also demonstrated that endogenous IgG immunolabeled for 

transmission electron microscopy failed to detect IgG within the choroid plexus epithelial cells 

(but they also failed to detect IgG within the stroma; (Aleshire et al., 1985)).  

 

However, serum proteins do appear in the CSF (albeit at substantially lower concentrations than 

in the serum (<1% for albumin and IgG)) suggesting some entry route(s) exist. A classical idea for 

serum protein entry into the CSF was via physical ‘leaks’ in the BCSFBs due to occasional absent 

tight junctions between epithelial cells, supported by a correlation between a molecule’s 

hydrodynamic size and the CSF/serum concentration (Rapoport & Pettigrew, 1979; Davson & 

Segal, 1995). The BCSFB is implicated in these ‘leaks’ more so than the BBB because several 

studies have demonstrated higher permeability and lower electrical resistance for the choroid 

plexus (discussed in (Rapoport & Pettigrew, 1979; Davson & Segal, 1995)). The suggested ‘leaks’ 

for the size-dependent entry of serum molecules into the CSF (derived from best-fit transport 

models) were ~12 nm pores in the epithelial layer (i.e., 0.08% open junctions) and ~25 nm 

vesicular ‘pores’ which could be so rare they are not generally captured in transmission electron 

microscopy studies (Rapoport & Pettigrew, 1979). Additional proposed locations of potential 

‘functional leaks’ from the blood into the CSF include the site of choroid attachment (i.e., tela 

choroidea) and the transition point between choroid plexus cells and the ependymal cells 

(Brightman, 1975; Rapoport & Pettigrew, 1979). CSF perfusion studies (Hochwald & Wallenstein, 

1967b, 1967a) also suggested systemic albumin and IgG entered predominantly into the ventricles 

(presumably through the choroid plexus) with some contribution from other brain sites (there are 

indeed extrachoroidal sources of CSF (Pollay & Curl, 1967; Milhorat, 1969)); as expected based 

on a size-dependent process albumin showed greater entry into the CSF than IgG (Hochwald & 
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Wallenstein, 1967b, 1967a). However, increasing evidence supports a transcytotic pathway or 

‘leak’ may also exist. Indeed, during development the blood-to-CSF transport of albumin is very 

high (greater than can be expected by passive mechanisms) and is species-specific suggesting a 

receptor-mediated process (Dziegielewska et al., 1991). 

 

CSF also demonstrates an increase in protein as it travels along the neural axis from the ventricles 

to cisterna manga to spinal subarachnoid space, thus, it has also been suggested that some of the 

serum proteins from the brain are added to the CSF as it flows through the system (Davson & 

Segal, 1995). Note, some proteins in the CSF are known to be brain-derived, but their 

localization/gradient in the CSF compartments (e.g., ventricular à lumbar) are distinct from CSF-

derived proteins (Reiber, 2001)). Intra-CNS synthesis of all the serum proteins in the CSF also 

seems insufficient to account for all serum proteins and their quantities in CSF. Thus it is proposed 

that ‘leaks’ across the BBB into the brain account for some of the serum-derived proteins in CSF 

along the neural axis—but transport of serum proteins across the BBB has also been demonstrated 

to be highly restricted (Davson & Segal, 1995). For example, St-Amour et al. showed merely 

0.009% of a systemically-injected dose of intravenous Ig (IVIG) reached the brain (cortex) and 

was largely associated with the microvasculature, but they also demonstrated this was saturable 

indicating a receptor-mediated process (St-Amour et al., 2013). Villasenor et al. probed for the 

localization of endogenous mouse IgG in brain endothelial cells and demonstrated substantial 

vesicular transport of IgG in endothelial cells that was directed for degradation. This degradation 

appeared to be regulated by the pericyte and a mouse model depleted of pericytes revealed 

successful IgG transcytosis to the abluminal (brain) side (Villaseñor et al., 2017). Additionally, 

IgG-producing B cells are present in the CNS (though very few) and may contribute to CSF levels; 
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B cells have been shown to increase in disease (e.g., multiple sclerosis (Stern et al., 2014) and a 

number of other CNS disorders (Chu et al., 1983)) thus intra-CNS synthesis is required to explain 

CSF levels of antibodies following CNS challenge (e.g., (Cserr et al., 1992)).  

 

Significance for immunohistochemistry 

Immunostaining for endogenous serum proteins is commonly used to gauge blood-brain barrier 

disruption and permeability following treatment with blood-brain barrier opening substances (e.g., 

hyperosmolar solutions (Vorbrodt et al., 1994)) and in CNS disease (e.g., brain tumors (Reis et 

al., 2012)). It is rare that a study discusses significant background IgG/albumin staining in normal 

control animals, but it has occasionally been described and compared with the disease model of 

interest (e.g., stab injury or infarct; (Schmidt-Kastner et al., 1993)). It is likely that in many other 

studies the detection methods were not sensitive enough or the imaging setting were optimized for 

strong signal increases in diseased brains, thus failing to demonstrate (visible) endogenous albumin 

or IgG in the normal brain.  

 

Additionally, the importance of understanding how endogenous levels of IgG could impact 

immunohistochemistry (and species-cross reactivity) has been emphasized previously (Schmidt-

Kastner et al., 1993) and supported by this work, i.e., anti-mouse IgG secondary antibodies may 

bind to endogenous rat IgG present at basal levels or at elevated levels in situations where there is 

CNS inflammation or the BBB is disrupted. This unintended binding can cause critical 

misinterpretation of the results, particularly if increased levels of IgG or BBB disruption is not 

expected/realized. This misinterpretation can of course be avoided with proper control labeling of 

the tissue with secondary antibodies in the absence of the primary antibodies.    
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Significance for drug delivery and disease pathology  

Previous reports of endogenous CSF/serum ratios range from 0.0005-0.0035 (Felgenhauer, 1974; 

Reiber, 1980; Banks et al., 2002) and compare well with exogenous CSF/serum ratios (Banks et 

al., 2002; Rubenstein et al., 2003; Wang et al., 2018). The results of the present work as well as 

prior studies of intrathecal IgG distribution (Chapter 4 and (Pizzo et al., 2018)) inform us about 

how systemically-administered antibodies might distribute in the brain—and importantly, that the 

distribution is limited within the brain. Endogenous IgG and intrathecal IgG in the CSF do not 

appear to penetrate into the brain parenchyma from the perivascular spaces, which may hamper 

therapeutic delivery. The limited meningeal and perivascular distribution may help in certain 

disorders where these compartments are the target (e.g., leptomeningeal cancer or cerebral amyloid 

angiopathy), but would not be expected to provide widespread distribution for whole brain 

disorders (e.g., Alzheimer’s disease or Huntington’s disease). The distribution of CSF-borne 

antibodies in the brain is also of particular interest for CNS autoimmune diseases such as multiple 

sclerosis and neuromyelitis optica, where antibody localization may correspond with lesions and 

antibody antigens/targets (Asgari et al., 2015). It is also possible that these surveillance pathways 

for IgG are disrupted in a number of disorders (e.g., brain cancer) and that normalization of this 

process could be beneficial. Conceivably, Fc-domain fusion-conjugates (smaller than full-length 

IgG) could provide enhanced perivascular entry (i.e., Fc receptor-mediated entry, Chapter 4) but 

be small enough to penetrate the astrocyte basement membrane and reach the parenchyma. 

 

Distribution of endogenous albumin in the brain—mechanisms of entry and proposed functions 

Endogenous albumin was widespread throughout the brain parenchyma and was predominantly 

localized within the intracellular compartment or at brain-CSF interfaces. This was in striking 

contrast to endogenous IgG, which showed a much more limited distribution. The dissimilarities 
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in albumin and IgG localization in the brain are likely imparted by their size-difference (7.4 nm 

for albumin (Tao & Nicholson, 1996) versus 10 nm for IgG (Wolak et al., 2015b)), unless an 

unknown mechanism is selectively and specifically transporting albumin within the brain tissue. 

This extensive distribution probably represents a physiological need for albumin throughout the 

parenchyma, e.g., as an acceptor for fatty acids transported across the BBB (Mitchell et al., 2009). 

Interestingly, albumin has been also demonstrated to bind to amyloid beta (Algamal et al., 2013) 

and led to the suggestion that albumin could regulate amyloid beta aggregation (Stanyon & Viles, 

2012). Additionally, non-hepatic synthesis and subsequent secretion of albumin by microglial cells 

has been shown in vitro, and the expression of albumin was increased when microglial cells were 

activated by amyloid beta or lipopolysaccharide (Ahn et al., 2008), with further implicated roles 

in neuronal cell death in vivo (Byun et al., 2012).  

  

Reported endogenous albumin CSF/serum ratios range from 0.0018-0.0074 (Ganrot & Laurell, 

1974; Felgenhauer, 1974; Reiber, 1980). Several studies have demonstrated the BBB and BCSFB 

act as significant barriers to albumin as with IgG. For example, Vorbrodt et al. demonstrated the 

tightness of the BBB to endogenous albumin using immunodetection and transmission electron 

microscopy. Untreated animals showed almost no albumin present in the endothelial cells or brain, 

but administration of intraarterial hyperosmolar arabinose showed increased intracellular and 

paracellular transport of albumin into the endothelial cell and brain (Vorbrodt et al., 1994). 

Virgintino et al. used transmission electron microscopy to immunolabel the glucose 1 transporter 

and endogenous albumin and demonstrated a functional blood-brain barrier which excluded 

albumin even in the fetus (Virgintino et al., 2000). As discussed above, the route for serum albumin 

into the brain may involve size-dependent physical or transcytotic ‘leaks’ in the BBB or BCSFB. 

In support of the transcytotic mechanism, several recent studies have implicated a role for SPARC 
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in the transport of albumin across the choroid plexus. Albumin and SPARC colocalized in choroid 

plexus epithelial cells and stained a few percent of epithelial cells in total (highlighting the rarity 

of this transport). In adults, some albumin positive cells were negative for SPARC, indicating 

another mechanism of albumin transport may also occur (Liddelow et al., 2011). Further 

investigation demonstrated albumin and SPARC are in close proximity and likely interact, and 

also demonstrated a species-specific binding of murine SPARC with mouse albumin over human 

albumin and species-specific transport from blood to CSF (Liddelow et al., 2014). Altogether, 

these results suggest a specific mechanism for albumin to cross the choroid plexus, perhaps in 

addition to other transport processes in the BCSFBs or BBB.  

 

Significance for drug delivery 

Albumin showed a strikingly widespread distribution throughout the brain, perhaps suggesting that 

albumin can diffuse throughout the brain tissue from its site(s) of entry (given its long half-life and 

substantial serum concentration), or that albumin uses specific mechanisms to move within the 

brain. Albumin did not appear to utilize perivascular spaces for transport, unless it so easily 

diffuses away from the perivascular spaces that it shows no accumulation in the perivascular space. 

Thus, it is possible that albumin-fusion therapeutics could also have an enhanced brain distribution 

if there are specific within-brain mechanisms of transport. However, the increased size of albumin-

fusion drugs could counteract this process and slow diffusional transport. The entry of albumin 

into the CNS, in part due to specific mechanisms on choroid plexus epithelial cells to enter the 

CSF, is still so incredibly limited that CNS entry of albumin fusion drugs would be very small. 

Additionally, if albumin binding to FcRn is hindered by albumin fusion the half-life would be 

substantially impacted (and potentially FcRn mediated transport in the brain, if such occurs).  
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Preliminary studies of endogenous albumin and IgG in the mouse brain 

While endogenous mouse albumin showed a similar widespread distribution to albumin as in the 

rat brain, endogenous mouse IgG showed a strikingly different distribution. Mouse IgG was still 

present in perivascular spaces of the brain (though seemingly far lesser than in rats) but 

additionally showed widespread cellular localization. The cellular profiles appeared similar to 

microglia (but staining was not performed to confirm). While it might seem intuitive for IgG to 

associate with microglia, it is not immediately apparent why IgG would be localized 

intracellularly, as it usually exerts its effector functions at the cell surface by binding to Fc 

receptors. A previous study showed similar staining of IgG in the brains of four out of six mouse 

strains but not rats and demonstrated an absence of IgG from microglia when the FcgIIb receptor 

was knocked out, suggesting the receptor is required for cellular uptake (Hazama et al., 2005). 

One possibility is that such intracellular IgG is present in rat brains, but the detection method was 

not sensitive enough. Alternatively, it could represent entirely different management of IgG within 

the brains of these two species. This would have incredibly important implications for immune 

surveillance in the mouse brain and its use as an animal model.  

 

Conclusions 

The distinct distribution of endogenous albumin and IgG suggest vastly different functions within 

the CNS. Restricted perivascular IgG in the brain parenchyma suggested that IgG utilized the 

perivascular spaces for surveillance of antigens within brain and should be restricted to these 

surveillance pathways for physiological reasons. Widespread albumin signal, on the other hand, 

suggested it is needed by cells throughout the brain. IgG access to the perivascular pathways is 
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suggested to be partly Fc receptor-mediated (presumably FcRn), thus it is possible that albumin 

binding to FcRn could also allow it to utilize this pathway followed by subsequent size-dependent 

diffusion out of the perivascular compartment or possibly other specific transport mechanisms. 

Despite the presence of the serum proteins in the CSF and brain, vast evidence suggests that 

albumin and IgG do not enter the CNS in substantial quantities, thus systemically administered 

albumin, IgG, or fusion therapeutics would not be expected to achieve substantial quantities in the 

brain. If the therapeutic is incredibly potent (e.g., antibodies) a therapeutic concentration could be 

achieved, but the disadvantages are that high doses are required and high systemic exposure may 

be undesirable; even once within the CNS IgG appeared to be unable to escape the perivascular 

compartment.  
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Figure 1. Detection of endogenous rat IgG revealed widespread distribution throughout the brain, 

predominantly associated with the meninges, perivascular spaces, and circumventricular organs. 

(A) IgG in the olfactory bulb was present between nerve bundles in the olfactory nerve layer (ON), 

in some perivascular spaces, and associated with the arachnoid (arrowhead). (C) Perivascular 

signal of IgG is widespread in both leptomeningeal and parenchymal vessels, though lesser in the 

cortex (some vessels show light staining; also see J and K), and the highest signal was present in 

association with the arachnoid (arrowhead) and around the dorsal aspect of the lateral ventricles 

(*). (E) IgG signal was evident in the septal nucleus and fimbria of the hippocampus adjacent 

to the subfornical organ (SFO; also see L), presumably due to spillover of systemic IgG into 

this circumventricular organ. (F) The median eminence (ME), another circumventricular organ, 

showed IgG signal presumably from the systemic circulation. The choroid plexuses (CHP) of the 

lateral and dorsal third ventricles also showed prominent endogenous IgG signal despite limited 

signal at the ependymal surface throughout the ventricular system. (H) IgG in the cerebellum was 

prominent at the folia surfaces, in the fourth ventricle choroid plexuses (CHP), and associated 

with the vestibulocochlear nerve (cranial nerve VIII). (I) The upper cervical spinal cord (C1-C3) 

revealed perivascular and diffuse IgG signal, but a more caudal section (M) showed sparse IgG 

signal aside from the meninges and pial surface. 
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Figure 2. Preliminary detection of endogenous rat albumin revealed widespread cellular distribution 

throughout the brain and at brain-CSF interfaces. (A-G) Albumin showed signal across the CNS, 

including in the olfactory nerve layer (A and H) and at the brain/spinal cord pial and ventricular 

surfaces (C-G). Specific albumin signal associated with circumventricular organs was not apparent 

(in contrast to IgG), e.g., the subfornical organ (J). Albumin appeared to be present in mitral cells (in 

the olfactory bulbs, A and H), cell bodies likely including neurons in the cortex and striatum (I and 

K), in large spinal motor neurons (G), and Purkinje cells of the cerebellum (putatively based on size, 

location, and morphology). 
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Figure 3. Confocal microscopy of endogenous IgG in the rat brain. (A) The cortical surface revealed 

IgG associated with the meninges as well as penetrating putative arterioles showing circumferential 

banding of IgG around smooth muscle cells. (B) IgG around the anterior cerebral artery (ACA) 

in the subarachnoid space at the ventral midline appeared to be associated with the perivascular 

space or vascular connective tissue space (C), while little signal penetrated into the tunica media. 

No signal was associated with endothelial cells or the lumen of the vessel. (D) The most anterior 

aspect of the lateral ventricle showed diffuse IgG signal around the ventricle (possibly extracellular) 
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but more posterior aspects of the lateral ventricle (E) showed high patches of IgG signal and low 

signal in scattered ependymal cells. (F-H) IgG signal was prominent in the perivascular spaces 

associated with arterioles (showing characteristic circumferential banding pattern), and also along 

some putative venules for a short distance into the brain (e.g., three short profiles penetrating in 

H). (I) Microvessels smaller than 8 µm also showed IgG signal in a potential pericapillary space.
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Figure 5. Confocal microscopy of endogenous albumin and IgG in the rat brain. (A) Albumin 

signal near the dorsal aspect of the lateral ventricle (LV) was regular and appeared cellular while 

IgG signal was sparse and diffuse in nature (possibly extracellular). Albumin in the striatum (left 

of LV) also showed cellular profiles but signal was faint in the white matter of the corpus callosum 

(CC). (B) Widespread albumin signal in the cortex was associated with cellular profiles (some 

cells showed extended processes toward the pial surface, reminiscent of astrocytes, and other cells 
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were rounded in deeper layers of the cortex, reminiscent of neuronal cell bodies). Prominent 

albumin signal was present at the pial surface with lower signal in the meninges overlying the 

cortex. (C) At the cortical midline albumin labeling also shows noticeable surface signal and 

similar cellular profiles; IgG is predominantly associated with the meninges and perivascular 

spaces. (D) IgG in a perivascular space reveals albumin present in a cell body with a process 

that reaches to contact the perivascular compartment. Overall, albumin and IgG did not appear 

to co-localize significantly in the rat brain except at the meningeal surfaces and in the choroid 

plexus. 
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Figure 6. Preliminary distribution of endogenous IgG and albumin in the mouse brain. (A) 

Albumin distributed consistently throughout the choroid plexus, but IgG distribution was patchy. 

(B) Albumin distribution around the subfornical organ was diffuse while IgG signal appeared 

around large vessels and faintly in cellular profiles. (C) The ventral cortex showed prominent 

albumin and IgG signal at the pial surface with distinct cellular profiles for both proteins. (D) 

Albumin and IgG both demonstrated an intracellular appearance surrounding a blood vessel but did 

not appear to colocalize. (E) In the striatum adjacent to the lateral ventricle albumin again showed 

cellular profiles (a few of which appeared to colocalize with NeuN (E3), while IgG showed sparse 

perivascular signal and widespread cellular labeling in both the striatum and corpus callosum. (F) 

Albumin was diffusely localized to the olfactory nerve layer at the edge of the olfactory bulb in 

addition to cellular signal, some of which appeared to colocalize with NeuN. IgG was present in 

a penetrating perivascular space and again in cellular profiles. (G) Albumin and IgG signal in the 

cortex demonstrated their distinct cellular profiles, with no apparent colocalization. Albumin may 

rarely colocalize with NeuN. (H) A blood vessel in the cortex showed perivascular IgG signal, 

surrounded by IgG and albumin positive cell profiles. Albumin was present in a cell that labeled 

positive for NeuN (far right). Overall, albumin and IgG appeared to be present in separate and 

distinct cells; cell morphology might suggest albumin in some neurons (as demonstrated with 

NeuN) and/or astrocytes, while IgG cell profiles appeared microglial. Additional labeling will be 

required to identify these cells.
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CHAPTER 6 
Dual-labeled nanoparticles allow for correlative in vivo magnetic resonance and ex vivo 
fluorescence imaging following intrathecal infusion in rats  
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Abstract 

A detailed description of the distribution of intrathecally administered nanoparticles from the 

cerebrospinal fluid into the brain is currently lacking. There is a need for cross-validation of ex 

vivo and in vivo techniques and findings. However, most studies have focused on comparison of 

‘similar’ tracers for separate imaging modalities or labeling of the same substance with different 

labels for detection with various imaging techniques. It is therefore critical that multi-functional 

tracers are developed that allow for tracking of the exact same substance using multiple imaging 

techniques, ideally within the same animal. Here, we have developed a dual-labeled unimolecular 

nanoparticle for in vivo dynamic magnetic resonance imaging (MRI; via Gd label) and ex vivo 

high-resolution fluorescence imaging (via Cy3.5 label). The unimolecular nanoparticles were 

characterized using multiple techniques and the size determined utilizing transmission electron 

microscopy, dynamic light scattering, and integrative optical imaging, and were found to be 

approximately 13 nm in hydrodynamic diameter. Rats received low-flow intracisternal infusions 

of the nanoparticles during 3D T1-weighted dynamic MRI acquisition, which demonstrated the 

nanoparticles distributed throughout the CSF compartment in a rostral-to-caudal direction in the 

spinal subarachnoid space and a caudal-to-rostral direction in the cranial subarachnoid space, with 

entry into the brain parenchyma as well. Ex vivo fluorescence imaging of the whole brain and 

coronal brain sections revealed transport along the perivascular spaces of cerebral blood vessels. 

Nanoparticle entry into the parenchymal perivascular spaces was limited, likely due to large the 

nanoparticle size; nonetheless, transport was observed along all caliber of vessels including 

microvessels reconfirming the convective nature of this pathway.  
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Introduction 

Movement of macromolecules throughout the brain remain poorly understood but are becoming 

better resolved using ex vivo detection methods (e.g., fluorescence, chromogenic substrates, gene-

product detection, electron microscopy, radioactivity, mass spectrometry) and in vivo techniques 

(e.g., magnetic resonance imaging (MRI), positron emission tomography, bioluminescence, multi-

photon microscopy). Limited work has been completed using identical probes that are labeled for 

one technique or the other to allow comparison (e.g., Gd-IgG vs fluor-IgG (Pizzo et al., 2018)), 

but little to no work has been conducted using a single, identical, multi-functional probe to study 

brain distribution from the cerebrospinal fluid (CSF). To ensure that ex vivo data is reliable and 

valuable, it is necessary to demonstrate that it has relevance in vivo, but in vivo methods often lack 

some facet of resolution that can be clarified with ex vivo techniques. This necessitates novel, 

multi-functional probes (ideally with real-world utilities including drug delivery and diagnostics) 

capable of detection using a variety of methods.  

 

Previous studies using either ex vivo (ventriculocisternal perfusion with radiolabeled tracers (Rall 

et al., 1962; Levin et al., 1970; Patlak & Fenstermacher, 1975), integrative optical imaging with 

acute slice preparation (Nicholson & Tao, 1993; Tao & Nicholson, 1996; Thorne et al., 2004), 

fluorescence penetration following infusion (Wolak et al., 2015a; Pizzo et al., 2018)) or in vivo 

(real-time iontophoresis (Nicholson & Phillips, 1981), integrative optical imaging via open cranial 

window (Thorne & Nicholson, 2006; Thorne et al., 2008), multi-photon fluorescence recovery 

after photobleaching (Binder et al., 2004; Papadopoulos et al., 2005a, 2005b)) techniques have 

suggested that small and large substances move through the brain extracellular spaces of the 

neuropil in a manner that is consistent with Fickian diffusion (see reviews (Syková & Nicholson, 
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2008; Wolak & Thorne, 2013)). However, pathways for convective or bulk flow have also been 

demonstrated along perivascular spaces of cerebral blood vessels and white matter tracts (Cserr et 

al., 1977; Szentistványi et al., 1984; Rennels et al., 1985; Ichimura et al., 1991), the former of 

which has been suggested to allow for communication between the CSF and the interstitial fluid 

(ISF) of the brain parenchyma to great depths (Rennels et al., 1985; Iliff et al., 2012). It has also 

been reported that entry into the perivascular spaces is size-dependent for proteins infused into the 

CSF (Pizzo et al., 2018), which may restrict entry of larger endogenous or exogenous substances 

(e.g., nanoparticles) from readily accessing the perivascular spaces. Distribution of nanoparticles 

from the CSF into the brain (potentially for drug delivery or diagnostic purposes) and the 

mechanisms of transport have been sparsely studied.  

 

To our knowledge, no studies have yet used a multi-functional probe to investigate CSF-to-brain 

distribution utilizing correlative ex vivo fluorescence imaging and in vivo dynamic MRI. Thus, 

here we characterized unimolecular nanoparticles conjugated to both a fluorescent dye (Cy3.5) 

and a MR contrast agent (Gd-DOTA) and then intrathecally infused the nanoparticles to reveal the 

distribution in the rat CNS using in vivo 3D dynamic MRI and ex vivo fluorescence microscopy. 

This allows for correlation of the results and validation of the methods with each technique 

contributing unique data (e.g., kinetic profiles versus high resolution distribution) and together 

guiding educated conclusions of the mechanisms and pathways of distribution.  

  

Materials and Methods 

Nanoparticle Materials 

Poly(amidoamine)–NH2 dendrimer (PAMAM-NH2; ethylenediamine core; G5) was purchased 

from Sigma–Aldrich (St. Louis, MO). Methoxy–poly(ethylene glycol)–succinimidyl 
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carboxymethyl ester (PEG–SCM; Mn = 2 kDa) was acquired from JenKem Technology (Allen, 

TX). p-SCN-Bn-DOTA was obtained from Macrocyclics, Inc. (Plano, TX). Cy3.5-NHS was 

purchased from Lumiprobe Corporation (Hallandale Beach, FL). All other reagents were 

purchased from Thermo Fisher Scientific (Waltham, MA) unless otherwise specified.  

Synthesis of PAMAM-DOTA/Cy3.5/PEG 

PAMAM-NH2 (1 mg, 3.5×10-5 mmol) was first reacted with p-SCN-Bn-DOTA (0.95 mg, 1.4×10-

3 mmol) and Cy3.5-NHS (0.1 mg, 1.4×10-4 mmol) in dimethylformamide (DMF; 3 mL) at room 

temperature in the dark for 12 h. PEG–SCM (3.15 mg, 3.15×10-3 mmol) was then added into the 

solution and the reaction was carried out for another 12 h. Thereafter, the resulting solution was 

dialyzed against deionized water for 48 h using a cellulose membrane (molecular weight cut-off, 

15 kDa; Spectrum Laboratories, Inc., Rancho Dominguez, CA). The final product was dried by 

lyophilization (Labconco, Kansas City, MO).  

Synthesis of PAMAM-Gd-DOTA/Cy3.5/PEG 

PAMAM-DOTA/Cy3.5/PEG (4 mg) was dissolved in sodium acetate buffer solution (3 mL; 0.1 

M; pH 7.0). GdCl3 in a sodium acetate buffer solution (2 mL, 50 µg/mL) was added dropwise into 

the PAMAM-DOTA/Cy3.5/PEG solution. After stirring overnight, the resulting solution was 

dialyzed against DI water for 48 h using a cellulose membrane (molecular weight cut-off, 15 kDa) 

to remove unloaded Gd3+. All above steps were performed at room temperature. The final product 

was dried by lyophilization. The lyophilized powder was stored at -20ºC until reconstituted for 

use. PAMAM-Gd-DOTA/Cy3.5/PEG can readily from unimolecular nanoparticles in an aqueous 

solution. 
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Characterization 

The chemical structures and molecular weights of polymers were determined using 1H NMR 

spectroscopy and gel permeation chromatography (GPC), respectively. The size and morphologies 

of the resulting nanoparticles were determined by dynamic light scattering (DLS, ZetaSizer Nano 

ZS90, Malvern Instrument; 0.05 mg/mL in DI water) and transmission electron microscopy (TEM, 

FEI Tecnai G2 F30 TWIN 300 KV, E.A. Fischione Instruments, Inc.). To prepare the TEM sample, 

a drop of copolymer solution (0.05 mg/ml) was deposited onto a 200 mesh copper grid coated with 

carbon, dried at room temperature, and negatively stained with 1 wt% of phosphotungstic acid for 

30 s. The Gd3+ loading content was measured by inductively coupled plasma atomic emission 

spectroscopy (ICP-AES; Optima 2000 DV, PerkinElmer Inc.). The Cy3.5 content in the 

nanoparticles was determined by UV-Vis spectrometer (Varian Cary 300 Bio UV–Vis 

spectrophotometer, Agilent Technologies) at 590 nm. 

 

Integrative optical imaging (IOI) diffusion measurements 

Nanoparticles were prepared in 154 mM NaCl from a lyophilized powder at a concentration of 1 

mg/mL, vortexed briefly, and centrifuged for 5 min at 12,000 ´ g. Nanoparticle diffusion was 

evaluated in free solution and in the rat neocortex in vivo (see below) using integrative optical 

imaging (IOI) as previously described (Thorne & Nicholson, 2006; Thorne et al., 2008; Wolak et 

al., 2015b). IOI is a well-characterized method that utilizes epifluorescent microscopy and 

quantitative image analysis to measure the diffusion of fluorescently-labeled molecules. After a 

brief pulse injection, successive images of the diffusion cloud were recorded at regular intervals 

of 4-8 s using a custom program in MatLab (The MathWorks) provided by C. Nicholson and L. 
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Tao (Nicholson & Tao, 1993). Image analysis was performed with a second MatLab program using 

the following expressions based on a point source approximation of Fick’s Second Law: 

(Equation 1) 

and 

 (Equation 2) 

where Ii is the fluorescence intensity of the ith image at radial distance r from the source point, 

and Ei incorporates the defocused point spread function of the microscope objective (Tao & 

Nicholson, 1995). To account for deviation from the point source approximation, a time offset, t0, 

was added to the measured time from injection, ti. Eq. 1 was fit to the upper 90% of the 

fluorescence intensity curves using a nonlinear simplex algorithm, providing estimates of a 

parameter, γ2, at a succession of ti intervals. A linear regression plot of γ2/4 versus ti returned a 

slope equal to D* (or D) based on Eq. 2. Analysis were performed using curves across six axes of 

the intensity clouds with the final value of D* (or D) obtained from an average of four values 

(excluding the highest and lowest). Measurements of D were made at 37 ± 1°C using 0.3% 

NuSieve GTG agarose (FMC) in 154 mM NaCl and measurements of D* were at a depth of 200 

µm below the pial surface in the primary somatosensory cortex in vivo (see preparation below). D 

was further used to calculate the apparent hydrodynamic diameter (dH) using the Stokes-Einstein 

equation [dH = (kT)/(3πηD), where k is Boltzmann’s constant, T is absolute temperature, and η is 

the viscosity of water (6.9152 x 10-4 Pa·s at T = 310 K)] (Thorne et al., 2004).  

Animal use 

Experiments were carried out at the University of Wisconsin-Madison in accordance with National 

Institutes of Health Guide for the Care and Use of Laboratory Animals (2011) and local 

( ) ( )[ ]2/exp, iiii rErI gg -=

( )02 4 ttD ii +=g
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Institutional Animal Care and Use Committee regulations. Animals were housed in a climate-

controlled room under a 12-hour light/dark cycle with ad libitum access to food and water. For all 

experiments Harlan Sprague-Dawley rats (female; 180-220 g, ~9-14 weeks of age; Harlan/Envigo, 

Indianapolis, IN) were anesthetized with urethane (1.2 g/kg i.p., to effect) and tracheotomized. 

Atropine sulfate (0.1 mg/kg every two hours; s.c.) was administered to diminish bronchial 

secretions. Following induction of anesthesia all animals were kept on a homeothermic blanket 

system (Harvard Apparatus, Holliston, MA) to maintain body temperature at 37ºC. 

 

In vivo IOI surgical preparation 

Animals were prepared for IOI as described previously (Thorne & Nicholson, 2006; Thorne et al., 

2008; Wolak et al., 2015b). Briefly, anesthetized and tracheotomized rats were placed in a three-

point head holder (Narishige, Amityville, NY). A custom fabricated chamber was fixed to the skull 

over the left parietal cortex and continuously superfused with artificial cerebrospinal fluid (ACSF; 

composition, mM: 124 NaCl, 3 KCl, 26 NaHCO3, 1.25 NaH2PO4, 1.3 MgCl2, 1.5 CaCl2, and 10 

D-glucose equilibrated with 95% O2/5% CO2; 300 ± 5 mOsm/kg osmolality determined using a 

freezing-point osmometer, Model 3250 Osmometer, Advanced Instruments, Norwood, MA) 

through the chamber ports at 2 ml/min (Minipuls 3, Gilson, Middleton, WI); ACSF was heated to 

37 ± 1 °C using a solution in-line heater (TC-344B, Warner Instruments, Hamden, CT) and 

continuously superfused for the duration of experiments. An approximately 3 x 4 mm craniotomy 

performed over the primary somatosensory cortex and the dura was then carefully removed before 

animals were positioned under an BX61WI microscope (Olympus, Tokyo, Japan) for imaging after 

an equilibration period of at least 1 h. 
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Intracisternal cannula placement 

Animals were prepared for intrathecal infusion as described previously (Wolak et al., 2015b; Pizzo 

et al., 2018). Briefly, anesthetized and tracheotomized rats were placed in a stereotaxic frame 

(Stoelting Co., Wood Dale, IL) in the flat skull position. A dorsal midline neck incision exposed 

the atlanto-occipital membrane overlying the cisterna magna. The atlanto-occipital membrane was 

retracted, a small durotomy made in the dura, a custom cannula made of 33 GA PEEK tubing 

(Plastics One Inc., Roanoke, VA) immediately inserted 1 mm into the cisterna magna at a 30-

degree angle from the horizontal, and the tubing sealed to the dura with cyanoacrylate. The PEEK 

tubing was connected to PE-10 tubing and a Hamilton syringe controlled by an infusion pump 

(Quintessential stereotaxic injector, Stoelting), which was filled with infusate prior to insertion. 

 

In vivo magnetic resonance imaging (MRI) 

All MRI experiments were performed as described previously (Pizzo et al., 2018) using an Agilent 

4.7 T small animal MRI and VnmrJ software (Agilent Technologies Inc., Santa Clara, CA). 

Animals prepared as above (N=3) were carefully transferred from the stereotaxic frame to a 

transmitting/receiving volume coil after placement of the infusion cannula, maintaining animals 

in the prone position. Physiological parameters (i.e., heart rate, respiratory rate) were monitored 

and a warm air blower heater used to maintain the animal’s temperature to ensure animals were in 

good condition throughout the experiment. The unimolecular, gadolinium-DOTA dual-labeled 

nanoparticles were detected using isotropic 3D T1-weighted spoiled gradient echo scans with the 

following sequence parameters: TR = 9.5 ms, TE = 4.8 ms, flip angle = 20°, field of view = 

60´30´30 mm, resolution = 256´128´128, averages = 4, voxel size = µm; each scan was 10 min 

22 sec. A pre-infusion baseline scan was acquired then the following scan and the infusion of the 
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nanoparticles (1.6 µL/min, 80 µL total) were started simultaneously. Animals were scanned 

continuously throughout the 50 min infusion and for approximately 60 min post-infusion.  

 

Ex vivo fluorescence imaging 

Animals were then removed from the coil, repositioned supine, and the abdominal aorta 

cannulated. At 100 minutes post-infusion the animals were perfused with 50 mL ice cold 0.01 M 

phosphate buffered saline (PBS) followed by 450 mL 10% paraformaldehyde (PFA) in 0.1 M 

phosphate buffer at a rate of 15 mL/min (N=2). The whole brain, cervical lymph nodes, and nasal 

passages were dissected and immediately imaged using an MVX10 Macroview microscope 

(Olympus) equipped with an Orca-flash 2.8 CMOS camera (Hamamatsu, Hamamatsu City, Japan) 

and X-Cite 120Q illuminator (Lumen Dynamics Group, Inc., Mississauga, Ontario, Canada) using 

the appropriate filter set (Chroma, U-M49008XL, Bellows Falls, VT). Images for large tissues 

were acquired at multiple depths of focus and in multiple overlapping sections; the former were 

first auto-blended in Photoshop CC (Adobe Systems, San Jose, CA) and the overlapping sections 

aligned then auto-blended. Brains were post-fixed overnight in 10% PFA at 4°C and lymph nodes 

placed in 20% sucrose in 0.01 M PBS overnight at 4°C. The following day brains were sectioned 

on a vibratome (Leica VT1000S) to 100 µm and the sections immediately imaged on a wet petri 

dish using the MVX10 (Olympus). Some sections were stained with 4’,6-diamidino-2-

phenylindole (DAPI; Life Technologies; 2 µg/mL in PBS with 0.1% triton X-100) for 20 minutes 

at room temperature followed by three five-minute washes in PBS; sections were mounted onto 

slides and coverslipped with Prolong Gold or Diamond Antifade (Life Technologies). Lymph 

nodes were covered in OCT (Tissue-Tek, Sakura, Torrance, CA), frozen in isopentane on dry ice, 

and stored at -20°C until sectioned on a cryostat (CM1950, Leica Microsystems, Wetzlar, 



 261 

Germany). Confocal imaging was performed using an FV1000 confocal microscope using 

FLUOVIEW software (Olympus) or an A1R confocal microscope with NIS Elements software 

(Nikon, Tokyo, Japan). 

 

MRI Processing 

MRI data was first registered using a rigid body registration by means of a custom Matlab (The 

MathWorks Inc.) program; subsequent quantification and dynamic visualization were performed 

using Fiji (Schindelin et al., 2012). CSF and parenchymal brain regions of interest (ROIs) were 

manually outlined on raw MRI slices according to previous reports (Pizzo et al., 2018), ensuring 

parenchymal brain areas did not include edges adjacent to CSF spaces to avoid signal 

contamination. The average pixel intensity for each ROI was measured for each MRI scan and the 

percent change from pre-infusion baseline for each ROI was averaged across all animals (N=3; 

negative values set to zero). Using Fiji for 3D dynamic visualization, the pre-infusion baseline 

images were subtracted from all subsequent scans with negative values set to zero and the 

extracranial tissue (e.g., tongue, neck) cropped. 4D videos and 3D still images were created using 

the 3D Viewer Plugin (volume, no resampling) (Schmid et al., 2010). 

 

Statistical analyses  

A Student’s two-tailed t-test was used for all two-way comparisons (p values listed in text). 

Statistical analyses were performed using SigmaPlot (Systat Software Inc., San Jose, CA); all 

values listed as mean ± s.e.m; N animals, n measurements. 
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Results 

Dual-labeled nanoparticles  

Novel dual-labeled nanoparticles (schematic in Fig. 1A) were created as multi-functional tracers 

to allow for novel, correlative in vivo MRI and ex vivo fluorescence experiments. The PAMAM-

DOTA/Cy3.5/PEG polymer was synthesized as outlined in Fig. 1B. DOTA was conjugated onto 

PAMAM-NH2 through a reaction between –SCN and –NH2. Cy3.5 fluorophore was also 

conjugated onto the PAMAM dendrimer through amidization. Subsequently, the PAMAM-

DOTA/Cy3.5 was functionalized with hydrophilic PEG segments via amidization. The chemical 

structure of PAMAM-DOTA/Cy3.5/PEG was confirmed by 1H NMR; the characteristic peaks 

were labeled as shown in Fig. 2A. A significant increase in molecular weight determined by GPC 

(Table 1) also demonstrated the successful formation of PAMAM-DOTA/Cy3.5/PEG. An MRI 

contrast agent, Gd3+, was then complexed with DOTA chelator to form PAMAM-Gd-

DOTA/Cy3.5/PEG (Nwe et al., 2010). The Gd3+ and Cy3.5 contents were measured by ICP-AEC 

and UV-vis spectroscopy, respectively. There were approximately 32 Gd3+ and approximately 3 

Cy3.5 per PAMAM-Gd-DOTA/Cy3.5/PEG, as determined by ICP-AES and UV-Vis 

spectrophotometry, respectively. 

 

The morphology of the PAMAM-Gd-DOTA/Cy3.5/PEG nanoparticles was first studied by TEM 

and DLS. The TEM image in Fig. 2B shows spherical nanoparticles with a good dispersity. The 

average size observed by TEM was 8.6 ± 1.8 nm. The hydrodynamic diameter was measured by 

DLS, with an average size of 14.6 ± 1.7 nm (polydispersity index (PDI) = 0.12) (Fig. 2C). The 

zeta potential of the nanoparticles was determined to be approximately neutral (i.e., + 1.2 mV) by 

DLS as well. 
 



 263 

Table 1. Summary of GPC analysis of PAMAM-DOTA/Cy3.5/PEG nanoparticles. 
 Mn Mw PDI 

PAMAM-NH2 28,917 - - 

PAMAM-DOTA/Cy3.5/PEG 171,077 206,832 1.21 
 

 

 

Integrative optical Imaging (IOI) 

Integrative optical imaging (IOI) was utilized to determine the diffusion of the dual-labeled 

nanoparticles in free media or rat primary sensory cortex. Following a brief sub-nanoliter pressure 

injection fluorescent images were captured showing the diffusion cloud over time. The 

nanoparticles show a substantially faster spread away from the injection site in free media 

compared to cortex, as expected (Fig. 3A). The raw fluorescent profile along a line reveals a 

Gaussian-shaped curve that agrees well with the theoretical fit (Fig. 3B). IOI measurements for the 

nanoparticles (Table 2) yielded a free diffusion coefficient D = 4.92 ± 0.18 × 10-7 cm2/s (n = 22) 

and a hydrodynamic diameter of 13.35 ± 0.49 nm, in agreement with the results of TEM images 

and DLS measurements. Effective diffusion in brain (D* = 0.50 ± 0.17 × 10-7 cm2/s (n = 8; N = 3 

animals)) was 10-fold lower than in free medium with a with a tortuosity value (λ = (D/D*)1/2) of  

λ = 3.13 ± 0.57, which was more hindered than predicted by the restricted diffusion (RD) model 

(Thorne & Nicholson, 2006) for a 13 nm inert object (predicted λ = ~2.6-2.7). 

 
 

Table 2. Summary of integrative optical imaging (IOI) diffusion results.  
 

 
D (10-7 cm2/s) 

(n) 
dH (nm) 

D* (10-7 cm2/s) 
(N, n) 

λ = (D/D*)1/2 
Predicted (RD 

model) 
PAMAM-

DOTA/Cy3.5/PEG 
Nanoparticles 

4.92 ± 0.18 
(22) 

13.35 ± 
0.49 

0.50 ± 0.17 
(8, 3) 

3.13 ± 0.57 2.62-2.71 

All values reported as mean ± SEM; N animals, n measurements.  
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In vivo MRI and whole brain ex vivo fluorescence imaging 

Nanoparticles were intracisternally infused for 50 min in rats, at a flow rate of 1.6 µL/min (Pizzo 

et al., 2018), which has been demonstrated not to elevate intracranial pressure (Yang et al., 2013; 

Bedussi et al., 2017). 3D T1-weighted MRI scans were acquired throughout the infusion and for 

60 min post-infusion (N=3). Image contrast enhancement associated with the infused nanoparticles 

in representative raw MRI slices (Fig. 4 A-F and I-L) showed nanoparticles initially distributed 

throughout CSF cisterns close to the infusion site (e.g., cisterna magna, interpeduncular cistern, 

ambient cistern) then flow in a rostral-to-caudal direction down the spinal SAS and in a caudal-to-

rostral direction predominantly along the ventral SAS towards the olfactory nerves (Fig. 4 A-F), a 

known CSF efflux route (Faber, 1937; Bradbury et al., 1981; Bradbury & Westrop, 1983; 

Szentistványi et al., 1984; Zhang et al., 1992; Kida et al., 1993; Koh et al., 2005). Sparse 

nanoparticle signal was present over the dorsal cortex or in the dorsal spinal SAS, as reported 

previously for gadolinium-labeled IgG (Pizzo et al., 2018), possibly due to narrow SAS in these 

regions (Pease & Schultz, 1958; Morse & Low, 1972; Oda & Nakanishi, 1984). Quantification of 

the percent signal change from the pre-infusion baseline for several CSF or parenchymal regions 

of interest (ROIs) showed markedly different kinetics (e.g., time to peak change) (Fig. 4 G and H). 

CSF ROIs tended to show increasing nanoparticle signal during the infusion and a decline as or 

shortly after the infusion finished (though dorsal cranial cisterns (quadrigeminal and 

olfactofrontal) appeared to plateau for the ~70 min post-infusion distribution time); ROIs 

associated with potential nerve efflux routes, e.g., olfactory and trigeminal nerves, as well as 

parenchymal ROIs tended to progressively increase throughout the infusion and during the ~70 

min post-infusion distribution time. Raw horizontal slices and 3D visualization revealed evident 

perivascular signal around major surface arteries associated with the circle of Willis within 20-30 
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minutes of the start of infusion, persisting after the infusion and extending further along the vessels 

(Fig. 4 M-T). 

 

At 100 min post-infusion, two of the animals were transcardially perfused with PBS followed by 

10% PFA, and the whole brains immediately removed for ex vivo imaging of the brain surface 

with fluorescence microscopy (Fig. 5). Preliminary ex vivo fluorescence revealed nanoparticle 

signal on the dorsal brain surface (Fig 5A) appeared to be associated with middle cerebral artery 

branches laterally, and possibly superficial superior cerebral veins branching laterally from the 

midline; signal was also prominent at brain surfaces adjacent to CSF cisterns including the 

olfactofrontal cistern, quadrigeminal cistern, and the cisterna magna (infusion site), as well as 

between the folia of the cerebellum. On the ventral brain surface (Fig. 5 B-C), particularly high 

signal was present around the basilar artery, circle of Willis, and lateral branches of the middle 

cerebral arteries, on the ventral aspects of the olfactory bulbs and ventral subarachnoid cisterns, 

and associated with the hypoglossal nerves (Fig. 5D). Punctate signal associated with perivascular 

nanoparticles around penetrating vessels appeared in close proximity to some large vessels with 

perivascular signal, but most other brain areas were devoid of punctate and diffuse surface signal. 

Perivascular signal also appeared around the caudal rhinal vein visible on the lateral surface of the 

brain (Fig. 5E). Dissection of the nasal passages (Fig. 5F) and cervical lymph nodes (Fig. 5 G and 

I), known CNS drainage pathways (Faber, 1937; Bradbury et al., 1981; Bradbury & Westrop, 

1983; Szentistványi et al., 1984; Zhang et al., 1992; Kida et al., 1993; Koh et al., 2005), revealed 

high signal was present within the cribriform plate and nasal mucosa, particularly in the olfactory 

region, as well as in the cervical lymph nodes (consistent with much past work (Bradbury et al., 

1981; Bradbury & Westrop, 1983; Szentistványi et al., 1984)). Signal was present in at least some 
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superficial lymph nodes (Fig. 5G) and all deep cervical lymph nodes (Fig. 5I) for all animals, but 

signal was always of higher intensity in deep cervical lymph nodes.  

 

Ex vivo fluorescence in coronal brain sections and confocal microscopy of perivascular 

nanoparticles 

The preliminary ex vivo fluorescence imaging of infused nanoparticles in coronal brain sections 

(N=2) revealed a limited distribution that spanned the entire neural axis, from the olfactory bulbs 

to the spinal cord (Fig. 6). Four general types of signal were observed: i) numerous perivascular 

profiles in both cortical and subcortical structures, ii) a small, diffuse gradient at the brain-

subarachnoid interfaces, iii) periventricular signal in the white matter adjacent to the lateral 

ventricles, and iv) cranial and spinal nerve associated signal (e.g., optic chiasm, oculomotor nerve, 

cochlear nerve, and ventral spinal nerves, visible in Fig. 6 E, H, I, and J, respectively). Very high 

signal was observed at the brain surface relative to the diffuse signal in the parenchyma, possibly 

indicating nanoparticles associated within or entrapped by the leptomeninges. Nanoparticle signal 

in the spinal cord (Fig. 6J) was diffuse at the CSF interfaces (and high in spinal nerves) but also 

revealed that most perivascular signal was present within the spinal gray matter, which has a high 

relative vascularity compared to the spinal white matter (demonstrated in (Pizzo et al., 2018)).  

 

Confocal microscopy demonstrated that the perivascular nanoparticle signal was associated with 

vessels of all caliber, from arteries, to microvessels, to veins. For leptomeningeal arteries on the 

brain surface (Fig. 7 A-C) the nanoparticles were most prominent in the outer putative adventitial 

layer of the artery with lesser signal intercalated between smooth muscle cells, possibly associated 

with the smooth muscle basement membrane. Arterioles in the cortex and striatum also 
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demonstrated perivascular nanoparticle signal, often appearing to surround smooth muscle cells 

creating a circumferential banding pattern (Fig. 7 D-F). Large, seemingly empty perivascular 

spaces are visible surrounding the arterioles, likely exaggerated due to tissue processing and 

fixation, but nonetheless allowing for the parenchyma-associated putative astrocyte basement 

membrane signal to be distinguished from signal associated with the arteriole wall. It is likely that 

these perivascular spaces were filled with fluid in vivo, as (i) nanoparticle signal is fixed to fiber-

like structures within the space, possibly collagen, and (ii) perivascular macrophages appear to 

have taken up nanoparticles. Putative venules in the cortex also demonstrated perivascular 

nanoparticles, with a generally longitudinal arrangement of signal and a complete lack of smooth 

muscle banding visible for arterioles (Fig. 7 G-I). Nanoparticles were also present around 

numerous microvessels less than 10 µm in diameter (Fig. 7 J-L).  

 

Discussion 

These dual-labeled nanoparticles proved to be excellent tracers for in vivo dynamic 3D MRI and 

high-resolution ex vivo fluorescence techniques, allowing a direct comparison of the distribution 

within the same animal. Importantly, the combination of imaging techniques demonstrated that 

while the lower resolution MRI data might have suggested a relatively homogeneous distribution 

of nanoparticles throughout various brain regions of interest (e.g., cortex), the ex vivo fluorescence 

imaging revealed that the nanoparticles present in the brain parenchyma were almost entirely 

confined to the perivascular compartment.  

 

Novel dual-labeled nanoparticles 

Nanoparticles capable of dual fluorescence/MR imaging were readily formed by PAMAM-Gd-

DOTA/Cy3.5/PEG in an aqueous solution. PAMAM-DOTA/Cy3.5/PEG polymers were 
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synthesized by a simple one-pot reaction as shown in Fig. 1B. The reactions were also conveniently 

performed in a mild condition (e.g., room temperature and normal atmospheric pressure). DOTA 

has been demonstrated to be an excellent chelator for the MRI contrast agent, Gd3+, since Gd-

DOTA displays high relaxivity and stability and low toxicity (Magerstädt et al., 1986; Bousquet 

et al., 1988; Herborn et al., 2007; Nwe et al., 2010). Moreover, Gd-DOTA conjugated onto 

macromolecules, such as dendrimers, exhibits even higher relaxivity and thus better contrast 

enhancement effect with MRI (Wang et al., 2003; Rudovský et al., 2006; Nwe et al., 2010). 

PAMAM dendrimer (G5) was chosen as the core macromolecule because such polymer is 

monodisperse and displays sufficient functional groups (128 –NH2 groups) on its spherical surface 

for chemical modifications (e.g., Gd-DOTA, Cy3.5, and PEG conjugations) (Olson et al., 2010). 

The Cy3.5 fluorophore conjugation proved to provide bright fluorescent signal for epifluorescence 

imaging and confocal microscopy. PEG functionalization can increase the water solubility as well 

as reduce nanoparticle opsonization with proteins. Since all the components are covalently linked, 

the resulting unimolecular nanoparticles are extremely stable both in vitro and in vivo, thus 

enabling excellent capability of dual fluorescence imaging and MRI. Moreover, in light of the 

good chemistry versatility of the unimolecular nanoparticles, other imaging modalities, such as 

radioisotopes for PET imaging, or small molecule payloads, can be incorporated into the 

nanoparticles to achieve their multifunctionalities. 

 

Diffusion of nanoparticles in free media and in the rat brain in vivo 

The size of the nanoparticles was characterized using TEM, DLS, and IOI, yielding comparable 

results (d= 9 nm, dH= 14.6 nm, and dH= 13.35, respectively). It is expected that DLS and IOI will 

provide a larger diameter than TEM because the IOI and DLS measure hydrodynamic size 
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including the water shell in aqueous solution while TEM measures a dry diameter. DLS may 

suggest a higher size than IOI because of differences in salt concentration—DLS measurements 

were performed with nanoparticles in water, while IOI free diffusion measurements were 

performed in physiological saline; indeed DLS can provide inflated values of hydrodynamic 

diameter in lower salt environments as the electrical double layer is increased (Hackley & 

Clogston, 2011).  

 

Previous studies suggest that transport within the brain parenchyma is strongly affected by the 

nanoparticle size and surface charge. Nanoparticles with a diameter close to the ECS width will 

experience steric hindrance and thus reduced transport and charged nanoparticles may be attracted 

to/repulsed by negatively-charged extracellular matrix (ECM) components (e.g., heparan sulfate 

proteoglycan) which could impact transport. The deviation of the measured IOI λ from the 

predicted value for an approximately 13 nm inert, spherical object is possibly explained by binding 

or charge effects as the effect of size is already accounted for by the RD model. It is expected that 

the PEG coating provides shielding to prevent potential interactions, but the amount or size of PEG 

may be insufficient to completely eliminate these interactions. Nanoparticle charge has been 

demonstrated as an important factor in determining brain distribution in studies injecting directly 

into the parenchyma. In general, studies have shown that neutrally-charged or negatively-charged 

nanoparticles have a greater distribution in the brain (following injection or CED) compared to 

positively-charged nanoparticles, even when considering size (MacKay et al., 2005; Nance et al., 

2012; Kenny et al., 2013; Arshad et al., 2015). This is likely because attraction of positively-

charged nanoparticles to negatively-charged ECM components hinders transport through the ECS. 

In the present study the nanoparticles are close to neutral, with only a very slight positive charge; 
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comparison with a study using similarly charged nanoparticles (+3-5 mV; 80 nm) demonstrated 

that CED infusion of these nearly neutral nanoparticles and slightly negatively-charged 

nanoparticles (-9 mV; ~80 nm) showed an identical distribution, while positively-charged 

nanoparticles (+70 mV; ~90 nm) showed a very restricted tissue penetration (MacKay et al., 2005). 

As the nanoparticles in the present study are also substantially smaller in size, they are also 

expected to experience less hindrance from the negatively-charged ‘walls’ formed by the cells and 

ECM. 

 

It is also important to consider the physical constraints to transport in the ECS. Nanoparticles for 

drug delivery or diagnostics must be sufficiently small enough that they are able to move through 

the brain ECS, which is on average 40-60 nm (Thorne & Nicholson, 2006). The nanoparticles used 

in the present study were approximately 13 nm in diameter, smaller than the average ECS width, 

and the present study showed considerable difficulty in small nanoparticles diffusing through the 

parenchyma or entering into the brain and perivascular spaces from the CSF. However, in many 

prior studies nanoparticles that are seemingly larger than the average ECS width have been 

administered into the brain and showed some distribution (MacKay et al., 2005; Saito et al., 2005; 

Nance et al., 2012; Kenny et al., 2013; Zhou et al., 2013; Arshad et al., 2015). Potential reasons 

for the distribution discrepancy include i) supraphysiological injection/infusion volumes and rates, 

ii) lesser-reported or investigated transport along low-resistance pathways, iii) heterogeneity in 

ECS width, and iv) dissolution of nanoparticles. First, much prior work used convection enhanced 

delivery (CED) to administer relatively large volumes into the parenchyma at relatively high flow 

rates. Initially it was suggested that the high infusion pressure of CED created a pressure gradient 

that forced the distribution of the infused substance through the ECS of the neuropil by convection 
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(Bobo et al., 1994). However, as to the second point, it has been suggested that transport following 

CED infusion of micelles (~15 nm), AAV vectors (~20-25 nm), and liposomes (~65 nm) is 

predominantly along low-resistance perivascular pathways, not through the narrow ECS 

(Hadaczek et al., 2006; Salegio et al., 2014). Additionally, CED clearly does not reflect the ability 

of substances of such great size to distribute under physiological conditions, as was the goal of the 

present study. Third, electron microscopy studies have indicated a lack of ECS uniformity (Syková 

& Nicholson, 2008; Sosinsky et al., 2008; Korogod et al., 2015) suggesting that larger ECS widths 

may exist (e.g., at multicellular junctions (Kinney et al., 2013)) that may be able to accommodate 

larger substances and explain some of the prior findings; however, the transport between these 

larger junctions would still be restricted by narrow connecting channels. Fourth, the distribution 

of some types of nanoparticles (e.g., liposomes (MacKay et al., 2005; Saito et al., 2005)) may not 

fully reflect the distribution of the large-sized particles in vivo, but may rather indicate the 

distribution of the incorporated tracers which have dissociated from intact nanoparticles or been 

released following nanoparticle disintegration.   

 

Distribution of nanoparticles following intrathecal infusion 

Here, we found excellent correlation between MRI and fluorescence imaging techniques following 

intrathecal infusion in rats: (i) CSF cisterns showed high nanoparticle signal in MRI in vivo, and 

ex vivo fluorescence showed highest surface signal at these brain-CSF interfaces, (ii) MRI showed 

increasing signal in the olfactory nerve region, and fluorescence demonstrated nanoparticles 

predominantly located in the olfactory mucosa of the nasal passages, (iii) the spinal cord showed 

a striking increase in nanoparticle signal in the internal spinal gray matter, where fluorescence 

revealed the nanoparticles predominantly in the spinal gray matter PVS. Ex vivo fluorescence also 

revealed limited penetration of the nanoparticles into the pial brain surface from the CSF, as 
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expected of diffusion given their large size, but also revealed substantial transport of perivascular 

spaces of surface vessels and parenchymal vessels.  

 

Confocal microscopy demonstrated that the infused nanoparticles were capable of being 

transported along the perivascular spaces of all types of vessels, including arteries/arterioles, 

veins/venules, and microvessels. Nanoparticles appeared to be associated with the vessel wall 

(putatively in the smooth muscle basement membrane) as well as the parenchymal wall (potentially 

associated with the astrocyte basement membrane); it is possible that the basement membranes 

present in these locations could be involved in transport, but they may also create a size-dependent 

barrier that these large nanoparticles are unable to easily cross. Nevertheless, the nanoparticles 

were able to continue along the PVS even to the level of the microvessel suggests that even at the 

capillary level a perivascular space may exist that is capable of rapid (relative to diffusion) 

transport (Pizzo et al., 2018). However the basement membrane between the PVS and the brain 

parenchyma may pose a barrier to delivery for large therapeutics such as nanoparticles and gene 

therapy vectors (Hannocks et al., 2018).  

  

The more consistent presence of nanoparticles in the superficial cervical lymph nodes following 

nanoparticle infusion compared to IgG infusion (Pizzo et al., 2018) may be due to the longer 

distribution time for the nanoparticles, or possibly some size-dependent pathway allowing 

nanoparticles easier access to the superficial cervical lymph nodes. 

 

Brain distribution compared with other intrathecally delivered tracers 

Coronal brain sections appeared to have fewer fluorescent perivascular profiles for the 

nanoparticles compared to a full-length goat IgG infused into rats using the same infusion 
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rate/volume, despite the shorter distribution time for IgG (30 min post-infusion) and the longer 

distribution time for the nanoparticles (100 min post-infusion). This agrees with the hypothesis 

that there may be a size-dependent but permeable barrier between the CSF and the PVS, which 

may involve stomata or openings in the leptomeningeal cells lining blood vessels in the 

subarachnoid space (Pizzo et al., 2018). The slight negative charge may have even attracted 

nanoparticles to these stomata, enhancing their perivascular entry despite their large hydrodynamic 

diameter.  

 

These nanoparticles are similar in size to 70 kDa dextran (14-16 nm hydrodynamic diameter; 

(Syková & Nicholson, 2008)). Comparison with a much larger 500 kDa dextran administered using 

same infusion rate and volume in rats showed a somewhat similar distribution, however, the 500 

kDa dextran appeared to access a great number of perivascular spaces, particularly of small vessels 

(Iliff et al., 2013). It is likely that the nanoparticles are a more rigid assembly compared to dextrans, 

which are random-coil polymers and exhibit marked conformational flexibility (in addition to 

polydispersity), particularly for larger dextrans accessing confined environments (Xiao et al., 

2008). Thus while more flexible substances like dextrans may find it easier to cross between the 

CSF and PVS, large proteins (Pizzo et al., 2018), nanoparticles, and gene therapy vectors may find 

diffusing across this barrier to be more challenging. Manipulation of the barrier between the CSF 

and PVS may allow for larger substances to gain access to the PVS, as hypothesized for intrathecal 

co-infusion of IgG with hyperosmolar mannitol (Pizzo et al., 2018).  

 

Previous studies have investigated the use of nanoparticles delivered via the CSF (Song et al., 

2010; Rungta et al., 2013; Akita et al., 2014, 2015), however, none provide detailed description 

or demonstration of delivery throughout various brain areas or specific pathways of distribution 
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(i.e., perivascular spaces) as in the present study. Numerous studies have probed the use of 

nanoparticles for drug delivery via other CNS delivery routes including intraparenchymal 

injection/convection enhanced delivery (CED, e.g., (Hadaczek et al., 2006; Salegio et al., 2014)) 

or intranasal administration (e.g., (Harmon et al., 2014)). In general, the results of these studies 

support the proposed mechanisms of distribution from the present study including diffusion in the 

neuropil and convective transport in the perivascular spaces. This highlights the critical need for 

knowledge of thorough distribution data following intrathecal administration to understand if 

delivery is achieved to the target areas, to understand the effects of nanoparticle size, charge, and 

binding, and to understand how delivery may translate to large human brains.  

 

Delivery of multi-functional tracers 

Multi-functional tracers have been of increasing interest for diagnostic and therapeutic purposes, 

as evidenced by numerous pre-clinical studies utilizing nanoparticles labeled for MRI and 

fluorescence molecular tomography (e.g., (Kircher et al., 2003, 2012; Shibu et al., 2013; Zhang et 

al., 2013; Ni et al., 2014; Shao et al., 2015)). Most of these groups have used these nanoparticles 

to target brain tumors using systemic delivery routes, and generally rely on a leaky blood-tumor 

barrier or targeting moiety to enter the brain/tumor (Kircher et al., 2003, 2012; Zhang et al., 2013; 

Ni et al., 2014; Shao et al., 2015). However, our data would suggest that even though these 

nanoparticles are smaller (~10-30 nm) than the studies above and more similar to the size used in 

the present study (~13 nm), the distribution within the tumor and particularly to tumor boundaries 

(where the blood-brain barrier may be intact REF) may be hindered based on their size (note, many 

human brain tumors demonstrate increased tortuosity/hindrance (Vargová et al., 2003)). Other 

studies prepared a single type of nanoparticles, each with a single label for various imaging 

modalities and correlated the distribution following administration (e.g., (Li et al., 2014)). 



 275 

However, caution should be taken in interpreting results of these experiments; even slight variation 

in size, charge, or binding capabilities may cause unanticipated discrepancies. 

 

Conclusions 

To our knowledge, this is the first detailed investigation of intrathecal dual-labeled nanoparticle 

distribution in the brain as demonstrated utilizing techniques that allow both high temporal (MRI) 

and spatial (epifluorescence / confocal imaging) resolution. Given the restricted brain distribution 

of our relatively small multi-functional probes, our results would suggest that larger, traditional 

nanoparticles would not sufficiently access the brain for the purpose of diagnostics or drug delivery 

using physiologically-relevant administration parameters. Use of multi-functionality nanoparticles 

in correlative studies that cross-validate transport processes and distribution (rather than co-

administration of completely different tracers for various imaging modalities) and an emphasis on 

nanoparticle electrostatic/binding interactions and the physical barriers to delivery once inside the 

central compartment will be of utmost importance for design of clinically-useful nanoparticles.  
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Figure 1. (A) An illustration of nanoparticles formed by PAMAM-Gd-DOTA/Cy3.5/PEG capable 

of dual fluorescence/MR imaging. (B) The synthetic scheme of PAMAM-Gd-DOTA/Cy3.5/PEG.
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Figure 2. (A) 1H NMR spectrum of PAMAM-DOTA/Cy3.5/PEG. (B) TEM images and (C) DLS 

analysis of the PAMAM-Gd-DOTA/Cy3.5/PEG nanoparticles demonstrated a relatively consistent 

spherical size. 
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Figure 3. Nanoparticle diffusion is hindered in brain. (A) Representative images after injection 

of Cy3.5-NP into 0.3% agarose for D or into somatosensory cortex for D*. (B) Fluorescence 

intensity data taken from A and fit to Fick’s Second Law (white dashed lines; 0° in agarose and 

60° in cortex). Data shown in color (agarose, red; cortex, green) matches curve fits (black) at each 

time point. Agarose curves flatten and broaden faster than cortex curves suggesting nanoparticle 

diffusion is hindered in brain compared to agarose. Values from these measurements return D = 

5.03 × 10-7 cm2/s and D* = 0.41 × 10-7 cm2/s.
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Figure 4. In vivo T1-weighted MRI of intracisternally-infused nanoparticles. (A-F) Representative 

mid-sagittal (~0.5 mm lateral to the midline) raw MRI slices (N=3) pre- intracisternal infusion 

(A), during the 50 minute infusion of dual-labeled nanoparticles (B,C) and for over one hour 

post-infusion (D-F). The percent change in signal intensity from the pre-infusion baseline was 

quantified for several CSF (G) and parenchymal (H) regions of interest from raw MRI sagittal 

or coronal slices (delineated according to (Pizzo et al., 2018)). Raw coronal MRI slices (I-L) and 

horizontal slices (M-P) also show cisternal and perivascular transport of the nanoparticles. (Q-T) 

Volume reconstruction of nanoparticle contrast enhancement with the pre-infusion baseline data 

subtracted over time; the ventral view reveals nanoparticle signal associated with the basilar 

artery, circle of Willis, and laterally branching middle cerebral arteries as well as drainage along 

the olfactory nerves. CM: cisterna magna; v. SAS: ventral spinal subarachnoid space; IPC: 

interpeduncular cistern; AC: ambient cistern; QC: quadrigeminal cistern; OFC: olfactofrontal 

cistern; d. SAS: dorsal spinal subarachnoid space; ON: olfactory nerves; trigem: trigeminal nerves; 

cbm: cerebellum; CPu: caudoputamen; ctx: cortex; OBs: olfactory bulbs. 
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Figure 5. Ex vivo whole brain surface distribution of nanoparticles and olfactory drainage. 

Following intrathecal infusion of nanoparticles and MR imaging, two animals were perfused and 

fixed 100 minutes post-infusion for correlative ex vivo fluorescence of the dorsal (A) and ventral 

(B) whole brain. Perivascular signal was associated with major surface and some veins (C), 

correlating with Figure 4 Q-T, nerves (e.g., hypoglassal nerves; D), and veins (e.g., the caudal 

rhinal vein; E). A major drainage pathway for CSF-infused nanoparticles appeared to be via the 
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olfactory pathway, resulting in fluorescent signal predominantly associated with the olfactory 

mucosa of the nasal passages, and downstream signal in the superficial cervical lymph nodes 

(SCLN; G) and deep cervical lymph nodes (DCLN; I). OFC: olfactofrontal cistern; MCA: middle 

cerebral artery; SCV: superior cerebral veins; QC: quadrigeminal cistern; CM: cisterna magna; 

olf. nerves: olfactory nerves; bas: basilar artery; vert: vertebral arteries; hypo: hypoglossal nerves; 

CRV: caudal rhinal vein.
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Figure 6. Ex vivo fluorescence imaging of coronal brain sections following intrathecal infusion 

and in vivo MR imaging. (A-J) Preliminary results showed fluorescent nanoparticle signal was 

evident in the brain, showing strong signal associated with the pial brain surface, periventricular 

white matter signal associated with the lateral ventricles, and scattered signal along perivascular 

spaces from the olfactory bulbs to the spinal cord (N=2). 
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Figure 7. Confocal microscopy of perivascular nanoparticles along the entire vascular tree. 

Representative coronal brain sections were stained with DAPI (to label all cell nuclei; blue) and 

confocal imaging performed to visualize perivascular nanoparticle signal (red; N=2). Nanoparticles 

were present around vessels of all caliber (based on size and morphology), including leptomeningeal 

arteries (A-C), putative parenchymal arterioles (D-F), putative parenchymal venules (G-I), and 

microvessels (J-L) less than 10 nm in diameter. ACA: anterior cerebral artery; ICA: central internal 

carotid artery; d.l.: dorsolateral; v.l.: ventrolateral. 
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These studies have provided critical new information regarding CSF-to-brain transport of large 

macromolecules, and likely shed light on the transport processes expected to govern therapeutic 

distribution in the brain. Key findings of this work suggest that CSF-to-brain macromolecule 

transport: i) is limited to superficial diffusion at brain-CSF interfaces, ii) is rapid and relatively 

size-independent along perivascular spaces in the brain, iii) exhibits size-dependent access to 

cerebral perivascular spaces, ii) can be enhanced by osmotic strategies to improve perivascular 

access for large substances, iv) involves receptor-mediated entry of species-matched IgG into the 

perivascular spaces, and v) is significantly reduced within the brain in disease, in this case a model 

of primary brain cancer. We also demonstrated perivascular distribution of endogenous IgG in the 

brain, which, in combination with the intrathecal data, suggests these pathways are available to 

therapeutic antibodies in the CSF. These experiments have revealed several delivery factors that 

may determine the success or failure of intra-CSF clinical trials for biologics—successful delivery 

may rely on smaller macromolecules that efficiently access perivascular spaces and diffuse into 

the parenchyma or species-specific binding that improves perivascular access and distribution, but 

failure may be attributed to poor delivery of large macromolecules which are unable to access 

perivascular spaces or significant disease pathology that disrupts CNS transport. We hypothesize 

perivascular access is key to therapeutic delivery because this rapid transport is likely scalable to 

large human brains, as demonstrated in larger mammals (Rennels et al., 1985; Jolly et al., 2011; 

Samaranch et al., 2013). Indeed, rapid perivascular transport along the vasculature could deliver 

drugs to the entire brain if: i) the perivascular spaces around every vessel in the brain are accessed 

to the level of the capillary and ii) the therapeutic substance is capable of diffusing out of the 

perivascular space into the neuropil (as each neuron in the brain is only ~10-20 µm from a capillary 
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(Wolak & Thorne, 2013)). Our data supports the possibility that pericapillary transport is possible 

for macromolecules ~4.5-13.5 nm in diameter.  

 

The experiments of the present work also revealed additional questions which are of interest to 

pursue in future studies, which will be the focus of the remainder of the Epilogue. Focusing first 

on Chapter 2, there are a clear number of manipulations to the CSF-infusion paradigm that would 

provide useful information, including site of administration, patient position, and volume/rate of 

administration. A few studies have demonstrated how the site of administration (e.g., 

intracerebroventricular (ICV) versus lumbar intrathecal) in rodents may influence distribution, 

with the most apparent difference being kinetics of distribution (e.g., time it takes administered 

substance to reach the cranial CSF, e.g., (Yang et al., 2013)). Trials in humans appear to use both 

routes frequently. For example, the enzyme cerliponase alfa (for treatment of neuronal ceroid 

lipofuscinosis type 2, a genetic whole-brain disorder) is infused into the ventricles (ICV), which 

hopefully targets as much of the brain as possible (BioMarin Pharmaceuticals, 2017). The 

antisense oligonucleotide nusinersen (for treatment of spinal muscular atrophy) is administered 

intrathecally at the level of the lumbar spinal cord and the primary targets are the spinal cord motor 

neurons (Biogen, 2016). However, the clinical trial using an antisense oligonucleotide for the 

potential treatment of Huntington’s disease (a whole-brain disease) is also being delivered by 

lumbar intrathecal injection (and is produced by the same company as nusinersen). It is unclear 

whether the route of administration is governed by company preference (as it may coincidentally 

appear) or by experimental evidence of delivery. In addition to the site of administration, the 

patient position during and after the administration may cause differences in drug distribution 

within the CNS (as demonstrated in rats (Lee et al., 2015)) but it is unclear if patient position is a 
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controlled variable in the clinical trials. Lastly, optimal volumes and rates of delivery into the CSF 

in humans is understudied, though it has been explored in rodents (Xu et al., 2011). Unfortunately, 

most clinical trial details (available at clinicaltrials.gov) regarding route, patient position, and 

volume/rate of administration are poorly described or not mentioned at all; indeed, many trials 

state ‘intrathecal’ delivery is used (indicating administration into the thecal sac, the dura 

enveloping the spinal cord and cauda equina), but further investigation (e.g., discovery of a 

published manuscript or abstract relating to trial) reveals ICV delivery via an Ommaya reservoir 

is the actual route. One must hope that these factors are indeed controlled variables. In any case, 

we need to determine the parameters of administration that will provide the best possible delivery, 

consistently, while minimizing risks and possible complications (e.g, potential for infection with 

indwelling catheters or invasiveness of procedures).  

 

Additional studies of molecular size and binding capacity are also of great interest. The probes 

used in our studies ranged from 4.5 nm to 13.5 nm and showed strikingly different brain 

distribution, particularly in terms of access to the perivascular spaces. Additional probes 

encompassing a wider breadth of molecular sizes (i.e., 1 nm to 20 nm to µm in size) and geometries 

(e.g., rod-shaped) representing the majority biologics would help further characterize perivascular 

accessibility. Additionally, our data demonstrated that full-length IgG (and nanoparticles, Chapter 

6) did not easily exit the perivascular spaces and diffuse across the astrocyte basement membrane 

into the surrounding neuropil, suggesting a size-dependent barrier. Knowledge of the size ‘cutoff’ 

for penetration through this basement membrane (and other basement membranes in the CNS) is 

important. In the present work all tracers were non-targeted and remained primarily extracellular, 

so further investigation of, for example, targeted monoclonal antibodies or enzymes which require 
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cellular internalization are of great interest. Indeed, ICV-infusion of brain-derived neurotrophic 

factor demonstrated significant binding to endogenous receptors that greatly impeded penetration 

into the brain, but could be blocked to allow for improved brain distribution (Yan et al., 1994; 

Croll et al., 1998).  

 

We demonstrated that pores or ‘stomata’ are present in the leptomeningeal cells around blood 

vessels on the surface of the brain, separating the CSF from the perivascular space. We hypothesize 

that these pores and their associated connective tissue may act to sieve molecules, allowing smaller 

substances in the CSF preferred entry into the perivascular space. Future examination of human 

tissue for these pores would be extremely valuable. We also showed that intrathecal co-infusion 

of mannitol potentially manipulates these cells (and/or their stomata) to increase access to the 

perivascular spaces for the larger IgG. Additional studies which would provide valuable 

information include: determining the mechanism of enhancement, investigating the optimal timing 

of administration, and probing the size range of molecules enhanced by mannitol infusion. As to 

the first point, we have performed preliminary scanning electron microscopy studies on two rats 

which were intrathecally-infused with hyperosmolar mannitol and found no obvious structural 

differences, but rigorous qualitative or quantitative studies of stomata size, number, density, or 

morphology have not been performed. It is also possible that intrathecal mannitol causes increased 

vesicular transport across leptomeningeal cells toward the perivascular spaces, as increased 

transcytosis has been demonstrated for the BBB with hyperosmolar arabinose (Vorbrodt et al., 

1994). As to the second point, we demonstrated that co-administration of hyperosmolar mannitol 

over the 50-minute infusion was capable increasing tracer delivery. However, knowledge of the 

optimal timing of mannitol administration (e.g., pre- or co-infusion) and the length of effect 
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(expected to be < 1 hour based on the effect of mannitol on the BBB (Rapoport et al., 1980)) would 

be exceedingly helpful. Lastly, it is of interest to determine the size-range of molecules that benefit 

from intrathecal mannitol infusion. Our preliminary experiments showed that intrathecally-infused 

molecules which entered the perivascular spaces relatively well (single-domain antibody and rat 

IgG) did not obviously benefit from intrathecal mannitol co-infusion, while the larger non-binding 

IgG experienced improved delivery. Substances the size of the nanoparticles used here (13.5 nm, 

Chapter 6) or greater (e.g., the size of viral vectors) would be primary candidates for these studies.  

 

Fluids and tracers appear to be cleared from the CNS via several routes. A very interesting study 

would be a quantitative analysis of tracer drainage along each route, e.g., the percentage of the 

administered dose reaching the nasal mucosa, cervical lymph nodes, arachnoid villi/granulations, 

dural lymphatics, or other cranial/spinal nerve associated routes. These, however, would be 

incredibly difficult experiments to perform due to the interconnectedness of these routes (which 

are also likely to have very different kinetics) and their widespread, pervasive, and complex 

anatomy (which poses a number of questions, e.g., How does one quantify clearance along 

minuscule dural lymphatic vessels around nerves? or How does one unambiguously sample the 

nasal mucosa?). A few studies have attempted this type of investigation in rats (Boulton et al., 

1999) and sheep (Boulton et al., 1996) but only focused on apparently major clearance routes, 

likely due to the stated difficulties distinguishing other routes (arachnoid/blood drainage versus 

cervical/spinal lymph drainage).  

 

Chapter 3 provided critical discussion regarding the recently proposed ‘glymphatic’ hypothesis 

(Iliff et al., 2012; Nedergaard, 2013; Jessen et al., 2015). A critical component of the hypothesis 
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is the involvement of the aquaporin-4 water channel localized to astrocyte end feet which wall-off 

the vasculature from the brain parenchyma. A recent study has failed to demonstrate differences 

in CSF-to-brain transport of intrathecal tracers in aquaporin-4 mice and rats (Smith et al., 2017) 

thus additional replication studies will need to be performed to determine the role of aquaporin-4 

in CNS transport. It is crucial that more experiments are conducted to understand changes in CSF 

physiology and flow dynamics in aquaporin-4 deficient animals and whether any compensatory 

changes in the brain/CSF occur. One aspect of the ‘glymphatic’ hypothesis that we feel that our 

data can address is the suggested ‘bulk flow’ of fluid through the neuropil. We developed a method 

to characterize diffusion gradients at the brain-CSF interface (Wolak et al., 2015; Pizzo et al., 

2018) based on an older method using radiolabeled compounds (Patlak & Fenstermacher, 1975). 

An excellent fit between the data and the modeled diffusion coefficients suggests that the transport 

occurring at the brain surface is indeed diffusion. In theory, the same technique could be applied 

to the diffuse gradients around perivascular spaces observed for the single-domain antibody. 

However, the assumptions of the diffusion models we used may not truly be valid for this case, 

thus the infusion paradigm and model would need to be developed further. This could shed light 

on whether the transport of molecules out of the perivascular space and into the brain parenchyma 

are indeed diffusive in nature, or whether the bulk flow suggested by the ‘glymphatic’ hypothesis 

is possible.  

 

In Chapter 4 we first revealed that species-matched rat IgG possessed an enhanced ability to enter 

the perivascular spaces from the CSF compared to a species-matched IgG and demonstrated that 

perivascular access was significantly reduced when an excess of unlabeled rat IgG was co-infused. 

This suggested that a Fc receptor-mediated mechanism shuttled IgG into the perivascular spaces, 
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probably for the physiological purpose of surveillance for antigens. We speculate that FcRn is 

involved in transcytosis of IgG due to its transcytotic role elsewhere in the body (e.g., (Hemmings 

& Brambell, 1961; Brambell, 1969; Simister et al., 1996)), but each step should be unambiguously 

demonstrated. Confocal imaging could demonstrate if colocalization of IgG and FcRn occur and 

electron microscopy could confirm if vesicular transport occurs; immuno electron microscopy 

could also be a useful tool for these studies. Alternatively, antibodies that specifically bind to only 

FcRn or only Fcg receptor (e.g., (Adolfsson et al., 2012)) could help probe which receptors are 

involved. Also, our study utilized a polyclonal mixture of IgGs, but monoclonal antibodies are 

used therapeutically. There are a number of IgG-specific factors that have been demonstrated to 

impact IgG interactions with Fc receptors, and thus may result in altered CSF-to-brain distribution, 

including IgG isotype, glycosylation, and receptor affinity (Jefferis, 2012). It would be of great 

interest to study each of these factors. In particular, we have speculated a role for FcRn in the 

transcytosis of IgG from the CSF into the perivascular spaces, thus it would be intriguing to study 

the delivery of (engineered) antibodies with various affinities for FcRn.  

 

Our first experiments in a disease model were also described in Chapter 4. Infusions of rat IgG 

(which showed exceptional perivascular access in normal rats) into rats bearing human glioma 

tumors showed a widespread reduction in perivascular signal and a lack of IgG signal within the 

tumor borders. Several factors which could contribute to these transport alterations include tumor 

pressure, tumor type/invasiveness, and structural changes within the tumor or adjacent brain. It has 

been demonstrated that the interstitial pressure of the tumor can greatly exceed that of the 

surrounding brain due in part to leaky tumor vasculature allowing fluid to flow across the blood-

tumor barrier and a lack of lymphatic drainage (Baxter & Jain, 1989; Ferretti et al., 2009; 
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Stylianopoulos et al., 2013). This might suggest that intrathecal IgG coming from the CSF would 

be pushed away from the tumor and intrathecal mannitol may encourage this tumor à CSF 

gradient. An interesting experiment would be to administer systemic mannitol (or another 

hyperosmolar solution) to reverse this gradient, perhaps encouraging CSF à tumor transport of 

fluid. Indeed, it has been demonstrated that tumor interstitial pressure appears to be reduced in 

patients receiving mannitol, dexamethasone, and furosemide to decrease brain edema (Boucher et 

al., 1997). The cell line (U87) and method of cell culture used in our study created isolated large 

tumor masses in the brain of rodents; this is not representative of many glioblastomas in humans 

which display irregular borders and tumor cells infiltrating along the vasculature. Future studies 

could investigate the impact of cell lines/patient-derived tumor cells grown in spheroid culture or 

genetically engineered animal models with de novo brain tumor growth on the brain and tumor 

distribution of intrathecally-administered macromolecules. Additionally, the structural changes to 

the meninges and perivascular space associated with brain tumors and the expression of Fc 

receptors in brain tumors/adjacent normal brain are not well-studied but could severely impact 

perivascular access and transport and are of significance to investigate.  

 

Chapter 5 revealed that endogenous serum proteins (IgG and albumin) are readily detected in the 

brain tissue of normal animals and we discussed possible routes for serum proteins to enter the 

brain (e.g., across the choroid plexus). Some of the results are preliminary and require further 

replication and co-labeling with cell markers for other cell types in the brain, namely astrocytes 

and microglia/macrophages. An in-depth investigation of the proteins and receptors that bind to 

IgG and albumin in the brain (e.g., FcRn) is certainly warranted, thus we have been investigating 

this in our laboratory. However, it would be of interest to conduct these studies in numerous rodent 
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strains (as differences have been reported, e.g., in (Hazama et al., 2005)) and most importantly, in 

human brain tissue as well. It would be exciting to demonstrate whether similar perivascular 

localization of IgG occurs in the human brain, which may also suggest a mechanism for human 

IgG to enter the perivascular space and thus provide greater hope for widespread distribution of 

intrathecal IgG in humans.  

 

Chapter 6 demonstrated the distribution of the largest molecule we studied, a 13.5 nm nanoparticle 

labeled for MRI and fluorescence detection. This showed the phenomenal capacity to correlate 

across techniques, highlighting the importance of combined low- and high-resolution techniques 

for distribution studies. Interestingly, there were a fair number of perivascular profiles in these 

animals with signal often reaching far along the length of the vessel. This more ‘consistent’ signal 

along the perivascular spaces may be due to the significantly longer distribution time for the 

nanoparticles (150 minutes) versus our other tracers (80 minutes). Thus, it would be quite 

interesting to study the distribution of our protein tracers (single-domain antibody, goat IgG, and 

rat IgG) at different time points following intrathecal infusion. 

 

The present experiments are likely representative of how many proteins, depending on their size 

and binding characteristics, distribute between the CSF and brain. Thus, drugs that enter the CSF 

from any route of administration would be expected use these same mechanisms of distribution, 

i.e., systemically administered antibodies may reach the CSF and distribute along perivascular 

spaces (though at significantly lower concentrations than in the blood, see Chapter 5). The fact 

that many systemic antibody trials for Alzheimer’s disease have failed to reach their clinical end 

points (e.g., (Moreth et al., 2013)) may thus suggest that: i) insufficient quantities of the antibody 
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are reaching the brain, ii) distribution of the antibodies from CSF-to-brain is poor due to disease 

pathology, iii) the antibodies are not efficacious, or iv) the antibody target is not sufficiently 

contributing to disease/its removal does not alleviate disease. Insufficient delivery of the antibody 

to the brain seems highly likely, considering preclinical studies have demonstrated efficacy using 

intraparenchymal injection of antibodies in rodents (e.g., (Wilcock et al., 2003; Sudduth et al., 

2013)). A very exciting possibility for biotherapeutic drug delivery to the brain via the CSF is gene 

therapy. While the size of the vectors used to deliver a transgene are large (Davidson & Breakefield, 

2003) and would not be expected to distribute well within the parenchyma, a fascinating strategy 

could be to target vectors to large CSF-contacting surfaces of the brain (e.g., meninges, choroid 

plexus epithelial cells, or ependymal cells), where a transgene could be expressed and a protein 

(or modified/reduced size product) secreted (e.g., (Yamazaki et al., 2014; Hironaka et al., 2015)). 

Thus our data could also describe how proteins secreted into the CSF are expected to distribute 

throughout the brain, and highlights potential barriers to delivery.  

 

Altogether this collection of studies has provided some clarity regarding the pathways by which 

the CSF and the brain communicate, illuminating how therapeutic substances administered into 

the CSF may also access the brain tissue. It is apparent that much work is left to be done in this 

exciting area with the hope that each new piece of information can aid in the interpretation of 

clinical trial results and provide guidance for how to improve future studies.  
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