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Abstract
The prefrontal cortex (PFC) supports higher cognitive processes that are dysregulated in multiple
psychopathologies. Development of treatments for this form of cognitive dysfunction is hindered by our
limited understanding of the neurobiology of PFC-dependent cognition. Prior studies demonstrate the
medial PFC of rats contains a dense population of corticotropin-releasing factor (CRF) neurons.
Activation of caudal dorsomedial PFC (dmPFC) CRF neurons disrupts both working memory and
sustained attention via differing projection pathways. A series of studies was conducted to better
understand the neurobiology of CRF-dependent cognitive actions. We observed heterogeneity in the
neurochemical identity of caudal dmPFC CRF neurons: glutamatergic CRF (CRFgiu) neurons comprise a
majority (85%), while the remaining were identified as GABAergic (CRFgaga). Caudal dmPFC
CRFGaBa neuronal activation impaired working memory but not sustained attention, while CRFgu
neuronal activation impaired both. The working memory actions of both subpopulations were dependent
on caudal dmPFC CREF receptors. The regions involved in the sustained attention actions of CRFgu
neurons are unknown. Anterograde tracing demonstrated the lateral mediodorsal thalamus (MD)
receives a remarkably dense innervation from caudal dmPFC CRF neurons. Activation of CRF receptors
or caudal dmPFC CRF axons in the lateral MD impaired sustained attention. The sustained attention
actions of PFC CRFgiu neurons were associated with reductions in signal-related spiking activity of
caudal dmPFC neurons, event-independent increases in theta/alpha and decreases in beta/gamma
oscillatory power in the PFC, and an increase in reward-related theta/alpha frontothalamic synchrony.

These studies provide novel insight into the neurobiology of higher cognitive function.



Chapter 1

Introduction



1. The PFC and Cognition

The PFC plays a vital role in higher cognitive functions that guide goal-directed behavior,
particularly in the presence of distractors and ambiguity. Thus, lesions of the PFC impair performance in
tests of working memory, planning, and response selection (Funahashi et al., 1993; Passingham, 1975;
Tizard, 1958). These cognitive functions are supported by, or encoded in, the firing patterns of PFC
neurons. For example, foundational experiments in monkeys identified the presence of a subpopulations
of dorsolateral PFC neurons that display elevated firing during the delay period of working memory
tasks (J. M. Fuster & Alexander, 1971; Kojima & Goldman-Rakic, 1982). Similar delay-related neurons
were also identified in the medial PFC of rodents (Batuev et al., 1990; Devilbiss et al., 2012; Jung et al.,
1998). The sustained nature of delay-related firing is thought to involve recurrent circuitry within the
PFC (Datta & Arnsten, 2018; Devilbiss, Jenison, et al., 2012; Goldman-Rakic, 1995; Wang et al., 2013;
Wang, 2001). Subsequent studies identified subpopulations of PFC neurons tuned to different goal-
related stimuli such as reward and error cues, signals that predict outcomes, and periods of sustained
attention (Batuev et al., 1990; Devilbiss et al., 2017; Niki & Watanabe, 1979; Sakurai & Takahashi,
2006; Spencer et al., 2015; Watanabe, 1989, 1990, 1992; Wu et al., 2017). In addition to encoding of
cognitive task-relevant information in neural firing, fluctuations in local field potential (LFP)
oscillations and oscillatory synchrony have been proposed to reflect information processing in the PFC,
and connected regions, during cognitive task performance (Arski et al., 2021; Benchenane et al., 2011).

The PFC supports higher cognitive function via connections with a variety of cortical and subcortical
regions. This includes topographically organized projections to the striatum and medial dorsal thalamus
(MD). Thus, in rodents, the dorsomedial PFC (dmPFC) preferentially innervates the dorsomedial
striatum (dmSTR) and lateral MD and is closely associated with higher cognitive function, while the
ventromedial PFC (vmPFC) preferentially targets the ventromedial striatum (vmSTR) and medial MD,
and is associated with motivation/reward related processes (Chudasama & Robbins, 2006; Phillips et al.,
2021; Voorn et al., 2004). Consistent with this, extensive evidence indicates that inactivation or lesion of
the dmSTR or lateral MD lead to cognitive deficits comparable to those seen with manipulations of the
dmPFC (O’Callaghan et al., 2014; Wolff & Halassa, 2024). Moreover, dmSTR and MD neurons display

working memory-related activity similar to that observed in the PFC (Aosaki et al., 1995; Chiba et al.,



2015; J. M. Fuster & Alexander, 1973; Hupalo, Bryce, et al., 2019; Parnaudeau et al., 2018a; Rikhye et
al., 2018; Schmidt et al., 2019; Tanibuchi & Goldman-Rakic, 2003; Y. Watanabe & Funahashi, 2004,
2012). In addition to dorsoventral topography, the rat medial PFC also displays functional and
anatomical topography in the rostrocaudal dimension. For example, limited anatomical studies show
denser projections from rostral prelimbic PFC areas to rostral portions of the nucleus accumbens and
medial MD, while caudal prelimbic PFC sends projections to dorsal nucleus accumbens, caudal dorsal
STR, and lateral MD (Gorelova & Yang, 1996; Hoover & Vertes, 2007; Sesack et al., 1989a).
Additionally, pharmacological manipulations across dorsal vs. ventral and rostral vs. caudal medial PFC

have been observed to elicit different behavioral actions (see below).

II. Catecholamine Modulation of PFC-Dependent Cognition

Extensive evidence indicates that PFC-dependent cognition is modulated by catecholamine signaling
within the PFC (Berridge & Arnsten, 2015). Thus, in tests of working memory, both low and high rates
of dopamine (DA) D1 receptor activation leads to impairment, while moderate rates of D1 receptor
activation supports high levels of performance (A. F. Arnsten et al., 2010, 2012; Vijayraghavan et al.,
2007). A similar inverted-U modulation of working memory is observed with norepinephrine (NE).
However, in this case optimal performance is dependent on high-affinity postsynaptic 02A receptors
while high rates of NE release engage working memory-impairing and lower affinity ol and 1
receptors (A. F. Arnsten, 2009a; A. F. Arnsten & Pliszka, 2011; Berridge et al., 2012; Paspalas et al.,
2013; M. Wang et al., 2007).

These behavioral actions of DA and NE receptors are paralleled by modulatory actions on coding
properties of PFC neurons. Thus, a2 receptors have been demonstrated to enhance the signal-to-noise
ratio of delay-related signaling by strengthening the activity of delay-tuned neurons, while a1 receptors
decrease this ratio by increasing the activity of neurons not tuned to delay (A. F. Arnsten et al., 2010,
2012; Gamo et al., 2010; Vijayraghavan et al., 2007). For DA, moderate levels of D1 receptor activation
suppresses the activity of neurons not tuned to delay while high rates of D1 receptor activation enhances
the activity of the broader population of PFC neurons (A. F. Arnsten et al., 2012; Vijayraghavan et al.,

2007).



Importantly, there exists heterogeneity in the receptor mechanisms regulating distinct PFC-
dependent cognitive processes. Thus, while NE al receptors impair working memory, they facilitate
both focused and flexible attention (Lapiz & Morilak, 2006; Spencer & Berridge, 2019). Consistent
with the above-described functional topography of the medial PFC in rodents, the cognitive actions of
PFC catecholamines are topographically organized. Thus, dorsoventrally, catecholamines act in the
dmPFC, but not vimPFC, to modulate working memory and sustained attention (Spencer & Berridge,
2019; Arnsten et al., 1999) while, rostrocaudally, NE acts in the caudal, but not rostral, dmPFC to

modulate sensory gating (Alsene et al., 2011).

II1. Corticotropin Releasing Factor and Regulation of Cognition

Corticotropin releasing factor (CRF) is a 41-amino acid neuropeptide released by the hypothalamus
to regulate the pituitary-adrenal axis and the secretion of corticosteroids in stress (Deussing & Chen,
2018; Klavdieva, 1995). Following the isolation and characterization of CRF in 1981 (Vale et al., 1981),
it was discovered that CRF-synthesizing neurons and axons are found in a variety of extrahypothalamic
brain structures (Bale & Vale, 2004; Bloom et al., 1982; Deussing & Chen, 2018; Fink, 1981; Saffran et
al., 1955; Vale et al., 1981). These include the central nucleus of the amygdala, the bed nucleus of the
stria terminalis, and much of neocortex (Olschowka et al., 1982; Swanson et al., 1983a). Within the
cortex, CRF neurons are observed widely, and are particularly dense in the PFC. In rodents, CRF
neurons are found throughout the rostrocaudal extent of the medial PFC and across layers II, III, and V-
VI (Charlton et al., 1987; Sakanaka et al., 1987).

CRF binds to two receptors: CRFR; and CRFR; (Bale & Vale, 2004). Both receptors are G-protein
coupled receptors linked to either Gs, Gg, Gi, or G, intracellular signaling (Grammatopoulos et al.,
2001). In the rat, CRFR1 mRNA is present throughout the PFC, while CRFR2; mRNA is expressed in
very low levels (De Souza et al., 1985; Lovenberg et al., 1995a; Potter et al., 1994). As CRFR;has a
tenfold greater affinity for CRF than CRFR,, CRFR; is considered the primary CRF receptor of the
rodent PFC (Perrin et al., 1995). Interestingly, in primates, both CRFR| and CRFR; are found in the

frontal cortex (Chalmers et al., 1995; Kostich et al., 1998; Van Pett et al., 2000).



PEC CRF and Cognition. Despite intense study of CRF in subcortical circuits, the actions of PFC

CRF have been largely overlooked for most of the past half-century. Limited studies demonstrate that
CREF acts within rodent PFC to modulate stress related behavior and physiology (George et al., 2012;
Meng et al., 2011a). However, until recently, the role of PFC CRF in higher cognition was unknown. A
series of recent studies by our lab demonstrate that both CRF neurons and receptors within the PFC
modulate higher cognitive function (Berridge et al., 2022; Hupalo et al., 2021; Hupalo, Martin, et al.,
2019; Hupalo & Berridge, 2016). To examine the cognitive actions of PFC CRF neurons, we developed
a dual viral approach in which the first virus encoded Cre-recombinase under the control of the CRF
promoter (AAV8-CRFp) while the second virus encoded excitatory (hM3Dq) or inhibitory (hM4D1)
DREADD receptors and a reporter protein, mCherry, in a Cre-dependent manner (AAV8-DIO-
hM3Dq/hM4Di). In male rats we observed that chemogenetic activation of caudal dmPFC CRF neurons
impaired working memory performance (Figure 1). Working memory impairment was not observed
when control virus lacking the DREADD transgene was infused into the caudal dmPFC (Figure 1) or
when CRF neurons in the rostral dmPFC or ventromedial (rostral or caudal) PFC were activated (Hupalo
et al., 2019). Working memory impairment elicited by activation of caudal dmPFC CRF neurons was
dependent on local (caudal dmPFC) CRF receptors in a PKA-dependent manner (Figure 2) and was
associated with a robust degradation in PFC neuronal coding of key task events (delay, reward; Figure 3;
Hupalo et al., 2019).

Additional studies demonstrated that activation and suppression of caudal dmPFC CRF neurons also
impaired and improved, respectively, performance in an operant signal detection task of PFC-dependent
sustained attention (Figure 4; Hupalo et al., 2021). However, despite the similar actions of caudal
dmPFC CRF neurons across working memory and sustained attention, these actions were dependent on
highly distinct projection pathways. Thus, the working memory impairing actions of caudal dmPFC
CRF neurons are dependent on local caudal dmPFC receptors, while the sustained attention effects of
these neurons was independent of PFC CRF receptors. Consistent with this, direct activation and
blockade of caudal, but not rostral, dmPFC CREF receptors (via local infusions of CRF or an antagonist)
impaired and improved working memory, respectively, while having no effect on sustained attention

(Figure 5).



Sex-Dependent Working Memory Effects of PFC CRF Neurotransmission. Sex differences exist in

certain actions of CRF (Bangasser et al., 2011, 2013; Valentino et al., 2013). We recently demonstrated
similar working memory effects of caudal dmPFC CRF receptor and neuronal manipulations between
male and female rats when female rats are tested outside of proestrus (Figure 6; Berridge et al., 2022).
During the 12- to 18-hour period of proestrus, when ovarian steroids reach peak levels, CRF effects on
working memory were not observed. A similar protective effect of high ovarian steroids against the
sustained attention-impairing actions of intracerebroventricularly (ICV) administered CRF has been
recorded (Cole et al., 2016a).

Translational Relevance. Collectively, these observations indicate that caudal dmPFC CRF neurons

modulate PFC cognitive function. Importantly, global blockade of brain CRF receptors via ICV
injection improves both working memory and sustained attention in male and female rats (Berridge et
al., 2022; Hupalo et al., 2021; Hupalo & Berridge, 2016). The procognitive actions of CRF antagonists
are similar to those seen for all ADHD-approved drugs in patients and healthy human and animal
subjects (Spencer et al., 2015). Thus, CRF may represent a useful target for the development of novel
cognitive enhancers for the treatment of PFC-dependent cognitive dysfunction.

Neurochemical Identity of PFC CRF neurons. While early studies noted the presence of CRF in

GABAergic neurons, subsequent studies demonstrated that CRF can also colocalize with glutamate
(Dabrowska et al., 2013; Helmeke et al., 2008; Mohila & Onn, 2005). In immunohistochemical studies,
we examined the extent to which caudal dmPFC CRF neurons co-express either of these
neurotransmitters. We observed that across the rostral/caudal dmPFC and ventromedial PFC ~85% (86 +
0.8% of 461 neurons; Figure 7a) of medial PFC CRF neurons are glutamatergic (CRFgn), putative
pyramidal projection neurons, while the remaining ~15% are GABAergic (CRFgaga), putative
interneurons (14 + 3.2% of 492 neurons; Figure 7b). In both these immunohistochemical and our prior
chemogenetic studies, we observed a surprisingly high density of CRF neurons within the medial PFC
not adequately described in the prior literature. This likely reflects the fact that the CRF antibodies used
to initially characterize CRF distributions lacked the sensitivity of those currently available. While the
antibody we have used has been well-validated (Das et al., 2007; Rajbhandari et al., 2015), to better

confirm our immunohistochemical and viral vector observations we developed a fluorescent in situ



hybridization (FISH) assay to detect CRF mRNA. We observed strong overlap with FISH and CRF
immunoreactivity (~98% = 1% of 4,454 neurons; Figure 7c). Collectively, these studies unambiguously
demonstrate a previously unrealized prominent presence of CRF-synthesizing neurons in the medial
PFC that is comprised of both CRFgi, and CRFgapa subpopulations. The fact that the working memory
effects of PFC CRF neurons are dependent on local receptors could argue for an involvement of
CRFgaBa neurons in the regulation of working memory. Given the sustained attention effects of PFC
CRF neurons are independent of local release this could suggest an involvement of CRFgi, neurons in
the regulation of this cognitive process.
Aims

The above reviewed studies demonstrate that caudal dmPFC CRF neurons regulate distinct PFC-
dependent cognitive processes via unique projection pathways. Currently, we lack an understanding of
the sustained attention actions of CRFgn vs. CRFgapa neural networks, the neural pathways associated
with PFC CRF neural modulation of sustained attention, and the neural coding effects of PFC CRF

neurons in sustained attention. The following aims are designed to address these issues.

1) Document the extent and expression of GABAergic and glutamatergic CRF neurons within
the PFC and characterize the role of caudal dmPFC glutamatergic and GABAergic CRF
neurons in working memory and sustained attention performance.

2) Examine the projections of PFC-CRF neurons, the actions of CRF receptor activation and
blockade in the MD and surrounding regions, and the effect of activating MD projecting
PFC-CRF neurons in working memory and sustained attention performance.

3) Determine the actions of caudal dmPFC CRFcun neurons on task-related
neurophysiological activity within the dmPFC - MD circuit in sustained attention-tested

animals.
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Figure 1: Chemogenetic activation of caudal dmPFC CRF neurons impairs working memory. A)
Schematic of dual viral vector system used to activate (44V8 CRF-Cre + hSyn-Dio-hM3Dgq) or inhibit
(CRF-Cre + hSyn-Dio-hM4Di) CRF neurons in the PFC. B) Photomicrograph depicting mCherry
expression in the caudal dmPFC from a CRF- hM3Dg-treated animal; scale bar = 200 um; cc: corpus
callosum. C) Collapsed 30 pm z-stack from inset in B, demonstrating mCherry colocalization (red) with
CRF-ir cells (green) and extensive overlap of the 2 signals (yellow); scale bar = 30 um. Additional
studies demonstrated the DREADD agonist, CNO, elicits Fos-ir in mCherry-positive cells in animals
treated with the excitatory DREADD virus (hM3Dq) but not viral controls (Hupalo et al., 2019). D)
Effects of chemogenetic activation of CRF neurons in the caudal dmPFC. Schematics: hM3Dq viral
spread (AP +3.2 to +2.2) from all animals tested. Bar graphs: CNO dose-dependently impairs task
performance relative to vehicle (n = 7) and CNO-treated viral control animals (n = 7; ‘control 3
mg/kg’). Similar effects were observed with CNO infusion into the caudal dmPFC (Intra-PFC). E)
Chemogenetic activation of CRF neurons in the rostral dmPFC (AP +4.2 to +3.2) has no significant
effects on task performance. F) Chemogenetic suppression of CRF neurons in the caudal dmPFC
improves task performance. Bars represent mean £ SEM percent change in accuracy relative to
baseline. *, ** *** P < 05, .01, .001 vs. vehicle; ©, ™ P < .05, .001 vs. viral controls. Data from
Hupalo et al., 2019.
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Figure 2. Working memory effects of PFC CRF receptors. A) Intra-caudal dmPFC CRF infusion
dose-dependently impairs working memory (see Hupalo & Berridge, 2016 for mapping data).
Photomicrograph of needle tract in 1 animal; Schematics indicate infusion sites. Bar graph depicts
%change from baseline (Vehicle, 25ng, 50ng, 100ng, 250ng CRF/500 nl). B) Intra-caudal dmPFC
infusion of non-selective CRF antagonist (D-Phe-CRF) and systemic administration of an R1-selective
CRF antagonist. C) improve working memory. Treatments were given 20 min. prior to testing. Note:
we minimize damage to the dorsal PFC using small (33 ga.) needles and only implanting cannula ~200
um past the dura. Needle tracts represent largest extent of damage in the PFC. From Hupalo & Berridge,

2016.
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Figure 3: Caudal dmPFC CRF neuronal activation degrades task-
related activity of dmPFC neurons. Recording arrays were implanted
into the caudal dmPFC following bilateral infusions of the excitatory
DREADD (hM3Dgq) or control viral vectors. >3 weeks later, animals were
treated with vehicle (VEH) or 3 mg/kg CNO. Shown are exemplar peri-
event time histograms (PETHs) for a putative pyramidal neurons strongly
tuned to delay (top row) or reward (bottom row). Bar graphs depict
effects of vehicle or CNO on task-related spiking activity. CNO
suppressed delay- (n=24-54/group) and reward-related (n=11- 24/group)
activity. Weaker to no effects were observed in the dmSTR (see 32). *,
*%% P < 05,.001 vs vehicle, *, 7 P <.05, 0.001 vs. virus control.
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Figure 4: Sustained Attention effects of caudal dmPFC CRF neuronal
activation. Depicted are the sustained attention impairing (4) and
improving (B) effects of activating or inactivating caudal dmPFC CRF
neurons as measured by d prime. A) Activation of caudal dmPFC CRF
neurons via systemic CNO impairs sustained attention at the highest dose
(~30% decrease relative to vehicle treatment (0 CNO). This effect was not
seen in viral control animals (grey bar), nor when activating rostral
dmPFC or vmPFC CRF neurons (data not shown, see Hupalo et al.,
2021). B) Inhibition of caudal dmPFC CRF neurons improved sustained
attention relative to vehicle (~20% increase), comparable to relevant seen
with clinically relevant doses of methylphenidate (Ritalin; Spencer et al.,
2015). ** P <.01 vs vehicle, ™" P <.01 vs control. Data from Hupalo et
al., 2021.
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Figure 5: Working Memory, but not Sustained Attention, effects of
caudal dmPFC CRF neurons are dependent on local CRF Receptors.
A) Animals received either a vehicle (VEH) or CRF antagonist, D-Phe-
CRF (100 ng/500nl bilaterally) into the caudal dmPFC prior to systemic
(sc) vehicle or CNO. Intra-PFC antagonist, but not vehicle, impairment
seen with CNO., B) Intra-PFC infusion of the CRF antagonist did NOT
block the sustained attention impairing effects antagonist did NOT block
the sustained attention impairing effects of the CRF antagonist did NOT
block the sustained attention impairing effects of CNO (Bi), while
systemic administration of a CRF antagonist did (Bii; NBI35965, 1
mg/kg). *, *** P <.05, 001 vs. vehicle. From Hupalo et al, 2019; 2021.
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Figure 6. Working memory actions of PFC CRF manipulations in Females. Ai) Top:
Photomicrograph of hM3Dq viral expression in caudal dmPFC. Botfom: Preliminary analyses indicated
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Aiii) Working memory impairment by 1mg/kg CNO is prevented by bilateral intra-caudal dmPFC
infusion of the CRF antagonist, D- Phe-CRF (100 ng, Antag) but not vehicle (Veh). B) Left: Bilateral
infusion of CRF into the caudal dmPFC (but not rostral, not shown) impaired working memory outside,
but not during, proestrus (at a lower dose than males). Right: Systemic administration of R1 antagonist
NBI35965, improved working memory at the highest dose of 20 mg/kg. Significant improvement in
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Berridge et al, 2022.
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Chapter 2
Neurochemical and Circuit Heterogeneity of Cognition-Modulating Prefrontal Corticotropin-
Releasing Factor Neurons

Spencer K. Cooke, Andrea J. Martin, Robert C. Spencer, Shannon E. Nicol, and Craig W. Berridge

Published in Biological Psychiatry, March 2025.
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Background: Impairment of prefrontal cortex (PFC)-dependent cognition is associated with multiple
psychiatric disorders. Development of more effective treatments for this form of cognitive dysfunction is
hindered by our limited understanding of the neurobiology underlying PFC-dependent cognition. We
previously identified a robust population of corticotropin releasing factor (CRF) neurons in the caudal
dorsomedial PFC (dmPFC) of rats that impair both working memory and sustained attention. Although
the working memory actions of these neurons involved local CRF release, the sustained attention actions
were not. These results suggest potential heterogeneity within this population of CRF neurons, including
the potential existence of both GABAergic (CRFgaBa) interneurons and glutamatergic (CRFg) CRF

projection neurons.

Methods: Immunohistochemical analyses first identified both CRFGasa and CRFgiu neurons in the
caudal dmPFC. Intersectional viral vector chemogenetic approaches were then used to assess the effects
of activating caudal dmPFC CRFgn and CRFgaBa neurons on working memory and sustained attention

in males and females (tested outside of proestrus).

Results: CRFgn neurons comprised a majority (85%) of caudal dmPFC CRF neurons, while remaining
were identified as CRFgaga neurons. For both females and males, activation of caudal dmPFC CRFgaga
neurons impaired working memory but not sustained attention, while activation of CRFgn neurons
impaired both working memory and sustained attention. Interestingly, the working memory actions of

both CRFgasa and CRFGn neurons were dependent on local CRF receptors.

Conclusion: These results advance our understanding of the neurobiology of PFC-dependent cognition

and potential mechanisms through which cognitive dysfunction could arise.
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Introduction

The prefrontal cortex (PFC) supports ‘executive’ cognitive processes that guide goal-directed
behavior, including working memory and sustained attention (J. Fuster, 2015; Goldman-Rakic, 1996;
Spencer & Berridge, 2019). While PFC-dependent cognitive dysfunction is associated with a diversity
of psychiatric disorders (Millan et al., 2012), treatment for this is currently constrained by a limited
understanding of the neurobiology that supports PFC-dependent cognition. Recent studies identify an
important role of PFC corticotropin-releasing factor (CRF) neurons in higher cognitive function
(Berridge et al., 2022; Hupalo et al., 2021; Hupalo, Martin, et al., 2019; Maltese et al., 2025). For
example, chemogenetic activation of CRF neurons in the caudal dorsomedial PFC (dmPFC) impairs
PFC-dependent working memory in rats, while inhibition of these neurons improves working memory
(Hupalo, Martin, et al., 2019). The working memory effects of caudal dmPFC CRF neurons involve
local receptors (Hupalo, Martin, et al., 2019; Hupalo & Berridge, 2016). Largely comparable working
memory effects of caudal dmPFC CRF neurons are observed across males and females, with the
exception of proestrus, during which CRF-dependent cognitive impairment was not observed (Berridge
et al., 2022). Caudal dmPFC CRF neurons exert similar modulatory actions on PFC-dependent sustained
attention (Hupalo et al., 2021). In contrast to working memory, these effects were not dependent on local
CREF receptors, consistent with the fact that direct activation of caudal dmPFC CRF receptors had no
effect on sustained attention (Hupalo et al., 2021; Hupalo & Berridge, 2016). Thus, while caudal dmPFC
CRF neurons similarly regulate working memory and sustained attention, these actions involve distinct
projection pathways.

The differential circuitry underlying the cognitive actions of caudal dmPFC CRF neurons suggests
heterogeneity within this neuronal population. Outside the PFC, CRF has been observed in both
GABAergic and glutamatergic neurons (Fudge et al., 2022; Tagliaferro & Morales, 2008; Valentino et
al., 2001). As GABA neurons often act locally, the dependency of the working memory actions of PFC
CRF neurons on local CRF receptors (Hupalo, Martin, et al., 2019) could suggest an involvement of
GABAergic CRF interneurons, although alternative possibilities exist. Consistent with this, studies with
transgenic mice indicate a majority of medial PFC CRF neurons are GABAergic (Chen et al., 2020; de

Ledn Reyes et al., 2023). However, the rich density of medial PFC CRF neurons we observed previously
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in outbred rats, many displaying features of glutamatergic pyramidal neurons, suggests these neurons are
unlikely to be largely GABAergic (5-7; unpublished observations). Thus, the extent to which caudal
dmPFC CRF neurons of animals used in our earlier studies are glutamatergic or GABAergic and
whether such subpopulations impact higher cognition are currently unknown. To address these issues,
we first examined the degree to which caudal dmPFC CRF neurons express immunohistochemical
markers for GABA or glutamate in male and female Sprague-Dawley rats. We observed both
glutamatergic (CRFgi) and GABAergic (CRFgaga) neurons in differing proportions within the caudal
dmPFC (85% and 15%, respectively). Additional studies examined the cognitive actions of these
neuronal subpopulations utilizing an intersectional viral approach to chemogenetically activate CRFgaga
or CRFgiu neurons in working memory- and sustained attention-tested males and females (outside

proestrus; 7).
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Methods and Materials
Animals.

Male and female Sprague-Dawley rats (8-12 weeks; Charles River, Wilmington, Massachusetts)
were pair-housed on a 13/11-hour light/dark cycle (lights on 0600). Food was restricted 4-7 days
following arrival (males, 15-19 grams/day; females, 10-13 grams/day). Animals were handled
extensively prior to training. Training/testing was conducted between 0800-1600 hours (5-7 days/week).
All testing in females occurred outside proestrus. Facilities and procedures were in accordance with the

National Institutes of Health and approved by an Institutional Animal Care and Use Committee.

Immunohistochemical analyses and cell counting.

Animals were anesthetized, transcardially perfused and 40-pm thick sections collected.
Immunohistochemical staining and cell counting were performed as previously described (Hupalo,
Martin, et al., 2019). Washed tissue sections were incubated with one of the following primary
antibodies: mouse anti-GAD67 (1:20000; EMD Millipore, Darmstadt, Germany, #MAB5406), mouse
anti-CaMKlIla (1:2000; Abcam, Waltham, MA, #ab22609), guinea pig anti-CRF (1:1000; Bachem,
Torrance, CA, #t-5007), rabbit anti-c-Fos (1:8000; EMD Millipore, #F7799), mouse anti-c-Fos (1:8000;
Biosensis, Thebarton, South Australia, #M-1752-100) or rabbit-anti hemagglutinin (HA; 1:2000; Cell
Signaling Technology, Danvers, MA, #3724s). Sections were incubated with the following secondary
antibodies: donkey anti-mouse (1:500; Life Technologies, Carlsbad, CA, #A21202, AF488), goat anti-
guinea pig (1:200; Life Technologies, # A11075, AF488), donkey anti-rabbit (1:500; Life Technologies,
#A10042, AF568) or donkey anti-rabbit (1:200; Life Technologies, #A21206, AF488). In the case of
HA, double immunolabeling was performed by staining first for HA and then for either CaMKlIla,
GADG67 or c-fos. 3-4 60X images were collected per section with a confocal microscope (3-5 tissue
sections/animal). Cells were counted only if there was a clear nucleus and when fluorescence was
clearly observed in the cytoplasm or nucleus (for Fos-ir). The percentage of double-labeled cells was

averaged for each animal and then averaged across animals.

Working memory testing.
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Animals were trained in a delayed non-match to position T-maze task of spatial working memory in
which animals alternate maze arm entry to receive a sucrose reward (45 mg pellet/trial) as previously
described (Berridge et al., 2006; Spencer et al., 2012). External spatial cues were masked and white
noise (60 dB) played above the center of the maze. Between trials, animals were placed in a start box at
the base of the maze, prevented from exiting by a removable gate. Following pretraining and surgery,
animals were trained with 20-trials/session and the introduction of a 10-second delay between trials. As
accuracy improves with repeated testing, delays were increased in 10-second intervals when needed to
maintain an accuracy range of 75-95% (delay range: 10-40 seconds). Treatments were given when
accuracy across the 2 prior days did not differ by greater than 10%. Results were analyzed as percent

change from baseline. Baseline was defined as the average performance of the 2 days prior to treatment.

Sustained attention testing.

Animals were trained in an operant-based signal detection task of sustained attention with 60dB
white noise as described previously (Bushnell, 1998; Hupalo et al., 2021). Across 100-trials, animals
pressed the right lever if they detected a brief LED signal of varying duration (7 signal lengths,
range=0.125-1.0-second, with replacement) that occurred randomly on one-half of the trials (“signal
trials”) and pressed the left lever if no light was detected (“no-signal trials”). Levers were projected after
a trial. Correct responses on signal trials (“hit”) and no-signal trials were rewarded (45-mg sucrose
pellet/trial, Bio-Serv, Frenchtown, NJ) and were followed by 5-second house light illumination.
Incorrect presses on signal trials and no-signal trials (“false alarms”) resulted in lever retraction and a 5-
second blackout. Upon failure to respond within 5-seconds of lever projection (“omission”), lever
retraction and a 5-second blackout ensued. Trials were separated by a variable inter-trial interval
averaging 14-seconds (minimum of 5-seconds). Once animals achieved three consecutive days of *70%
correct, they underwent surgery. Following recovery, animals resumed testing until pre-surgery
performance levels were achieved.

Measures of performance included probability of hits (number of hits/number of signal trials) and
false alarms (false alarms/no-signal trials), number of omissions, response latency, as well as the

stimulus detectability measure, d’, defined as Z(N)-Z(SN), where N=1-probability false alarms and
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SN=1-probability hits. Treatments were replicated. For each replication round, drug effects were

assessed relative to vehicle (Bushnell, 1998; Hupalo et al., 2021).

Surgery and Viral Infusions.

Animals were anesthetized with isoflurane and placed in a stereotaxic device (flat skull). A cocktail
of two viruses was infused into the caudal dmPFC for expression of designer receptors exclusively
activated by designer drugs (DREADDs; A+2.5; L+0.8; V£2.85). The first virus was always AAVS-
CRF-Cre (1.3x10"® ge/mL; Vector Biolabs, Malvern, PA). To visualize all CRF neurons, the second
virus was AAV8-hSyn-DIO-hM4Di-mCherry (premixed 1:2, 1.7 uL/hemisphere, 2.9x10'® ge/mL,
Addgene; 5). To activate CRFgapa neurons the second virus was AAV8-DIx-DIO-hM3Dg-mCherry
(premixed 1:1; 2.2 pL/hemisphere; 2.9x10'* gc/mL; Vector Biolabs). To activate CRF gy neurons, the
second virus was AAV8-CaMKIlo(1.3)-DIO-hM3Dg-woodchuck hepatitis virus post-transcriptional
regulatory element (WPRE)-HA (premixed 1:2, 1.7 pL/hemisphere, 1.5x10'* gc/mL, Vector Biolabs).
The reporter protein, HA, was used due to plasmid crowding associated with the inclusion of WPRE.
Viral controls lacked the DREADD transgene. Viruses were infused bilaterally at a rate of 0.25 pL/min
via 33ga. stainless-steel injectors that were left in place for at least 4-minutes following infusion.
Viruses were allowed to incubate for at least 3-weeks prior to testing. The extent of reporter protein
expression was mapped as described previously (Hupalo, Martin, et al., 2019).

Subsets of animals that received CRFgasa and CRFaru viral cocktails and were tested in working
memory were bilaterally implanted with 25ga. cannulae inserted ~200 mm below the dura over the

caudal dmPFC (A+2.5; L£0.8).

Drugs and treatments.

The DREADD agonist, CNO (clozapine-N-oxide dihydrochloride, Tocris, Bristol, UK), was
dissolved in 0.9% saline and administered subcutaneously 45-minutes before testing. Doses were based
on previous observations (Berridge et al., 2022; Hupalo et al., 2021; Hupalo, Martin, et al., 2019) and
limited pilot studies. Where appropriate, the CRF antagonist, D-Phe-CRF12.41 (human/rat, Bachem,

Torrance, CA), dissolved in 0.9% saline, was infused bilaterally into the caudal dmPFC via 33ga.
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stainless-steel infusion needles (2.5 mm projection; 0.5 mL at 0.25 pL/minute; 5). All treatments were

separated by at least 1-day.

Vaginal cytology.

Daily vaginal cytology tracked estrus cycle stage (Berridge et al., 2022). Estrus stage was first
estimated from wet samples collected within 1-hour prior to behavioral testing. If samples suggested an
animal was outside proestrus, testing ensued. Dried samples were later stained (Harris” Hematoxylin
Protocol, National Diagnostics, 2011) to confirm cycle stage. Results were analyzed only if stained

samples confirmed testing occurred outside proestrus.

Statistical Analyses.

Behavioral data were analyzed using a linear mixed-effects model in JMP® Pro Version 12.2.0
(SAS Institute Inc., Cary, NC). Treatment, and sex where applicable, were fixed effect factors and
animal was a random effect factor. For sustained attention round of replication was included as a fixed
effect covariate (Dixon, 2016). Multiple comparisons of either treatment or the treatment*sex interaction
using Holm-Bonferroni corrected t-tests were used to make planned comparisons between CNO
treatment levels and vehicle in hM3Dq treated animals. Corrected p-values are reported. The effects of

CNO in viral controls were compared to hM3Dq animals using planned comparison t-tests.
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Results
Neurochemical identity of PFC CRF neurons.

Immunohistochemical studies first examined whether caudal dmPFC CRF neurons co-express
markers of GABA (GAD67-ir) or glutamate (CaMKIla-ir). CRF neurons were identified using our
previously characterized viral cocktail that selectively expresses DREADDs/mCherry in CRF neurons
(Hupalo, Martin, et al., 2019). This approach was used given mCherry expression can be more robust
than CRF-ir, facilitating accurate cell counting. Our prior study demonstrated that virtually all (94+5%)
virus-labeled neurons colocalized CRF-ir (Hupalo, Martin, et al., 2019). The CRF antibody used in this
study had been validated via immunoadsorption (Das et al., 2007, p. 200). However, for the current
study we examined the extent to which labeling from this antibody overlaps with mRNA expression
using in situ hybridization (Supplemental Methods). We observed nearly complete (99+1%) overlap
between CRF-ir and CRF mRNA expression (Figure S1), further supporting the use of mCherry
expression to identify CRF neurons. In the caudal dmPFC, we observed GAD67-ir in 14+7% of
mCherry-positive neurons in males (Figure 1A; n=492 cells, 4-animals) and 16+£6% of mCherry-positive
neurons in females (n=667 cells, 3-animals). Additionally, we observed CaMKIla-ir in 86+6% of
mCherry-positive neurons in males (Figure 1B; n=461 cells, 3-animals) and in 85+5% of mCherry-
positive neurons in females (n=719 cells, 3-animals). Given these observations, we developed
chemogenetic viral vector approaches to selectively activate caudal dmPFC CRFgapa and CRFgn

neurons.

Cognitive actions of caudal dmPFC CRF4p4 neurons.

Viral validation. Three weeks following CRFgaga viral cocktail infusion into the caudal dmPFC

robust mCherry expression was observed within a radius of ~500 um, filling the majority of the caudal
dmPFC with minimal spread beyond (Figure 2A-C). Immunohistochemical analyses demonstrated viral
expression was selective for CRFgapa neurons (Figure 2Ai-Aii). Specifically, of mCherry-expressing
neurons, 93+5% colocalized GAD67-ir (n=897 cells, 3-males, 3-females), while 87+6% colocalized
CRF-ir (n=510 cells, 3-males, 2-females). Of CRF-ir neurons, 16+2% expressed mCherry (n=2821, 3-

males, 2-females). mCherry was observed in 80+7% of GAD67-ir neurons (n=677 cells, 2-males, 3-
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females). Additional studies assessed whether the DREADD agonist, CNO, activates CRFgapa neurons
as measured by Fos-ir. In CRFgaa-hM3Dq treated animals, 6 mg/kg CNO (maximally impairing dose
used in working memory studies) elicited clearly visible Fos-ir in 51+5% of 1324 mCherry-expressing

cells (3-male and 4-female animals; Figure 2Aiii). Prior studies observed virtually no Fos-ir in CNO-

treated viral control animals under identical conditions (Hupalo, Martin, et al., 2019).

Working Memory. To assess the working memory actions of CRFgapa neurons, males and females

received the CRFgaBa-hM3Dq virus cocktail bilaterally in the caudal dmPFC and were later tested
following treatment with vehicle or varying doses of CNO (Table 1A for group size). We observed a
significant effect of treatment (F3,6=8.818, p<0.0001) but not sex (F123=0.757, p=0.393) or a significant
treatment*sex interaction (F36=0.12, p=0.95). Specifically, chemogenetic activation of caudal dmPFC
CRFgaga neurons dose-dependently impaired working memory performance (Figures 2D, S2), with
maximum impairment at 6 mg/kg CNO relative to vehicle (males, ts¢=-3.420, p=0.004; females, ts7=-
3.100, p=0.009) and 6 mg/kg CNO-treated viral controls (males, tic=4.31, p<0.001; females, t20=2.150,
p=0.04). These effects were not associated with significant effects on run time (males, vehicle: 249+40s;
6 mg/kg CNO: 258+40s; F(1,10)-0.0533, p=0.8221; females, vehicle: 165+7s; 6 mg/kg CNO: 164+7s; F,
127-0.0115, p=0.9164).

Sustained Attention. In contrast to working memory, there was not a significant effect of treatment

(F2,66=0.713, p=0.494; Figures 2E, S2; Table 1B for group size), sex (F1,13=0.000093, p=0.992) or a
significant sex*treatment interaction (F2,6=0.348, p=0.707) for sustained attention as measured by d’. In
general, there were no significant effects of treatment, sex, or sex*treatment interactions on additional

measures of sustained attention performance (see Table 2).

Cognitive actions of caudal dmPFC CRF g, neurons.

Viral validation. Three weeks following CRFgr,-hM3Dq viral infusion into the caudal dmPFC there was

robust expression of the reporter protein, HA, that was limited to a radius of ~500 pm (Figure 3A-C). Of

HA-expressing neurons, 97+1% colocalized CaMKIla-ir (n=1079 cells, 3-males, 3-females), while
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100% colocalized CRF-ir (n=1368 cells, 3-males, 3-females; Figure 3Ai-Aii). Additionally, 95+2% of
CaMKIlIa-ir neurons colocalized HA-ir (n=1108 cells, 3-males, 3-females) while 88+3% CRF-ir neurons
colocalized HA-ir (n=1562 cells, 3-males, 3-females). In CRF-CaMKIla-hM3Dq treated animals
(males, n=2; females, n=4), 3 mg/kg CNO administered in the home cage (highest dose used for
working memory) activated PFC CRFagiy neurons, as measured by Fos-ir (62+5% of 1089 neurons;

Figure 3Aiii).

Working Memory. Males and females received bilateral intra-caudal dmPFC CRFg,-hM3Dq virus

cocktail and were later tested in working memory following vehicle or varying doses of CNO (Table 1A
for group size). CNO elicited a dose-dependent impairment in working memory (F34,=10.410,
p<0.0001; Figures 3D, S3) in the absence of a significant effect of sex (F1,14=0.003, p=0.960) or a
significant treatment*sex interaction (F34,=0.624, p=0.603). Maximum impairment was observed at 3
mg/kg CNO relative to vehicle (males, t42=-2.690, p=0.031; females, t42=-4.480, p<0.0003) or CNO-
treated viral controls (males, t14=-2.960, p=0.010; females, t14=-2.640, p=0.020). These effects were not
associated with significant effects on run time (males, vehicle: 223428s; 3 mg/kg CNO: 277+28s; F(1,

7=3.5175, p=0.1028; females, vehicle: 216+54s; 3 mg/kg CNO: 252+54s; F1,7-0.2456, p=0.6354).

Sustained Attention. In contrast to CRFgapa neuronal activation, CNO dose-dependently impaired

sustained attention as measured by d’ (F3,115=17.26, p<0.0001; Figures 3E, S3; Table 1B for group size),
with 6 mg/kg eliciting maximal impairment relative to vehicle (male, ti110=--4.08, p<0.0003; female,
t118=-5.75, p<0.0003) and viral controls (male, t;¢=-2.33, p=.017; female, t14=-3.05, p=0.004). Decreases
in d’ were associated with significant increases in false alarms and response latency, and not consistent
changes in omissions (Table 2B). There was not a significant sex*treatment interaction on the majority
of sustained attention measures. However, we did observe small, yet significant, interactions on
omissions (F3,116=4.42, p=0.0056), for which females displayed an overall greater number, and response

latency (F3,13177=13.55, p<0.0001), for which females had higher values overall.
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Are caudal dmPFC CREF receptors involved in the working memory effects of CRFcapa and
CRFciu neurons?

Prior studies demonstrated the working memory-impairing, but not sustained attention-impairing,
effects of caudal dmPFC CRF neurons are dependent on local CRF receptors (Hupalo et al., 2021;
Hupalo, Martin, et al., 2019). Thus, additional studies examined whether the working memory effects of
caudal dmPFC CRFgaga and/or CRFgiu neurons involve local CRF receptors. In the studies above, we
observed no sex differences. In our experience, female cognitive testing has been associated with greater
animal usage due to less than 100% accuracy in timing treatments outside of proestrus, more variability
in day-to-day performance, and consequently, more animal attrition due to infection. Therefore, to
minimize animal usage, for these studies all testing was conducted in males (Table 1C for group sizes).
Animals treated with the CRFgapa-targeting or CRFgr-targeting viral cocktails received bilateral intra-
caudal dmPFC infusions of either vehicle or the CRF-antagonist, D-Phe-CRF, immediately prior to
receiving systemic vehicle or the highest impairing dose of CNO identified in the studies above and
were tested 45-minutes later. A dose of D-Phe-CRF (100 ng/hemisphere) was used that was
subthreshold for improving working memory on its own, based on previous observations (Hupalo,
Martin, et al., 2019; Hupalo & Berridge, 2016) and limited pilot studies.

In CRFGaBa animals there was a significant treatment effect (F337=5.149, p=0.0045). In animals
treated bilaterally with intra-PFC vehicle, 6 mg/kg CNO elicited a significant impairment in working
memory relative to systemic vehicle treatment (t36=-3.760, p=0.0012; Figures 4A, S4). In contrast, in
animals treated bilaterally with intra-PFC infusions of D-Phe CRF, CNO treatment did not differ
significantly from vehicle treatment (t36=-1.120, p=0.2715; Figure 4A).

In CRFaiy animals there was a significant treatment effect (F3258=15.003, p<0.0001). In animals
receiving intra-PFC vehicle, 3 mg/kg CNO elicited a significant impairment in working memory relative
to systemic vehicle treatment (t24=-5.84, p=0.0002; Figures 4B, S4). In animals treated with intra-PFC
D-Phe-CRF, CNO did not significantly impair performance relative to systemic vehicle treatment (t26=-

1.80, p=0.0831; Figure 4B).
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Discussion

Our understanding of the neural mechanisms that support PFC-dependent cognition remains
limited. Although early studies identified CRF neurons and receptors in the PFC, their role in higher
cognitive function has only been explored relatively recently. Our prior studies demonstrate CRF
neurons in the caudal dmPFC of rats impair working memory and sustained attention via distinct
projection pathways, suggestive of heterogeneity within this neuronal population (Berridge et al., 2022;
Hupalo et al., 2021; Hupalo, Martin, et al., 2019). Consistent with this, the current studies observed that
the caudal dmPFC contains both CRFgaga and CRFaiu neurons, in varying proportions (~15% and
~85%, respectively). Additional observations demonstrate that CRFgapa neurons impair working
memory but not sustained attention, while CRFgiu neurons impair both cognitive processes. The working
memory effects of both CRFgaga and CRFgiu neurons were dependent on local CRF receptors.
Heterogeneity in caudal dmPFC CRF neurons, their cognitive actions, and circuitry underlying these

actions may allow for a more fine-tuned and context-dependent regulation of goal-directed behavior.

Robust and heterogeneous population of PFC CRF neurons.

While early anatomical studies indicated a prominent population of CRF neurons within the PFC,
details of this distribution were typically lacking (see 20,21). Additionally, many of these studies were
limited by the use of antibodies less sensitive than those available today, including those directed against
ovine CRF that display different properties than those directed against rat/human CRF (Rivier et al.,
1983; Skofitsch & Jacobowitz, 1985). The current and recent studies (Berridge et al., 2022; Hupalo et
al., 2021; Hupalo, Martin, et al., 2019) have identified CRF-expressing neurons in the medial PFC of
adult outbred rats using antibodies directed against rat CRF, in situ hybridization, and viral vectors
expressing CRF-dependent Cre-recombinase. These differing methods provide a remarkably consistent
picture of a highly dense population of CRF neurons distributed throughout the medial PFC spanning
layers II/III and V/VI. The current studies demonstrate that within the caudal dmPFC ~85% of CRF
neurons are glutamatergic and ~15% are GABAergic. While these studies did not analyze the
distribution of CRFgn and CRFgaga neurons throughout the medial PFC, we have observed a similar

density and distribution of CRF neurons throughout this region (Berridge et al., 2022; Hupalo et al.,
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2021; Hupalo, Martin, et al., 2019). Thus, it seems likely a similar pattern of CRFgi, and CRFgapa
neurons exists more broadly within the medial PFC.

The current results are in apparent contradiction with previous studies in transgenic Crh-IRES-
Cre;Ail4,Gad67-GFP mice that indicated the majority of medial PFC CRF neurons are GABAergic and
more densely located in layers II/III (Chen et al., 2020; de Ledn Reyes et al., 2023). However, it should
be noted that these studies did not validate the accuracy of this mouse line for identification of CRF or
GABA neurons either immunohistochemically or with in situ hybridization. This is a concern given
evidence indicates the Crh-IRES-Cre mouse line (used to create the crossed /IRES-Cre,; Ail4, Gad67-GFP
line) fails to label a sizeable proportion of CRF-ir neurons (Chen et al., 2020; Taniguchi et al., 2011; Y.
Wang et al., 2021). Future studies will need to examine the extent to which CRFg and CRFgasa

neurons exist in the PFC of other rat/mouse strains and other species, particularly primates.

Differing patterns of cognitive action of CRFciu and CRFcGaga neurons.

The current studies demonstrate that CRFgapa neurons impact working memory but not sustained
attention, adding to growing evidence for different neural mechanisms within the PFC regulating
working memory vs. certain forms of attention (sustained attention and flexible attention; 3,5,26-28),
but not other forms (selective attention; 29). In contrast to CRFgapa neurons, CRFgi, neuronal activation
impaired both working memory and sustained attention. Prior studies demonstrated the working
memory, but not the sustained attention, effects of non-selective activation of caudal dmPFC CRF
neurons are dependent on local receptors. The current studies further demonstrate the working memory
effects of both caudal dmPFC CRFg and CRFgaBa neurons involve local receptors. In rodents, CRF1
receptors are the dominant receptor in the PFC (Van Pett et al., 2000). These receptors are expressed by
a majority of PFC pyramidal neurons and to a lesser extent GABAergic neurons (Gallopin et al., 2006).
During the delay interval of working memory tasks, PFC pyramidal neurons display sustained discharge
(Goldman-Rakic, 1995). This activity is posited to maintain goal-related information in the absence of
sensory signals (Goldman-Rakic, 1995, 1999) and is influenced by GABAergic interneurons (Rao et al.,
2000). Elevated protein kinase-A (PKA) signaling in PFC pyramidal neurons impairs working memory
(Runyan et al., 2005; Taylor et al., 1999) and degrades delay-related activity (M. Wang et al., 2007).
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Consistent with these observations, our prior studies demonstrate the working memory impairing effects
of non-selectively activating caudal dmPFC CRF neurons are PKA-dependent and are associated with a
robust suppression of delay-related activity of dmPFC pyramidal neurons (Hupalo, Martin, et al., 2019).
These actions could well reflect, at least in part, actions of CRF1 receptors on pyramidal neurons.
Selective involvement of PFC CRF receptors and/or CRFgapa neurons in working memory, but not
sustained attention, could reflect the fact that these neurons/receptors interfere with the maintenance of
mental representations required for working memory but not sustained attention. The degree to which
CRFg and CRFGaBa neurons impact working memory related activity of PFC neurons remains to be
determined.

Given the above-described observations regarding the lack of involvement of local receptors in the
sustained attention actions of non-selective activation of caudal dmPFC CRF neurons, it is assumed the
sustained attention modulating effects of CRFgiu neurons involve CRF release outside the PFC. We
recently observed that caudal dmPFC CRF neurons provide a remarkably dense innervation of the lateral
portion of the mediodorsal thalamus (Cooke et al., 2022), a region critically involved in PFC-dependent
cognitive function (Parnaudeau et al., 2018b). Moreover, recent studies in our laboratory indicate that
CRF receptor activation in the lateral MD impairs sustained attention (Cooke et al., 2022). Thus, caudal
dmPFC CRFa neurons may influence sustained attention, and potentially working memory, via CRF

release within the lateral MD.

Translational relevance

Dysregulated PFC-dependent cognition is associated with multiple psychiatric disorders. The
current observations suggest CRFg and/or CRFgasa neurons could play a role in the etiology of one or
more of these disorders. Independent of etiology, targeting CRF neurotransmission may provide a new
approach for the treatment of PFC-dependent cognitive dysfunction. For example, we have
demonstrated that CRF receptor blockade globally within the brain improves both working memory and
sustained attention (Hupalo et al., 2021; Hupalo & Berridge, 2016), similar to all ADHD-approved
treatments (Spencer et al., 2015). The current observations suggest that targeting PFC CRFgaga or

CRFgn neurotransmission could provide for a more fine-grain tuning of PFC-dependent cognition.
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Moreover, evidence indicates a prominent role of glutamate and GABA neurotransmission in the
regulation of PFC-dependent cognition (Auger & Floresco, 2015; Lewis et al., 2008; Woo et al., 2022;
Yuen et al., 2012). The current observations provide additional support for this while also identifying a
need to understand the cognitive consequences of CRF-GABA and CRF-glutamate interactions within
and outside the PFC.

In primates, PFC pyramidal neurons in deep layer III may be particularly vulnerable in late
adolescence when schizophrenia typically manifests (A. F. T. Arnsten & Datta, 2024). Interestingly,
these neurons display an enhanced PKA-related transcriptome (A. F. T. Arnsten & Datta, 2024).
Moreover, at least within rodents, PFC CRF1 receptors are enriched in layers II/III (Van Pett et al.,
2000). Whether PFC layer III pyramidal or GABAergic neurons co-express CRF or its receptors in
primates remains to be determined. Additionally, acute and chronic stress impair PFC-dependent
cognition in a PKA-dependent manner (A. F. Arnsten, 2009b), consistent with PFC cognitive
dysfunction in stress related disorders (A. F. Arnsten, 2009b; Birnbaum et al., 1999; Devilbiss et al.,
2017b). Acute stress also increases levels of CRF and CRF1 receptors in the PFC (Meng et al., 2011b;
Uribe-Marifio et al., 2016) and PFC CRF1 receptors contribute to stress-related cognitive impairment
(Uribe-Marifo et al., 2016). Future studies will need to determine the extent to which stress impacts
CRFaiu and CRFGaga neurons and the potential involvement of these neuronal populations in stress-

related and other psychiatric disorders.
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Figure 1. Immunohistochemical identification of CRFcapa and CRFc neurons in the caudal
dmPFC. A) Schematics depicting the caudal aspect of the dmPFC that prior studies demonstrated
contain cognition modulating CRF receptors and neurons. These studies identified a region of the
dorsomedial PFC centered at ~AP+2.6 and spanning ~AP+3.0-2.2 that includes the dorsal anterior
cingulate and dorsal prelimbic PFC. B) Low-power photomicrograph depicting bilateral viral
expression (mCherry) within the caudal dmPFC using a 2-viral system that expresses DREADD
receptors in CRF neurons. C) Collapsed 2-pum z-stack photomicrographs from an animal treated with
the CRF-targeting DREADD viral cocktail depicting mCherry expression (left panel, red) and
GADG67-ir (middle panel, green) that colocalize in a merged image (right panel). Bar graphs depict
the percentage of CRF neurons (mCherry-positive) expressing GAD-67-ir (= SEM) for males and
females. Scale bars = 20 um. Arrows indicate exemplar double-labeled neurons. D) Collapsed 2-um
z-stack photomicrographs from an animal treated with the CRF-targeting DREADD viral cocktail
depicting mCherry expression (left panel, red) and CamKIla-ir (middle panel, green) that colocalize
in merged image (right panel). Bar graph depicts the percentage of CRF neurons (HA-ir) expressing
IC%HiK(}I-ir (£ SEM) for males and females. Scale bars = 20 pm. Arrows indicate exemplar double-
abeled neurons.
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Figure 2. Activation of caudal dmPFC CRFgasa neurons impairs working memory but not
sustained attention. Ai) Collapsed 2-pm z-stack photomicrographs from an animal treated with the
CRFgaBa-hM3Dq viral cocktail depicting mCherry expression (left panel, red) and GAD67-ir
(middle panel, green) that colocalize when the two images are merged (right panel). Aii) Collapsed 2-
um z-stack depicting mCherry expression (left, red) and CRF-ir (middle, green) colocalize when the
two images are merged (right). Aiii) CNO treatment in CRFgapa animals elicits neuronal activation
of mCherry-positive neurons (left, red), as measured by Fos-ir (middle, blue). Arrows indicate
exemplar double-labeled neurons. Scale bars =20 um. B) Low-power photomicrograph of bilateral
viral expression within the caudal dmPFC. C) Schematics depicting spread of CRFgapa-hM3Dq viral
expression in the caudal dmPFC from all males (left column) and females (right column) tested in
working memory (WM, top pair) and sustained attention (SA, bottom pair). D) Bar graphs depict the
working memory effects of vehicle (VEH) and varying doses of CNO in CRFgapa animals as
measured by the percent change from baseline. CNO dose-dependently impairs working memory
performance in both males and females (outside proestrus) treated with the CRFgaa-hM3Dq viral
cocktail relative to vehicle and 6 mg/kg CNO-treated viral control animals (Control). E) Bar graphs
depict the sustained attention effects for varying doses of CNO in CRFgapa animals calculated as a
percent change in d’ from vehicle treatment. CNO did not significantly affect this measure of
sustained attention performance in animals treated with the CRFgaa-hM3Dq viral cocktail relative
to vehicle and 6 mg/kg CNO-treated viral controls. Bars represent mean £ SEM estimated by the
linear mixed-effects models. See Figure S2 for individual conditional predicted values and tKeir
relationship with raw performance. = P < 0.01 vs. vehicle’ “"p < 0.05, 0.01 vs. viral controls. cc,
corpus callosum; CP, caudate-putamen; dAcg, dorsal anterior cingulate; IL, infralimbic PFC; PL,
prelimbic PFC.
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Figure 3. Chemogenetic activation of caudal dmPFC CRFcu neurons impairs both working
memory and sustained attention. Ai) Collapsed 2-um z-stack photomicrographs from an animal
treated with the CRFgr,-hM3Dq viral cocktail animal depicting HA expression (left panel, red) and
CaMKIla -ir (middle, green) that colocalize when the two images are merged (right panel). Aii)
Collapsed 2-um z-stack depicting HA expression (left panel, red) that colocalize CRF-ir (middle,
green) when the two images are merged (right panel). Aiii) CNO treatment in hM3Dq animals elicits
neuronal activation of HA-positive neurons, as measured by Fos-ir. Arrows indicate exemplar
double-labeled neurons. Scale bars =20 um. B) Low-power photomicrograph of bilateral viral
expression within the caudal dmPFC. C) Schematics depicting spread of CRFgi,-hM3Dq viral
expression in the caudal dmPFC from all males (left column) and females (right column) tested in
working memory (WM, top pair) and sustained attention (SA, bottom pair). D) Bar graphs depict the
working memory effects for vehicle (VEH) and varying doses of CNO in CRFgi, animals as
measured by the percent change from baseline. CNO dose-dependently impairs working memo
performance in both males and females (outside proestrus) treated wiﬂZ the CRFG,-hM3Dq vira
cocktail relative to vehicle and 3 mg/kg CNO-treated viral control animals (Control). E) Bar graphs
depict the sustained attention effects of varying doses of CNO in CRFgi, animals as measured as a
percent change in d” from vehicle treatment. CNO significantly impaired sustained attention
performance in animals treated with the CRFg,-hM3Dq viral cocktail relative to vehicle and 6 mg/kg
CNO-treated viral controls. Bars represent mean + SEM estimated by the linear mixed-effects
models. See Figure S3 for individual conditional predicted values and their relationship with raw
performance. ~ * P <0.05,0.01, 0.001 vs. vehicle; ""p <0.05, 0.01 vs. viral controls. cc, corpus
calg)sum; CP, caudate-putamen; dAcg, dorsal anterior cingulate; IL, infralimbic PFC; PL, prelimbic
PFC.
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Figure 4. Local CRF receptors contribute to the working memory actions of caudal dmPFC
CRFcaBa and CRFc neurons. Bar graphs depict the effects of bilateral intracaudal dmPFC
infusions of a CRF antagonist on the Worllj(ing memory effects of chemogenetic activation of caudal
dmPFC CRFgaga and CRFgiy neurons as measured by percentage change in accuracy from
baseline. Animals received bilateral infusions of either VEH (VEH iPF%) or the CRF antagonist D-
Phe-CRF (ANTAG iPFC) immediately before receiving either subcutaneous VEH (VEH SC) or
the hi%hest impairing dose of CNO (CNO SC). Animals were tested 45 minutes later. (A) In
animals treated with the CRFGapa-hM3Dq viral cocktail, intracaudal dmPFC CRF antagonist
1Erevented the working memory-impairing effects of CNO. (B) In animals treated with the CRFgju-
M3Dgq viral cocktail, intracaudal dmPFC infusion of the CRF antagonist prevented the working
memory effects of CNO. Bars represent mean = SEM percentage change estimated by the linear
mixed-effects models. See Figure S4 for individual conditional predicted values and their
relationship with raw performance. *xp < .01, **xp <.001 vs. VEH. ANTAG, antagonist; CNO,
clozapine N-oxide; CRF, corticotropin-releasing factor; dmPFC, dorsomedial prefrontal cortex;
G%BIIAX, gamma-aminobutyric acid; glu, glutamate; iPFC, intra-PFC; SC, subcutaneous; VEH,
vehicle.
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Table 1. Group Sizes for CRFgapa and CRFgiw Working Memory and Sustained Attention Experiments.

A. CRFGaBa & CRFGun Working Memory

Male-CRFcGaBa

Male-Control

Treatment | Saline | 3 mg/kg CNO | 6mg/kg CNO | 9 mg/kg CNO | Saline | 6 mg/kg CNO
n 11 11 10 11 8 8
Female-CRFcaga Female-Control
Treatment | Saline | 3 mg/kg CNO | 6 mg/kg CNO | 9 mg/kg CNO | Saline | 6 mg/kg CNO
n 14 13 12 13 8 8
Male-CRFau Male-Control
Treatment | Saline | 1 mg/kg CNO | 3 mg/kg CNO | 6 mg/kg CNO | Saline | 3 mg/kg CNO
n 8 8 8 8 8 8
Female-CRFcaga Female-Control
Treatment | Saline | 1 mg/kg CNO | 3 mg/kg CNO | 6 mg/kg CNO | Saline | 3 mg/kg CNO
n 8 8 8 8 8 8




B. CRFcaBa & CRFcg Sustained Attention

Male-CRFGaBa Male-Control
Treatment | Saline 3 mg/kg CNO | 6 mg/kg CNO | Saline | 6 mg/kg CNO
n 7 7 7 7
Female-CRFcaga Female-Control
Treatment | Saline 3 mg/kg CNO | 6 mg/kg CNO | Saline | 6 mg/kg CNO
n 8 8 7 8
Male-CRFau Male-Control

Treatment | Saline | 1 mg/kg CNO | 3 mg/kg CNO | 6 mg/kg CNO | Saline | 6 mg/kg CNO

n 9 7 9 9 9

Female-CRFgu Female-Control

Treatment | Saline | 1 mg/kg CNO |3 mg/kg CNO | 6 mg/kg CNO | Saline | 6 mg/kg CNO

n 12 7 8 8 8
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C. CRFcgaBa & CRFcu Working Memory + Intra-PFC CRF Antagonist

CRFcnu

Treatment | CNO SC+ VEH | VEH SC + VEH | VEH SC + D-Phe CNO SC + D-Phe iPFC
iPFC iPFC iPFC

n 12 12 10 8

CRFGaBa

Treatment | CNO SC+ VEH | VEH SC + VEH | VEH SC + D-Phe CNO SC + D-Phe iPFC
iPFC iPFC iPFC

n 14 14 12 12

Shown are the group sizes of working memory and sustained attention tested males and females

receiving intra-caudal dmPFC viral cocktails for expressing excitatory DREADD receptors in CRFgasa-

and CRFg-neurons and the respective viral controls.



Table 2. Effects of Chemogenetic Activation of Caudal dmPFC CRFgaga and CRFgu Neurons on

Select Sustained Attention Performance Variables.

36

A.
Male CRFGasBa

Proportion Proportion Omissions

Hits False Alarms
Vehicle 60+7% T+2% 0.17+0.71
3 mg/kg CNO 58+7% 6+2% 1.18+0.71
6 mg/kg CNO 59+7% 8+2% 0.61+0.71
Vehicle-Control 64+5% 124+3% 0.19+1.59
6 mg/kg CNO-Control 62+5% 9+3% 0.88+1.63

Female CRFcaBa

Proportion Proportion Omissions

Hits False Alarms
Vehicle 59+6% 6+2% 0.38+0.64
3 mg/kg CNO 61+6% 11£2%" 1.37+0.67
6 mg/kg CNO 55+7% 5+2% 0.61+0.77
Vehicle-Control 65+4% 13+3% 2.55+1.45
6 mg/kg CNO-Control 67+4% 13+3% 3.62+1.48

B.
Male CRFaiu

Proportion Proportion Omissions

Hits False Alarms
Vehicle 70+£3% 8+4% 0.01+1.35
1 mg/kg CNO 70+4% 9+4% 0.09+1.54




37

3 mg/kg CNO 7243% 22+4%" 2.79+1.35™
6 mg/kg CNO 70+3% 21+4%" 0.45+1.35
Vehicle-Control 68+5% 11£3% 0.13+£1.52
6 mg/kg CNO-Control 64+5% 12+3% 0.09+1.50
Female CRFGiu
Proportion Proportion Omissions
Hits False Alarms
Vehicle 71+3% 8+3% 3.41+1.16
1 mg/kg CNO 71+4% 19+4%" 4.78+1.54
3 mg/kg CNO 794+3% 27+4% 3.94+1.40
6 mg/kg CNO 72+4% 36+4% " 8.73+1.41
Vehicle-Control 72+5% 9+3% 3.22+1.57
6 mg/kg CNO-Control 66+5% 9+3% 6.77£1.61
Response Latency
CRFGaga CRFcuu

Male Female Male Female
Vehicle 0.72 + 0.04 0.72 + 0.04 0.73 + 0.08 0.79 + 0.07
1 mg/kg - - 0.81 +0.08™" 0.95+0.07"*"
CNO
3 mg/kg 0.74 + 0.04 0.71 + 0.04 1.03 +£0.08™" 1.04 +0.07"""
CNO
6 mg/kg 0.75 + 0.04 0.66 +0.04™ 0.98 = 0.08"" 1.29+0.07"*
CNO

C.
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Shown are the mean (= SEM) effects of vehicle and varying doses of CNO on hits, false alarms and
response omissions in CRFgaga (A) and CRFgi, (B) male and females. Panels A and B also present the
effects of vehicle and the highest dose of CNO (6 mg/kg) in viral control treated animals. Panel C
presents the effects of these treatments on reaction time in CRFgapa and CRFgi, males and females.

FIEETEP <0.05, 0.01, 0.001, 0.0001 vs. saline.
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Supplemental Materials
Supplemental methods
In-situ hybridization.

Three 20-nucleotide probes labeled with digoxigenin (MicroSynth, Balgach, Switzerland) were
utilized, each targeting different portions of rat CRF mRNA (NCBI GenBank reference sequence:

NM 031019.2). Nucleotide sequences were taken from areas predicted to be unfolded (using RNA
Webserver), have melting temperatures between 65-75°C, be comprised of 40 to 60% guanine and
cytosine and have less than 0.001 affinity to non-CRF mRNA (NCBI BLAST). The three probes best
meeting these criteria were: 1) 5’-CAA CCU CAG CCG AUU CUG AU-3’, 2) 5’-CGG CUA ACU
UUU UCC GCG UG-3’, and 3) 5'-GAG AGC CUA UAU ACC CCU UA-3". The reverse sequences of
each probe served as a control (‘sense’ probes).

Animals were anesthetized, transcardially perfused and 40-pm thick sections collected through the
PFC. In situ hybridization was conducted as described previously (Ritchie et al., 2024; Zhao et al.,
2013). Briefly, tissue was serially washed with: 1) diethyl pyrocarbonate (DEPC)-treated 0.2 M PBS, 2)
3% H202; 3) 0.2 M HCI, and 4) 0.25% acetic anhydride. Hybridization occurred at 60°C with a probe
concentration of 0.1 pg/mL in hybridization buffer (Ritchie et al., 2024; Zhao et al., 2013) over 18-24
hours. Tissue was washed with gradients of standard citrate saline and unbound oligonucleotide probes
were digested with RNAse A (20 pg/mL; Roche, Indianapolis, IN). Probes were visualized using anti-
digoxigenin antibodies (1:100; Roche, #11207733910) and tyramide amplification of cyanine 3 (Akoya
Biosciences, Marlborough, MA, #NEL744001KT). Immunohistochemical labeling of CRF was
conducted immediately following in situ hybridization. Tissue sections were washed before incubation
with guinea pig anti-CRF (1:1000; Bachem, Torrance, CA, #t-5007). Sections were then incubated with
goat anti-guinea pig antibody (1:200; Life Technologies, # A11075, AF488). 3-4 60X images (ImageJ,
NIH) were collected per section with a confocal microscope (3-5 tissue sections/animal). Cells were
counted only if there was a clear nucleus and were considered double-labeled only when fluorescence
was clearly observed in the cytoplasm or nucleus (for Fos-ir) within the same cell. The percentage of

double-labeled cells was averaged for each animal and then averaged across animals.
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Mergeds

Figure S1. Strong overlap between CRF mRNA and CRF-ir in the caudal dmPFC. Shown are 2-
pm-z-stacks from caudal dmPFC tissue sections showing labeling for CRF-ir (left panel, green), CRF
mRNA (middle, red) and the overlap of the two (right panel). Cell counts indicated 97 + 1% of CRF
mRNA-containing neurons also co-expressed CRF-ir (Ir)1=1541 cells, 2 males, 2 females), while 99 +
1% of CRF-ir neurons co-expressed CRF mRNA (n=1531 cells, 2 males, 2 females). When
combined with earlier observations, these studies demonstrate a robust population of CRF neurons in
the medial PFC. Scale bars =20 um.
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Figure S2. Relationship between conditional predicted and raw performance values for caudal
dmPFC CRFcaBa experiments. Scatter plots depict the relationship between raw performance data
(working memory = }: change baseline; sustained attention = d’; .X-axis) and model generated
conditional predicted values (Y-axis) for A)working memory and B) sustained attention experiments
in caudal dmPFC CRFgapa DREADD animals treated with vehicle and varying doses of CNO. Lines
of best fit and their 95% confidence intervals (gray shading) are indicated.
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Figure S3. Relationship between model predicted and raw performance values for caudal
dmPFC CRFaiu experiments. Scatter plots depict the relationship between raw performance data
(working memory = % change baseline; sustained attention = d’; X-axis) and model generated
conditional predicted values (Y-axis) for A) working memory and B) sustained attention experiments
in caudal dmPFC CRFgiu DREADD animals treated with vehicle and varying doses of CNO. Lines of
best fit and their 95% confidence intervals (gray shading) are indicated.
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Figure S4. Relationship between model predicted and raw performance values for intra-caudal
dmPFC CRF-antagonist experiments. Scatter plots depict the relationship between raw
performance data (workin§ memory = % change baseline; X-axis) and moc{)el generated conditional
predicted values (Y-axis) for intra-caudal dmPFC vehicle vs. CRF antagonist in working memory
tested CRFgapa A) and CRFgi, B) animals. The lines of best fit and their 95% confidence intervals
(gray shading) are indicated.
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Chapter 3
Prefrontal Cortex Corticotropin-Releasing Factor (CRF) Neurons Disrupt Sustained Attention,
but Not Working Memory, Via the Mediodorsal Thalamus

Spencer Cooke, Andrea J. Martin, and Craig W. Berridge

Unpublished manuscript
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Abstract
Background: The prefrontal cortex (PFC) supports higher cognitive processes that are dysregulated in
multiple psychopathologies. Prior studies demonstrate the medial PFC of rats contains a dense and
heterogeneous population of corticotropin-releasing factor (CRF) neurons. Activation of caudal
dorsomedial PFC (dmPFC) CRF neurons disrupts both working memory and sustained attention. The
working memory effects involve both glutamatergic (CRFgi) and GABAergic (CRFgasa) CRF neurons
that act at receptors within the caudal dmPFC. In contrast, the sustained attention actions only involve
CRFaiu neurons and are independent of local caudal dmPFC receptors. The neurocircuitry involved in

CRFg neuronal modulation of sustained attention is currently unknown.

Methods: Viral vectors were used to anterogradely label caudal dmPFC CRF neurons. Intra-tissue
infusions of CRF or clozapine-N-oxide (CNO) in CRF-hM3Dq animals, were performed in sustained
attention- and working memory-tested animals. In additional studies, electrophysiological recordings
and chemogenetic activation of caudal dmPFC CRFg neurons were used in sustained attention tested

animals.

Results: The lateral mediodorsal thalamus (MD) receives a dense innervation from caudal, but not
rostral, dmPFC CRF neurons. Intra-lateral MD CRF or CNO impaired sustained attention. In contrast,
CREF infusions into the lateral MD had no effect on working memory. The sustained attention actions of
PFC CRFai neurons were associated with reductions in signal-related spiking activity of caudal dmPFC

neurons as well as robust increases in theta/alpha oscillatory activity in the PFC-lateral MD circuit.

Conclusion: Combined, these studies provide novel insight into the neurobiology of higher cognitive

function and neurocircuitry that could contribute to cognitive dysfunction.
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The prefrontal cortex (PFC) and extended circuitry support executive cognitive processes, including
working memory and sustained attention, that are dysregulated in multiple disorders (J. Fuster, 2015;
Goldman-Rakic, 1996; Spencer & Berridge, 2019). Our incomplete understanding of the neural
mechanisms supporting PFC-dependent cognition limits the development of more effective treatments
for PFC-dependent cognitive dysfunction. Accruing evidence demonstrates potent cognitive actions of
prefrontal corticotropin releasing factor (CRF) neurons (Berridge et al., 2022; Chen et al., 2020; Cole et
al., 2016b; Cooke et al., 2025; de Le6n Reyes et al., 2023; Hupalo et al., 2021; Hupalo, Martin, et al.,
2019; Hupalo & Berridge, 2016). In particular, previous studies in outbred rats demonstrate an
extremely dense population of medial PFC CRF neurons and that activation or inhibition of CRF
neurons in the caudal dorsomedial PFC (dmPFC), but not other quadrants of the medial PFC, impairs or
improves, respectively, both working memory and sustained attention (Berridge et al., 2022; Cooke et
al., 2025; Hupalo et al., 2021; Hupalo, Martin, et al., 2019). Similar cognitive actions are observed in
males and females, with the exception of proestrus, when CRF manipulations do not affect PFC-
dependent cognition (Berridge et al., 2022). Interestingly, the working memory, but not sustained
attention, actions of caudal dmPFC CRF neurons are dependent on local CRF receptors (Berridge et al.,
2022; Hupalo et al., 2021; Hupalo, Martin, et al., 2019), indicative of heterogeneity in the projection
pathways underlying the different cognitive actions of these neurons. Consistent with this, subsequent
studies demonstrate that approximately 85% of PFC-CRF neurons are glutamatergic (CRFg), while the
remaining are GABAergic (CRFgaga; Cooke et al., 2025). Moreover, while chemogenetic activation of
CRFgaBa neurons impairs working memory only, CRFgn neuronal activation impairs both cognitive
processes (Cooke et al., 2025). The working memory actions of both CRF subpopulations are dependent
on CRF receptors in the caudal dmPFC (Cooke et al., 2025). Currently, the projection targets involved in
the sustained attention actions of PFC CRFg neurons are unknown, representing a significant lacuna in
our understanding of the neurobiology of PFC-dependent cognition.

To initially address this issue, the axonal projection patterns of caudal dmPFC CRF neurons were
examined using a CRF-specific viral-based anterograde labeling approach. Caudal dmPFC CRF neurons
were observed to provide a remarkably dense innervation of the lateral aspect of the mediodorsal

thalamus (MD), a region that plays a critical role in PFC-dependent cognition (Bolkan et al., 2017;
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Broussard et al., 2006; Bucci, 2009; Mantanona et al., 2020a; Ouhaz et al., 2018; Saalmann, 2014; Sarter
et al., 2001; Schmitt et al., 2017; M. Watanabe, 1989; Wolff & Halassa, 2024). Subsequent studies
observed that activation of both CRF receptors and caudal dmPFC CRF neuronal axons in the lateral
MD impaired sustained attention, while CRF action in the lateral MD did not influence working
memory. Lastly, neuronal activity within the dmPFC-MD circuit supports higher cognitive processes
(Berridge et al., 2023; Halassa & Sherman, 2019; Mailly et al., 2013; Parnaudeau et al., 2018b) and prior
studies demonstrate that caudal dmPFC CRF neuronal activation robustly suppresses working memory-
related neuronal activity within the dmPFC (Hupalo, Martin, et al., 2019). Therefore, additional studies
examined the effects of dmPFC CRFgn neuronal activation on sustained attention-related single neuron

activity and oscillatory power and synchrony within the dmPFC-lateral MD circuit.
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Methods and Materials
Animals.
Male and female Sprague-Dawley rats (8-12 weeks; Charles River, Wilmington, Massachusetts) were
pair-housed on a 13/11-hour light/dark cycle (lights on 0600 hours) and placed on a food restricted diet
(males, 15-19 grams/day; females, 10-13 grams/day). Testing was conducted between 0800-1600 hours
(5-7 days/week). Given prior observations (Berridge et al., 2022), all testing in females occurred outside
proestrus. Facilities and procedures were in accordance with guidelines of the National Institutes of

Health of the United States and approved by an Institutional Animal Care and Use Committee.

Immunohistochemical Analysis and Cell Counting

Animals were anesthetized and transcardially perfused, and 40-pm-thick sections collected.
Immunohistochemical staining and cell counting were performed as previously described (Hupalo,
Martin, et al., 2019). Washed tissue sections were incubated with guinea pig anti-CRF (1:1000; #t-5007;
Bachem) then goat anti-guinea pig (1:500; #A11075, AF568; Life Technologies). Three to four 60x
images were collected per section with a confocal microscope (35 tissue sections/animal). Cells were
counted only if there was a clear nucleus and when fluorescence was clearly observed in the cytoplasm.

The percentage of double-labeled cells was averaged for each animal and then averaged across animals.

Sustained Attention Testing.

Animals were trained in an operant-based visual signal detection task of sustained attention with 60dB
white noise as described previously (Bushnell, 1998; Hupalo et al., 2021). Across 100 trials, animals
pressed the right lever if they detected a brief LED signal of varying duration (8 lengths, range=0.125-
1.0-second, with replacement) that occurred randomly on one-half of the trials (“signal trials”) and
pressed the left lever if no light was detected (“no-signal trials”). Levers were projected after the signal
period. Correct responses on signal trials (“hit”’) and no-signal trials were rewarded (45-mg sucrose
pellet/trial, Bio-Serv, Frenchtown, NJ) and followed by 5-second house light illumination. Incorrect
presses on signal trials and no-signal trials (“false alarms”) resulted in lever retraction and a 5-second

blackout. Upon failure to respond within 5-seconds of lever projection (“omission”), lever retraction and
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a 5-second blackout ensued. Trials were separated by a variable inter-trial interval averaging 14-seconds
(minimum of 5-seconds). Once animals achieved three consecutive days of *70% correct, they
underwent surgery. Following at least 4 days recovery, animals resumed testing until pre-surgery
performance levels were achieved. d’ (Z(N)-Z(SN), N=1-probability false alarms, SN=1-probability
hits), probability of hits (number of hits/number of signal trials) and false alarms (false alarms/no-signal
trials), number of omissions were analyzed. Treatments were replicated. Drug effects were assessed

relative to vehicle for each replication round (Bushnell, 1998; Cooke et al., 2025; Hupalo et al., 2021).

Working Memory Testing.

Animals were trained in a delayed non-match to position T-maze task of spatial working memory in
which animals alternate arm entry to receive a sucrose reward (45 mg pellet/trial) as previously
described (Berridge et al., 2006; Spencer et al., 2012). External spatial cues were masked and white
noise (60 dB) played above the center of the maze. Between trials, animals were placed in a start box at
the base of the maze, prevented from exiting by a removable gate. Following training (10-trials/session,
zero-delay) and surgery, animals were trained with 20-trials/session and the introduction of a 10-second
delay between trials. As accuracy improves with repeated testing, delays were increased in 10-second
intervals when needed to maintain an accuracy of 75-95% (range: 10-40 seconds). Treatments were
given when accuracy across the 2 prior days did not differ by greater than 10%. Results were analyzed

as percent change from baseline (average performance of the 2 prior days).

Surgery.

Stereotaxic surgery was conducted under isoflurane anesthesia (flat skull). Some animals received viral
infusions (250nL/minute) into the caudal dmPFC (anteroposterior +2.5, mediolateral 0.8, ventral -2.85)
or rostral dmPFC (anteroposterior +3.8, mediolateral 0.8, ventral -2.85). Injectors were left in place for
4-minutes following the infusion. Additional animals had bilateral 25ga. cannulae implanted ~200mm
below the dura, targeting the lateral MD (anteroposterior -2.8; mediolateral 1.3) or adjacent regions. A
subset of virus-treated animals had 8-wire linear electrode arrays (NB Labs, Dennison, TX) implanted

into layer V/VI of the dmPFC (centered at anteroposterior +3.0, mediolateral 0.8, ventral -2.85) and the
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lateral MD (ipsilateral to dmPFC electrodes, centered at anteroposterior -3.0, mediolateral 1.2 with 10°
angle, ventral -5.4). Cannulae and electrodes were secured with skull screws and dental acrylic (Hupalo

& Berridge, 2016; Spencer et al., 2012).

Viral Vectors.

To selectively target dmPFC CRF neurons, a cocktail of two viruses was utilized. The first virus was
always AAV8-CRF-Cre (1.3x10'3gc/mL; Vector Biolabs, Malvern, PA; 8). The second virus varied
depending on the experimental question. To anterogradely label dmPFC CRF neurons, the second virus
was AAV5-hSyn-DIO-eGFP (premixed 1:2 ratio; 1.7uL/hemisphere; 2.9x10'*gc/mL; Addgene).
Labeled processes were examined in 40um sections throughout the brain. To chemogenetically activate
CRF axon terminals, the second virus was AAV5-DIO-hM3Dg-mCherry (premixed 1:2,
1.7uL/hemisphere, 1.5x10"3ge/mL, Vector Biolabs). To chemogenetically activate CRFgiu neurons the
second virus was AAV8-CaMKlIlo(1.3)-DIO-hM3Dq-WPRE-HA (premixed 1:2, 1.7 uL/hemisphere,
1.5x10" gc/mL, Vector Biolabs; 11). Animals were allowed at least three weeks prior to testing for
recovery and viral expression. At the end of a study, animals were transcardially perfused as previously
described (Hupalo, Martin, et al., 2019). HA was visualized using a rabbit-anti hemagglutinin primary
antibody (1:2000; Cell Signaling Technology, Danvers, MA, #3724s) and a donkey anti-rabbit
secondary antibody (1:200; Life Technologies, #A21206, AF488). Viral controls utilized a second virus

that lacked the hM3Dq transgene but were identical in all other respects.

Drugs and Treatments.

For intra-tissue infusions, CRF (human/rat, Bachem, Torrance, CA) and CNO (clozapine-N-oxide
dihydrochloride, Cayman Chemical, Ann Arbor, MI) were dissolved in buffered artificial extracellular
fluid (bAECF; 147mmol/L NaCl, 1.3mmol/L CaCl, 0.9mmol/L MgCl, 2.5mmol/L KCI; pH=7.4).
Bilateral 0.5 nL infusions (0.25uL/minute) were made into the lateral MD via 33ga. stainless-steel
infusion needles (MD, 4.8mm projection beyond a cannula). Needles were left in place for 2-minutes.
For subcutaneous treatment, CNO was dissolved in 0.9% saline and injected 45-minutes prior to testing.

All treatments were separated by at least 1-day and were replicated and counterbalanced.
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Vaginal Cytology.

Daily vaginal cytology was used to determine estrus cycle stage as previously described (Berridge et al.,
2022). Estrus was estimated from wet samples collected within 1-hour of behavioral testing. Dried
samples were later stained using Harris” Hematoxylin Protocol (National Diagnostics, 2011) to confirm
estrus cycle stage. Results were analyzed only if stained samples confirmed testing occurred outside

proestrus.

Electrophysiological Recordings.

Experimental Design. Sustained attention testing was identical to that described above, except only a

0.5-second signal-duration was used followed by a 0.5-second interval preceding lever extension.
Animals were placed in the operant chamber and tethered to a 32-channel commutator and a
multichannel electrophysiology acquisition processor (MAP, Plexon, Dallas, TX). Neural activity was
amplified, discriminated, and time stamped. Putative single units in the dmPFC and lateral MD
exhibiting a ~3:1 signal-to-noise ratio were isolated. Multiple measures were used to ensure that sorted
waveforms arose from single neurons and remained stable throughout a testing session, as described
previously (Berridge et al., 2023; Hupalo, Martin, et al., 2019). After spike-sorting, a 100-trial ‘pre-
treatment’ testing session was conducted at ~10:30 AM followed by a second 100-trial ‘post-treatment’
session 1.5-hours later. Animals remained in the testing chamber connected to the headstage between
sessions. Animals received either subcutaneous vehicle or a performance impairing dose of CNO (6

mg/kg CNO, 11) 45-minutes prior to the post-treatment session.

Single Unit Analyses. Within the PFC, wide-spiking (WS, >200-microsecond trough-peak average),

putative glutamatergic pyramidal neurons, and narrow-spiking (NS, 100-200-microsecond trough-peak
average), putative inhibitory interneurons, were differentiated as previously described (Berridge et al.,
2023; Hupalo, Martin, et al., 2019; Mitchell et al., 2007). Minimal NS neurons were observed, and this
category was not analyzed further. Neuronal activity was analyzed for 0.5-second intervals (100-

millisecond bins) following signal presentation and correct and incorrect lever press, and for a 3-second
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interval associated with reward retrieval/consumption. Permutation tests were performed on 10,000
pseudo-randomly shuffled 100-millisecond bins during task events and the intertrial interval (Mohebi et
al., 2019). Neurons were identified as tuned to events if the observed difference in firing rates between
events and the intertrial interval was less than 5% likely to occur in the permuted (shuffled) data set

(one-tailed, Holm-Bonferroni corrected).

Local Field Potential (LFP) Analyses. LFPs were recorded from all electrodes in the dmPFC and the

lateral MD as previously described (Berridge et al., 2023). Signals were referenced to ground, amplified,
filtered, and digitized at 1 kHz, then down sampled to 200 Hz. Offline, a differential reference with the
nearest neighboring wire was performed (Meyer et al., 2018). LFP spectral density was analyzed using
continuous wavelet transform (cwtft, MATLAB), with Morlet wavelets, and logarithmically increasing
frequency, 4 to 100 Hz. Due to intermittent 60 Hz noise, a double-pass 59-61 Hz notch filter was applied
to LFP recordings. The absolute power at each frequency was then calculated by squaring the absolute
value of the wavelet coefficient (Cohen, 2014). The wire/region with the highest power and least motion
artifact was selected for further analyses. Average power within distinct frequency bands (theta 4-7 Hz;
alpha 7-12 Hz; beta 15-35 Hz; gamma 40-80 Hz) was calculated for each trial over the intervals of
interest. To quantify synchrony, the cross-correlation as a function of frequency and time, wavelet
transform coherence (wcoherence, MATLAB) with Morlet wavelets was calculated. Average synchrony

per frequency band was calculated per trial.

Histology and Viral Expression.

Animals were transcardially perfused with a study-appropriate fixative, as previously described
(Berridge et al., 2023; Hupalo, Martin, et al., 2019). For electrophysiological studies, animals were
deeply anesthetized and cathodal current (15 pA) prior to perfusion. The placement of infusion needles,
electrodes and viral expression was determined from 40pm coronal sections as previously described
(Berridge et al., 2023; Cooke et al., 2025; Hupalo, Martin, et al., 2019). Double-labeled cell counting
was conducted as previously described (Hupalo, Martin, et al., 2019). Data were included in the analyses

only when accurate placement and minimal tissue damage were confirmed.
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Statistical Analyses.

Behavioral analyses. Behavioral effects were analyzed using a linear mixed effects model. The base

model used treatment as a fixed effect factor and animal as a random factor (JMP Pro Version 12.2.0,
SAS Institute). For sustained attention testing, round of treatment was included as a fixed effect factor to
control for increases in performance over time (Dixon, 2016). Where applicable sex was included as a
fixed effect factor.

Single Unit Analyses. Unique generalized linear mixed effects models (GLMM) were utilized for each

brain region (rostral PFC, caudal PFC, or MD), each event, and for the spiking of neurons that were
either event-tuned or untuned (glmmTMB, R; Brooks et al., 2017). Session, treatment, and the
interaction were fixed effects, and rat, date of recording, neuron id, and the interaction were random
effects (Dixon, 2016). The GLMMs were run using zero-inflated gamma family distributions with
inverse link function. The leverage, residuals, and Cook’s distance of each point were used to determine
outliers (DHARMa, R; Hartig, 2015/2026). No outlier points were identified. If significance was found,
CNO effects in hM3Dq animals were directly compared to effects in viral controls using the same model
but replacing treatment for virus type.

Local Field Potential Analyses. The same approach described above was used to analyze absolute power

and synchrony for each frequency band (theta 4—7 Hz; alpha 7-12 Hz; beta 15-35 Hz; gamma 40-80 Hz;
glmmTMB, R; 34). However, due to the lack of zero-inflation, a gamma family distribution with an
inverse link function was used for GLMM analysis. No points were determined to be significant outliers
for absolute power analyses. A small percentage of outliers were identified in each synchrony model.

The maximum number of trials removed was for reward-beta synchrony (74 out of 6148 trials, 1.20%).
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RESULTS
Anterograde Labeling of caudal dmPFC CRF neurons.

Our prior studies used an AAV8-CRF-Cre/AAV8-hM3Dq viral cocktail that did not result in
robust anterograde labeling. To better determine the projection targets of caudal dmPFC-CRF neurons,
we used an AAV8-CRF-Cre/AAV5-eGFP cocktail. Validation analyses demonstrated this approach
results in efficient and selective labeling of PFC CRF neurons, similar to our AAV8-based approach.
Specifically, out of 120 CRF-immunoreactive (ir) and 109 eGFP-positive medial PFC neurons (n=1
female/2 males), 100% of eGFP neurons colocalized with CRF-ir and 91% of CRF-ir neurons expressed
eGFP (Figure 1A). Prior studies demonstrate that using this antibody there is ~99% overlap between
CRF-ir and CRF mRNA expression (Cooke et al., 2025). Viral infusions were made into the caudal
dmPFC (n=2 females/2 males) or rostral dmPFC (n=1 female/2 males). These infusions resulted in a
light-to-moderate density of labeled fibers throughout much of the brain. In contrast, caudal dmPFC
viral infusions resulted in an exceptionally dense innervation of the lateral portion of the MD (Figure
1B,C). These lateral MD fibers possessed dense varicosities indicative of release sites (Figure 1B).
Minimal fibers were observed in the medial or central MD in these animals. Conversely, infusions into

the rostral dmPFC, resulted in a dense innervation of the medial and ventral, but not lateral MD (Figure

10).

Does CREF act in the lateral MD to affect sustained attention?

Additional studies examined whether CRF receptor activation in the lateral MD influences
sustained attention. Animals received infusions of vehicle or varying doses of CRF (100ng, 250ng) into
the lateral MD (male n=7; female n=7). There was a significant effect of treatment on performance as
measured by d’ (F2,58=3.544, p=0.035), but not a significant effect of sex (F1,12=0.249, p=0.627) or a
sex*treatment interaction (F2,55=0.5978, p=0.553). Maximal decreases were observed at the highest dose
relative to vehicle (t32=2.39, p=0.02; Figure 2B). These effects of CRF were not associated with
significant changes in other measures of performance, including omissions (see Table 1A). Infusions of
250ng CRF into regions immediately outside the lateral MD, including the medial MD, did not impact
d’ (Figure 2C; medial, n=5, -5+5%; lateral, n=5, 3£16%; dorsal, n =3, 5£9%, ventral, n=3, 9+9%).
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Lastly, to test whether the lateral MD is necessary for this sustained attention task, intra-lateral MD
infusions of the GABA-A agonist, muscimol, were made in a subset of animals (#=7 males). These
infusions elicited very large decreases in d’ relative to vehicle treatment (t23=7.43, p<0.001; Table 1A)

that were associated with large reductions in task engagement (64+9% omissions).

Do caudal dmPFC CREF projections to MD affect sustained attention?

Given our prior observations that caudal dmPFC CRF neurons impair sustained attention via
CRF release outside the PFC (Berridge et al., 2022; Cooke et al., 2025; Hupalo et al., 2021), additional
studies examined whether projections from caudal dmPFC CRF neurons to the lateral MD affect
sustained attention performance. Animals received infusions of the AAV8-pCRF/AAVS5-DIO-hM3Dq
cocktail into the caudal dmPFC (n=10) and subsequently received infusions of either 150ng CNO or
vehicle into the lateral MD. Dose of CNO was based on prior observations (Hupalo, Martin, et al., 2019)
and limited pilot studies. The occasional mistiming of treatments relative to proestrus leads to repeated
treatments that increase risk for infection and/or tissue damage, which when observed requires removal
of all data from that animal from the study. To minimize animal usage, only males were used for this
study. In contrast to our earlier chemogenetic studies (Berridge et al., 2022; Cooke et al., 2025; Hupalo
et al., 2021; Hupalo, Martin, et al., 2019), the current studies used an AAVS5 serotype for the second
virus to maximize anterograde hM3Dq expression and to align with the anatomical studies described
above. We first confirmed that systemic CNO impairs sustained attention similar to our AAV8-based
cocktail (Hupalo et al., 2021). Dose of CNO was based on prior observations (Hupalo et al., 2021) and
limited pilot studies. When administered subcutaneously, 0.3 mg/kg CNO significantly decreased
sustained attention as measured by d’, relative to vehicle (n=6; ts=5.97, p=0.0019; Figure 3C; Table 1B).
CNO infusion into the lateral MD of AAV5-hM3Dq animals similarly decreased performance as
measured by d’, relative to both vehicle (n=10; t23=2.76, p=0.0112; Figure 3C; Table 1B) and CNO

infusions in viral controls (n=7; t13=2.6, p=0.0224; Figure 3C; Table 1B).

Does CRF action in the lateral MD affect working?
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Extensive evidence demonstrates the MD plays a crucial role in working memory (Bolkan et al.,
2017; Ouhaz et al., 2018; Saalmann, 2014; M. Watanabe, 1989; Wolff & Halassa, 2024). Given caudal
dmPFC CRF neurons potently modulate working memory (Berridge et al., 2022; Hupalo, Martin, et al.,
2019), we hypothesized that CRF action in the lateral MD would influence working memory. To test
this, we examined the effects of bilateral intra-lateral MD infusion of vehicle or CRF (100ng, 250ng) on
working memory (n=12). In contrast to that observed for sustained attention, neither dose of CRF
significantly affected working memory performance (F2,2,=0.85, p=0.440; Figure 4B). Nonetheless, as
with sustained attention, inactivation of this region via muscimol (n=6) elicited large impairments in
performance (-73+8%; Vehicle, ; ts=7.85, p=0.0005) that were associated with decreased task

engagement (35+13% omissions), though not as severe as in sustained attention.

Does PFC CRFcu neuronal activation affect sustained attention-related dmPFC-lateral MD
neural coding?

PFC-dependent cognition is supported by neuronal activity across the PFC-MD circuit (Bolkan
et al., 2017; Broussard et al., 2006; Bucci, 2009; Mantanona et al., 2020a; Ouhaz et al., 2018; Saalmann,
2014; Sarter et al., 2001; Schmitt et al., 2017; M. Watanabe, 1989; Wolff & Halassa, 2024). Additional
studies examined the effects of activation of caudal dmPFC CRFgiu neurons on task-related neuronal
spiking and LFP oscillatory activity in the dmPFC and lateral MD (Figure 5). Animals received AAVS
hM3Dq/CRFai (n=14) or control (n=8) viral cocktails bilaterally into the caudal dmPFC and recording
electrodes were implanted into the dmPFC and lateral MD. Sustained attention-related single-unit and
LFP activity were recorded in a pre-treatment 100-trial morning session and in a post-treatment 100-trial
afternoon testing session following subcutaneous treatment with vehicle or 6 mg/kg CNO. As observed
previously (Cooke et al., 2025), CNO treatment impaired sustained attention as measured by d’ in
hM3Dq animals relative to both vehicle-treated animals (tos=4.60, p<0.0001) and viral controls

(t23=3.27, p=0.003; Figure 6A; Table 1C).

Single unit activity. Across all animals, 1,273 single neurons were recorded in the PFC and 575 in the

MD. In the PFC, 1,225 (96%) were classified as WS and 27 (2%) as NS. Given the low numbers of NS
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neurons, only wide-spiking neurons were analyzed. Permutation analyses indicated that under pre-
treatment conditions 456 PFC WS neurons (37%) displayed event-related firing. Among these, 243
(53%) were tuned to reward, 181 (40%) were tuned to correct lever press, 116 (25%) were tuned to
signal, and 91 (20%) were tuned to incorrect lever press. Of the 575 MD neurons, only 108 (19%)
displayed event-related tuning. Among these, 75 (69%) were tuned to reward, 34 (31%) were tuned to
correct trial lever press, 22 (20%) were tuned to incorrect trial lever press, and 16 (15%) were tuned to
signal.

Activation of caudal dmPFC CRFai neurons did not alter the activity of any event-related
neuronal activity in dmPFC or lateral MD. However, in the PFC there was a trend for a decrease in
signal-related activity. Given the virus was placed in the caudal dmPFC and given prior research
demonstrating a rostrocaudal functional topography within the dmPFC (Alsene et al., 2011; Hupalo &
Berridge, 2016), we analyzed signal-related neuronal activity across rostral and caudal subfields of the
dmPFC. As shown in Figure 6B, caudal dmPFC CRFgi, neuronal activation robustly suppressed signal-
related activity of caudal dmPFC neurons relative to vehicle-treated animals (n=52; F297=8.79, p=0.003)
and viral controls (F2,67=6.28, p=0.012). This was not observed in the rostral dmPFC (n=36; F»,65=0.22,
p=0.853). There were no significant effects of caudal dmPFC CRFgiy neuronal activation on single-unit
activity across rostral vs. caudal subdivisions of the dmPFC for other task-related events (Table 2).
Given curvature of the lateral MD, it was not possible to position all 8 wires of the linear recording array
within the rostrocaudal extent of this region. As such, it was not possible to analyze neural activity
across rostral vs. caudal portions of this region.

Oscillatory activity. Within the dmPFC and across all events, activation of caudal dmPFC

CRFan neurons led to large increases in theta and alpha power and more modest decreases in beta and
gamma power relative to vehicle-treated animals and viral controls (Figure 7A; Table 3A,C). Within the
lateral MD, smaller and somewhat more varied effects were observed (Figure 7B; Table 3B,D). Similar
to that seen in the PFC, there were significant increases in theta and alpha power for most events
(excluding incorrect lever press theta). Unlike in the PFC, there were modest, yet significant, increases
in beta power for all events and small, yet significant, increases in signal- and reward-related gamma

power (Figure 7B; Table 3B,D). In the dmPFC, the effects of caudal dmPFC CRFgu neuronal activation
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generally extended into the intertrial baseline period (Figure 7A; Table 3A,C). This was less consistent
across frequencies in the lateral MD (Figure 7B; Table 3B,D ).

Additional analyses examined the effects of caudal dmPFC CRFgiu, neuronal activation on
oscillatory synchrony within the caudal dmPFC-lateral MD circuit. The only significant effects were
moderate increases in reward-related theta and alpha synchrony and a small decrease in incorrect press-

related gamma synchrony (Table 4; Table S1).
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Discussion

Prior studies demonstrate that CRF neurons in the caudal dmPFC impair sustained attention
(Berridge et al., 2023; Cooke et al., 2025; Hupalo et al., 2021). However, unlike the working memory
actions of these neurons, the underlying circuitry remained unclear. The current study demonstrates that
caudal dmPFC CRF neurons provide a remarkably dense innervation of the lateral MD and that CRF
and axon terminals arising from caudal dmPFC CRF neurons act in this region to impair sustained
attention. Given the previously documented critical role of the MD in working memory (Bolkan et al.,
2017; Ouhaz et al., 2018; Saalmann, 2014; M. Watanabe, 1989; Wolff & Halassa, 2024) and the density
of CREF fibers in the lateral MD, it was surprising that CRF action in this region had no impact on
working memory. These studies further demonstrate that the impairment in sustained attention produced
by caudal dmPFC CRFaiu neuronal activation is associated with a complex pattern of actions on single-
unit activity, oscillatory power and oscillatory synchrony within the dmPFC-lateral MD circuit.
Collectively, these observations provide novel insight into the neural circuitry underlying PFC-
dependent cognition and identify a critical role of the MD in the sustained attention actions of PFC CRF

neurons.

Distinct Mechanisms Underlie CRF Modulation of Differing PFC-Dependent Cognitive Processes.

Prior studies demonstrate that the working memory, but not sustained attention, actions of caudal
dmPFC CRF neurons involve CRF receptors in the caudal dmPFC (Berridge et al., 2023; Hupalo et al.,
2021; Hupalo, Martin, et al., 2019; Hupalo & Berridge, 2016). Additional studies demonstrate that
medial PFC CRF neurons are comprised of both CRFg, and CRFgaga subtypes, in differing proportions
(Cooke et al., 2025). Both CRFgasa and CRFg neurons impair working memory, while only CRFau
impair sustained attention (Cooke et al., 2025). Consistent with our earlier observations, the working
memory, but not sustained attention, actions of both CRF neuronal subtypes were dependent on caudal
dmPFC receptors. The current studies provide the first demonstration that CRF and CRF axons arising
from caudal dmPFC CRF neurons act within the lateral MD to impair sustained attention but not

working memory.
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Tests of working memory and sustained attention used in these studies both require motivation, an
understanding of task rules, the ability to spatially alternate responding, and the need to detect and attend
to sensory information, including response outcome information. The above observations indicate that
caudal dmPFC-lateral MD CRF neurotransmission does not significantly disrupt processes that are
common to both tasks. A key difference between working memory and sustained attention tasks is the
former requires holding information online in the absence of sensory signals. PFC neurons play a critical
role in the maintenance of mental representations required for working memory (J. Fuster, 2015;
Goldman-Rakic, 1996; Spencer & Berridge, 2019) and CRF neurotransmission in the caudal dmPFC
degrades the neural activity associated with these representations (Hupalo, Martin, et al., 2019). The MD
plays an important role in the maintenance of working memory-related neural coding within the PFC
(Bolkan et al., 2017; Cardoso-Cruz et al., 2013; Floresco et al., 1999; Parnaudeau et al., 2013).
Nonetheless, CRF action in the lateral MD did not interfere with working memory performance. The
signal detection test of sustained attention requires directing attention to a spatially restricted region over
a relatively large number of trials to detect a relatively brief sensory event. While there is an inter-trial
interval during which attention to the LED panel is not required, the interval is variable, and thus the
animal cannot predict when to resume attending. This contrasts with the working memory task in which
an animal need only attend to the response selection made on the prior trial and its associated outcome.
Thus, it is possible that CRF action in the lateral MD interferes with the sustained and effortful direction

of attention towards weak sensory events, something not required in working memory testing.

Caudal dmPFC Neurons Disrupt dmPFC-Lateral MD Neural Coding of Sustained Attention

The current studies identified subpopulations of dmPFC and lateral MD neurons that responded
to key task events in sustained attention testing. The PFC observations are consistent with that observed
previously for this task (Gill et al., 2000). To our knowledge, this is the first examination of sustained
attention-related activity of MD neurons. Interestingly, relative to the dmPFC there were lower
proportions of lateral MD neurons tuned to specific events. In prior studies in working memory tested
animals, activation of caudal dmPFC CRF neurons robustly suppressed delay- and reward-tuned neurons

(Hupalo, Martin, et al., 2019). In contrast, chemogenetic activation of caudal dmPFC CRFgiu neurons



62

had minimal effects across the majority of sustained attention-related events, including reward. The one
exception to this was a robust suppression of the activity of signal-tuned neurons in the caudal, but not
rostral, dmPFC. Suppression of signal-related neuronal activity may contribute to poor attention to or
detection of key sensory information. The lack of effects on reward-related activity of PFC neurons
could reflect differences in manipulations given our prior studies activated both CRF subtypes and not
only CRFgi, neurons. Additionally, there are differences between tasks regarding how response outcome
is signaled. Specifically, in sustained attention testing a correct response elicits near-simultaneous
feedback (house light activation) while in working memory testing there is a short lag between correct
maze arm entry and hand delivery of reward. Prior studies suggest that the PFC contributes to dopamine
signaling during unknown reward states (Starkweather et al., 2018). In the sustained attention task, the
certainty of outcome associated with correct responding may not require PFC-dependent encoding of
reward-related information.

Chemogenetic activation of caudal dmPFC CRF neurons resulted in large increases in dmPFC
and lateral MD theta and alpha oscillatory power across all events. At least within the PFC, these effects
were largely event-independent, as they extended into the intertrial interval. These changes in absolute
power were generally not associated with changes in oscillatory synchrony within this circuit, with the
exception of increases in reward-related theta and alpha synchrony. In humans, increases in theta and
alpha activity are associated with impaired attentional function due to fatigue or distractors (Arnau et al.,
2021; Lal & Craig, 2001; Tran et al., 2020; Wascher et al., 2014). This could suggest that CRF-
dependent increases in theta/alpha activity contribute to impaired sustained attention via cognitive

fatigue and/or increased sensitivity to distractors.

Translational Relevance

Dysregulated sustained attention is associated with a variety of behavioral conditions, including
attention deficit hyperactivity disorder (ADHD). The current observations provide novel insight into the
neural mechanisms regulating this cognitive process that may provide a better understanding of the
origins of, and/or the treatment of, dysregulated attention. Of relevance, systemically administered CRF

antagonists improve sustained attention (Berridge et al., 2022; Hupalo et al., 2021) and working memory
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(Berridge et al., 2022; Hupalo & Berridge, 2016), similar to all approved drugs for ADHD treatment
(Spencer et al., 2015). Evidence that caudal dmPFC CRF receptors bidirectionally regulate working
memory suggested a likely role of these receptors in the working memory improving actions of systemic
CREF antagonists. The current study additionally suggests that CRF receptors in the lateral MD likely
contribute to the ability of these drugs to improve sustained attention. Unlike CRF antagonists, ADHD-
related psychostimulants act within the dmPFC to improve both working memory and sustained
attention. Outside of ADHD, functional imaging studies have shown decreased connectivity between the
PFC and MD, that is correlated with decreased PFC-dependent cognitive performance, in individuals
with schizophrenia (Buchmann et al., 2014; Giraldo-Chica et al., 2018) and bipolar disorder (Anticevic
et al., 2014). Further study is needed to better understand the clinical potential of CRF antagonists in the

treatment of PFC-dependent cognitive dysfunction.
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Figure 1. Anterograde labeling of dmPFC CRF neurons. A) Collapsed 2um z-stack of
photomicrographs of the dmPFC from an animal treated with the AAV8/AAV5-eGFP viral cocktail.
Shown are eGFP expression (left panel, green) and CRF-ir (middle panel, red) that colocalize in a
merged image (right panel). Arrows indicate examples of double-labeled neurons. B) Low-power
photomicrographs of viral expression within the dmPFC (left panel) and the lateral MD (middle
panel) and a high-power image of the lateral MD depicting labeled fibers with visible varicosities
(right panel). C) Schematics depict the average spread of viral expression within either the caudal
(top row) or rostral (bottom row) dmPFC and densest terminal fields within the MD associated with
these viral infusions. Numbers correspond to anterior-posterior coordinates. Acg, anterior cingulate
cortex; C, central MD; IL, infralimbic cortex; L, lateral MD; M, medial MD; PrL, prelimbic cortex.
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Figure 2. CRF acts within the lateral MD to impair sustained attention. Animals received
bilateral vehicle or CRF infusions into or outside the lateral MD prior to sustained attention testing.
A) Representative photomicrograph (left panel) depicting the ventral-most extent of a needle track in
one hemisphere of the lateral MD and schematics (right panel) depicting lateral MD CRF infusion
sites for all animals. B) Effects of bilateral 100ng and 250ng CRF infusions on sustained attention as
measured by percent change in d’ from vehicle (VEH) treatment (= SEM). C) Schematic depiction of
250ng/hemisphere CRF infusion sites outside the lateral MD. These infusions did not affect sustained
attention performance (see Results for details). *p<0.05 vs. vehicle.
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Figure 3. Chemogenetic activation of caudal dmPFC CRF axon terminals within the lateral
MD impairs sustained attention. Animals received AAV8/AAV5-CRF-hM3dq (hM3Dq) or control
viral cocktail infusions bilaterally into the caudal dmPFC and then received 0.3 mg/kg subcutaneous
(SC) CNO or bilateral intra-lateral MD infusions of CNO (150 ng/500 nL/hemisphere) prior to
testing. A) Low-power photomicrographs of viral expression (mCherry) within the caudal dmPFC
(left panel) and lateral MD (right panel). B) Schematic depicts lateral MD CNO infusion sites in
hM3Dq (orange) or control-virus (blue) animals. Numbers correspond to anterior-posterior
coordinates. C) Sustained attention effects (£ SEM) of subcutaneous CNO and bilateral CNO
infusions as measured by percent change in d’ from vehicle (VEH) treatment in hM3Dq or viral
control animals. In hM3Dq animals, systemic and intra-MD CNO elicited largely comparable
impairments in performance. Intra-MD CNO did not affect sustained attention in viral controls. Prior
studies demonstrate that systemic CNO does not affect sustained attention performance in control
virus-treated animals of varying types (Berridge et al., 2022; Cooke et al., 2025; Hupalo et al., 2021;
see also Figure 6). Acg, anterior cingulate cortex; C, central MD; IL, infralimbic cortex; L, lateral
MD; M, medial MD; PrL, prelimbic cortex. *p<0.05, vs. vehicle; p<0.5, vs. viral control.
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Figure 4. CRF action in the lateral MD does not impair working memory. Animals received
bilateral infusions of vehicle or varying doses of CRF (100ng, 250ng) into the lateral MD prior to
testing in the working memory task. A) Schematic depiction of the location of all infusion sites
within the lateral MD. B) Working memory effects of bilateral infusion of vehicle (VEH) or CRF as
measured by percent change from baseline (+ SEM). Intra-lateral MD CRF had no influence on
working memory performance. C, central MD; L, lateral MD; M, medial MD.
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Figure S. Experimental approach for the electrophysiological studies. A) Animals received
bilateral infusions of the CRFay viral cocktail into the caudal dmPFC and 8-wire recording
ensembles were implanted into layer V/VI of the dmPFC (top row) and the lateral MD (bottom row).
Accurate electrode placement was confirmed in Nissl-stained tissue sections. B) Schematic of the
operant sustained attention task. Animals were rewarded for pressing the left lever following a signal
presentation (hit) or the right lever following the absence of a signal (correct rejection). C) Action
potential waveforms of 4 discriminated wide-spiking dmPFC neurons from a single wire (top left
panel), raster of waveforms of these same neurons over time (bottom left panel), and waveforms from
these units exhibit separable clusters in 3D-principal component space (right panel). Analyses
ensured the same neurons were recorded across pre-treatment and post-treatment sessions. Acg,
anterior cingulate cortex; C, central MD; IL, infralimbic cortex; L, lateral MD; M, medial MD; PrL,
prelimbic cortex.
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Figure 6. Chemogenetic activation of caudal dmPFC CRFc neurons impairs sustained
attention performance and reduces the activity of caudal dmPFC signal-tuned neurons.
Animals received bilateral infusions of the CRFg,-hM3Dq or control viral cocktails into the caudal
dmPFC and were subsequently tested before (pre-treatment) and after (post-treatment) subcutaneous
vehicle (VEH) or 6mg/kg CNO. A) Shown are the mean (= SEM) percent change in d’ from the pre-
treatment testing session. CNO impaired sustained attention performance in hM3Dq animals, but not
viral controls. Vehicle treatment in hM3Dq did not significantly affect performance. B)
Chemogenetic activation of caudal dmPFC CRFaiu neurons significantly decreased activity of signal-

tuned neurons in the caudal, but not rostral, dmPFC. ™ p<0.001, vs. vehicle; *p<0.001, vs. viral
control; #p<0.001, vs. rostral dmPFC.
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Figure 7. Chemogenetic activation of caudal dmPFC CRFcu neurons alters event-related
oscillatory power in the dmPFC and lateral MD. Animals received bilateral infusions of the
hM3Dq or control virus into the caudal dmPFC were subsequently treated subcutaneously with
vehicle or CNO. Shown are analyses of event-related LFP oscillatory activity in A) the dmPFC and
B) the lateral MD. For each region and task event, shown are a segment of an LFP recording trace
from the relevant event interval of a single trial (top) and time-frequency spectrograms (middle) for
the event interval averaged across all trials of an individual animal during both pre-treatment (Pre)
and post-treatment (Post) recording sessions. White vertical lines indicate beginning and end of event
intervals. Color scale bar reflects absolute power of LFP. Bar graphs (bottom) depict the mean (+
SEM) effects of treatments on distinct frequency bands as percent change from pre-treatment
conditions. 0, theta (4-7 Hz); a, alpha (7-12 Hz); B, beta (15-35 Hz); y, gamma (40-80 Hz).
“p<0.001, vs. vehicle; 7p<0.05, 7p<0.01, *p<0.001, vs. viral control.
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Table 1. Effects of Intra-Lateral-MD Infusions and Chemogenetic Activation of Caudal dmPFC CRFgu

Neurons on Sustained Attention Performance.

A. Intra lateral-MD CRF and muscimol

Treatment d' Proportion | Proportion Omission
Hit False Alarm
Vehicle 1.78 £0.15 0.60+0.04 | 0.08+0.02 1.52+0.82
100ng CRF | 1.58 £0.15* | 0.58 £0.04 | 0.10+0.02 1.77 £0.82
250ng CRF | 1.54£0.15* [0.57+0.04 |0.10£0.02 3.37+0.90
Muscimol | 1.73 £ 0.37+0.10* | 0.36 + 63.19 +
(0.227%* 0.06** 8.98H**
B. Intra lateral-MD CNO
Treatment d' Proportion | Proportion Omission
Hit False Alarm
hM3Dq Vehicle 2.17+0.19 0.66+0.05 | 0.06+0.02 0.15+0.38
CNO 1.82+0.19*% | 0.61 £0.05 |0.08+0.02 0.61 +0.37
Control Vehicle 1.40 £ 0.16 0.47+0.06 |0.09=+0.02 0.57 +0.30
CNO 1.40+0.16 0.48+0.06 |0.09=+0.02 0.57+£0.30
hM3Dq Vehicle 244 +0.11 0.70+0.04 | 0.03£0.01 0.17+0.27
Subcutaneous | CNO 1.85+0.11** | 0.64+0.04 | 0.07+0.01 0.50 £ 0.27
C. Subcutaneous CNO in Electrophysiology-Tested Animals
Treatment d' Proportion | Proportion Omission
Hit False Alarm
CRFau- Pre-Vehicle | 2.20 +0.12 0.83+0.03 |0.13+£0.02 1.41+£1.56
hM3Dq Post- 2.17+0.12 0.77+0.03 |0.12+0.02 1.52+1.56
Vehicle




Pre-CNO 2.30+0.12 0.84+£0.03 |0.12+0.02 0.96 + 1.54
Post-CNO 1.61 £ 0.76 + 0.20 £+ 8.92 £ 1.54%**
0.127%** 0.02%%* 0.02%%*
CRFcu- Pre-Vehicle | 2.10 £0.19 0.81+0.03 |0.14+0.02 0.26 £0.22
Control Post- 2.05+0.19 0.81+£0.03 |0.15+0.02 0.69 +0.22
Vehicle
Pre-CNO 2.07 £0.20 0.82+0.03 |0.15+0.02 0.33+0.23
Post-CNO | 2.21£0.20 0.84+£0.03 |0.14+0.02 0.20+0.23
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Shown are the mean (£ SEM) effects on d’, proportion of hit responses, proportion of false alarm
responses, and omissions in animals that received intra lateral-MD infusions of vehicle, CRF, or
muscimol (A), AAVS5 viral cocktail expressing animals that received intra lateral-MD or subcutaneous
infusions of CNO (B), and AAV8-CRFgy, viral cocktail expressing animals that received subcutaneous

CNO injections (C). *, ** *** »<(.05,0.01,0.0001 vs vehicle.

Table 2. Statistical Analyses for Caudal PFC, Rostral PFC, and MD Spiking Activity.

A. Caudal PFC

Tuned Untuned
Signal SESS F1,97=10.87, p=0.001 F1,730=0.19, p=0.665
TRT F1,97=10.45, p=0.001 F1,730=2.01, p=0.156
SESS*TRT F1,97=8.79, p=0.003 F1,730=0.55, p=0.460
Correct Press SESS F1,144=4.31, p=0.038 F1,608=0.003, p=0.954
TRT F1,144=0.19, p=0.663 F1,608=0.06, p=0.814
SESS*TRT F1,144=0.08, p=0.775 F1,608=0.01, p=0.905
Incorrect Press SESS F1,6=0.01, p=0.938 F1,734=0.06, p=0.809
TRT F1,62=0.75, p=0.386 F1,734=0.003, p=0.958
SESS*TRT F1,6=0.01, p=0.915 F1,734=0.08, p=0.771
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Reward SESS F1,170=0.08, p=0.774 F1,604=1.02, p=0.312
TRT F1,170=0.0001, p=0.991 F1,604=0.74, p=0.391
SESS*TRT F1,170=0.06, p=0.814 F1,604=0.43, p=0.512
B. Rostral PFC
Tuned Untuned
Signal SESS F1,6s=0.03, p=0.853 F1,253=0.06, p=0.802
TRT F1,65=0.47, p=0.492 F1253=0.21, p=0.647
SESS*TRT F1,65=0.22, p=0.641 F1253=0.27, p=0.606
Correct Press SESS Fi5=1.91, p=0.167 F1251=0.635, p=0.425
TRT F1,50=0.90, p=0.343 F1,251=0.003, p=0.959
SESS*TRT F1,59=0.21, p=0.645 F1,.251=0.06, p=0.813
Incorrect Press SESS F135=0.08, p=0.775 Fi1.257=0.01, p=0.921
TRT Fi35=1.41, p=0.235 F1257=0.69, p=0.405
SESS*TRT F135=0.31, p=0.581 F1257=1.07, p=0.302
Reward SESS F1,73=1.78, p=0.278 Fi263=1.67, p=0.196
TRT F1,73=0.82, p=0.366 Fi263=1.58, p=0.209
SESS*TRT F1,73=0.29, p=0.592 F1263=0.321, p=0.571
C.MD
Tuned Untuned
Signal SESS F1,15=0.32, p=0.570 F1,728=1.09, p=0.295
TRT Fi1,15=1.31, p=0.253 F1,728=0.23, p=0.628
SESS*TRT F1,15=0.82, p=0.366 F1,728=0.16, p=0.689
Correct Press SESS F134=0.81, p=0.367 Fi,708=1.47, p=0.226
TRT Fi134=1.11, p=0.291 F1,708=2.80, p=0.094
SESS*TRT F134=0.88, p=0.349 F1,708=1.32, p=0.251
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Incorrect Press

SESS

F1,16=0.21, p=0.649

F1,726=0.40, p=0.525

TRT

F1,16=2.01, p=0.156

F1,726=2.42, p=0.120

SESS*TRT

F1,16=1.87, p=0.171

F1,726=0.80, p=0.372

Reward

SESS

F1,72=0.02, p=0.887

F1,670=1.90, p=0.168

TRT

F1,72=0.48, p=0.488

F1,670=7.25, p=0.007

SESS*TRT

F1,72=0.74, p=0.391

F1,670=0.82, p=0.365

Results of general linear mixed model statistical analyses of neural spiking within the caudal (A) or

rostral (B) dorsomedial PFC (dmPFC) and lateral mediodorsal thalamus (C; lateral MD) for event-tuned

and untuned neurons during the signal, correct press, incorrect press, and reward. TRT, treatment (CNO

vs. VEH control); SESS, session (pre-treatment vs. post-treatment).




Table 3. Statistical Analyses of PFC and MD Oscillatory Power in Sustained Attention.

A. hM3Dq-dmPFC
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Theta Alpha Beta Gamma
Signal SESS | Fi3735=12.37, | F13735=6.29, Fi3735=4.82, F1 3735=6.05,
p<0.0001 p=0.012 p=0.028 p=0.014
TRT F13735=452.09, F13735=298.55, F13735=218.77, F13735=866.48,
p<0.0001 p<0.0001 p<0.0001 p<0.0001
SESS* | F13735=180.58, F13735=144.94, F13735=176.08, F13735=614.78,
TRT | p<0.0001 p<0.0001 p<0.0001 p<0.0001
Correct SESS F1,7668=2.66, F1.7668=1.49, F1.7668=4.27, F1.7668=5.85,
Press p=0.103 p=0.222 p=0.039 p=0.016
TRT F1,7668=542.65, F1.7668=628.23, F1.7665=549.36, F17665=2,144.73,
p<0.0001 p<0.0001 p<0.0001 p<0.0001
SESS* | Fi,766s=173.07, F1,7668=285.79, F1,7668=389.49, F17665=1,443.78,
TRT p<0.0001 p<0.0001 p<0.0001 p<0.0001
Incorrect | SESS Fi,1560=2.12, F1,1560=2.02, F1,1560=3.82, F1,1560=5.98,
Press p=0.145 p=0.155 p=0.051 p=0.014
TRT F1.1560=169.97, F1,1560=186.44, F1,1560=76.10, F1,1560=626.31,
p<0.0001 p<0.0001 p<0.0001 p<0.0001
SESS* | F1,1560=51.24, F1,1560=67.29, F1,1560=57.66, F1,1560=434.02,
TRT p<0.0001 p<0.0001 p<0.0001 p<0.0001
Reward SESS F1,7317=3.95, F1,7317=1.07, F1,7317=3.85, F1,7317=6.89,
p=0.047 p=0.301 p=0.050 p=0.009
TRT F1.7317=982.88, F1,7317=701.95, F1,7317=728.50, F1.7317=2,047.74,
p<0.0001 p<0.0001 p<0.0001 p<0.0001
SESS* | F1,7317=504.76, F1,7317=366.94, F1,7317=489.36, F1.7317=1,301.01,
TRT p<0.0001 p<0.0001 p<0.0001 p<0.0001




B. hM3Dq-lateral MD
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Theta Alpha Beta Gamma
Signal SESS F13160=11.89, F13160=5.60, Fi3160=1.15, F13160=0.49,
p=0.001 p=0.018 p=0.283 p=0.486
TRT F13160=60.04, Fi3160=104.11, F13160=75.83, F13160=9.80,
p<0.0001 p<0.0001 p<0.0001 p=0.002
SESS* | F13160=26.76, F13160=109.66, F13160=42.68, F13160=6.05,
TRT p<0.0001 p<0.0001 p<0.0001 p=0.014
Correct SESS Fi1,6470=4.01, F1,6470=4.20, F1.6470=0.98, F1,6470=0.00,
Press p=0.045 p=0.040 p=0.322 p=0.988
TRT F1,6470=25.89, F1,6470=76.16, F1,6470=32.95, F1,6470=34.04,
p<0.0001 p<0.0001 p<0.0001 p<0.0001
SESS* | Fi,6470=13.19, F1,6470=81.04, F1,6470=34.19, F1,6470=0.08,
TRT p<0.0001 p<0.0001 p<0.0001 p=0.781
Incorrect | SESS F1.1234=0.99, F1,1234=3.37, F1,1234=0.32, F1,1234=0.00,
Press p=0.321 p=0.066 p=0.572 p=0.981
TRT F1,1234=0.46, F1,1234=28.19, F1,1234=10.71, F1,1234=6.08,
p=0.499 p<0.0001 p=0.001 p=0.014
SESS* | Fi,1234=1.58, F1,1234=20.90, F1,1234=3.60, F1,1234=0.00,
TRT p=0.208 p<0.0001 p=0.058 p=0.989
Reward SESS F1,6141=8.83, F1,6141=6.25, Fi6141=1.45, F1,6141=0.74,
p=0.003 p=0.012 p=0.229 p=0.390
TRT F1,6141=253.53, F1,6141=307.70, Fi6141=134.14, F1,6141=25.09,
p<0.0001 p<0.0001 p<0.0001 p<0.0001
SESS* | F1,6141=219.77, F1,6141=344.78, F1,6141=153.00, F1,6141=68.86,
TRT p<0.0001 p<0.0001 p<0.0001 p<0.0001




C. Control-dmPFC
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Theta Alpha Beta Gamma
Signal SESS F13134=0.93, F13134=0.39, F13134=0.85, F13134=2.27,
p=0.336 p=0.535 p=0.358 p=0.132
Virus F13134=375.40, F13134=264.80, Fi13134=215.11, F1.3134=848.30,
p<0.0001 p<0.0001 p<0.0001 p<0.0001
SESS* | Fi3134=113.12, Fi3134=114.44, F13134=56.53, F13134=361.77,
Virus p<0.0001 p<0.0001 p<0.0001 p<0.0001
Correct SESS F1,6394=1.06, F1,6394=0.65, F1,6304=0.81, F1,6304=2.12,
Press p=0.302 p=0.419 p=0.369 p=0.146
Virus F1,6394=505.54, F1,6394=619.68, F1,6304=581.74, F1,6394=2,169.09,
p<0.0001 p<0.0001 p<0.0001 p<0.0001
SESS* | F1,6304=162.58, F1,6394=247.16, F1,63904=191.61, F1,6394=1,022.34,
Virus p<0.0001 p<0.0001 p<0.0001 p<0.0001
Incorrect | SESS F1,1304=0.68, F1,1304=1.04, F1,1304=0.78, F1,1304=2.46,
Press p=0.410 p=0.308 p=0.377 p=0.117
Virus F1,1304=143.80, F1,1304=167.53, F1,1304=72.97, F1,1304=616.98,
p<0.0001 p<0.0001 p<0.0001 p<0.0001
SESS* | F1,134=34.78, F1,1304=62.51, F1,1304=18.81, F1,1304=302.81,
Virus p<0.0001 p<0.0001 p<0.0001 p<0.0001
Reward SESS F1,6041=2.04, F1,6041=0.80, F1,6041=1.05, F1.6041=2.65,
p=0.154 p=0.370 p=0.305 p=0.104
Virus F1.6041=835.94, F1,6041=630.53, F1,6041=728.23, F1,6041=1,958.05,
p<0.0001 p<0.0001 p<0.0001 p<0.0001
SESS* | F1.6041=485.96, F1,6041=363.81, F16041=185.14, F1,6041=797.51,
Virus p<0.0001 p<0.0001 p<0.0001 p<0.0001




D. Control-lateral MD
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Theta Alpha Beta Gamma
Signal SESS | Fioses=1.89, F1 2565=2.26, F12565=2.19, Fases=1.43,
p=0.170 p=0.133 p=0.139 p=0.232
Virus | F1as6s=52.27, F12s65=100.21, | F12865=96.56, F2s65=12.99,
p<0.0001 p<0.0001 p<0.0001 p<0.0001
SESS*V | F1,2865=28.56, F12865=70.23, F12865=44.75, F12865=23.24,
irus p<0.0001 p<0.0001 p<0.0001 p<0.0001
Correct SESS F1,5830=2.49, F1,5830=2.52, Fi5830=1.73, F1,5830=1.06,
Press p=0.114 p=0.112 p=0.188 p=0.303
Virus F1,5830=26.76, F1,5830=81.06, F1,5830=39.50, Fis5830=41.17,
p<0.0001 p<0.0001 p<0.0001 p<0.0001
SESS*V | Fi5830=23.06, F1,5830=48.25, F1,5830=15.40, F15830=13.75,
irus p<0.0001 p<0.0001 p<0.0001 p<0.0001
Incorrect | SESS Fi,1137=2.35, Fi,1137=2.27, Fi,1137=1.81, F1,1137=0.99,
Press p=0.126 p=0.132 p=0.178 p=0.320
Virus F1,1137=0.37, F1,1137=30.93, Fi,1137=11.87, F1,1137=6.54,
p=0.542 p<0.0001 p=0.001 p=0.011
SESS*V | F1,1137=0.77, F1,1137=20.24, F1,1137=7.02, F1,1137=4.50,
irus p=0.381 p<0.0001 p=0.008 p=0.034
Reward SESS F1 5485=2.75, F1,5485=2.65, F1,5485=1.59, F1,5485=1.30,
p=0.098 p=0.104 p=0.208 p=0.254
Virus F1,5485=256.01, F1,5485=343.87, Fi15485=157.14, F1,5485=35.31,
p<0.0001 p<0.0001 p<0.0001 p<0.0001
SESS*V | F1,5485=213.86, F1,5485=320.33, F15485=153.65, F1,5485=66.01,
irus p<0.0001 p<0.0001 p<0.0001 p<0.0001
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Results of general linear mixed model statistical analyses of local field potential recordings within the
dorsomedial PFC (dmPFC) and lateral mediodorsal thalamus (lateral MD) for hM3dq and viral-control
animals during the signal, correct press, incorrect press, and reward intervals across the 4 analyzed
frequency bands: theta, alpha, beta, and gamma. TRT, treatment (CNO vs. VEH control); SESS, session

(pre-treatment vs. post-treatment).
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Table 4. Statistical Analyses of PFC and MD Oscillatory Synchrony in Sustained Attention.

A. hM3Dq
Theta Alpha Beta Gamma
Signal Pre-Treatment - VEH 0.34+0.03 | 0.33+0.02 | 0.27+0.01 0.294+0.001
Post-Treatment - VEH 0.35+0.03 | 0.34+0.02 | 0.27+0.01 0.294+0.001
Pre-Treatment - CNO 0.36+0.03 | 0.34+0.02 | 0.27+0.01 0.294+0.001
Post-Treatment - CNO 0.36+0.03 | 0.35+0.02 | 0.27+0.01 0.294+0.001
Correct Press Pre-Treatment - VEH 0.33+£0.02 | 0.31+0.01 | 0.26+0.003 | 0.29+0.001
Post-Treatment - VEH 0.33+0.02 | 0.31+0.01 | 0.27+0.003 | 0.29+0.001
Pre-Treatment - CNO 0.35+£0.03 | 0.32+0.01 | 0.27+£0.003 | 0.29+0.001
Post-Treatment - CNO 0.34+0.03 | 0.32+0.01 | 0.26+0.003 | 0.29+0.001
Incorrect Press | Pre-Treatment - VEH 0.34+0.03 | 0.32+0.02 | 0.27+£0.005 | 0.29+0.002
Post-Treatment - VEH 0.34+0.03 | 0.33+0.02 | 0.27£0.004 | 0.29+0.002
Pre-Treatment - CNO 0.36+0.03 | 0.34+0.02 | 0.27£0.005 | 0.29+0.002
Post-Treatment - CNO 0.35+0.03 | 0.34+0.02 | 0.27£0.004 | 0.29+0.002
Reward Pre-Treatment - VEH 0.30+0.01 | 0.29+0.01 | 0.26+0.003 | 0.29+0.001
Post-Treatment - VEH 0.29+0.01 | 0.28+0.01 | 0.26+0.003 | 0.29+0.001
Pre-Treatment - CNO 0.30+0.01 | 0.29+0.01 | 0.26+0.003 | 0.29+0.001
Post-Treatment - CNO 0.33+0.01 | 0.32+0.01 | 0.26+0.003 | 0.28+0.001
Theta Alpha Beta Gamma
Signal SESS F13160=0.48, F13160=0.30, F13160=0.20, F13160=0.01,
p=0.487 p=0.582 p=0.655 p=0.906
TRT F1,3160=0.36, F13160=2.82, F13160=0.25, Fi3160=1.35,
p=0.550 p=0.093 p=0.616 p=0.245
SESS*T | F1,3169=0.89, F13160=0.00, F13160=0.08, F13160=0.14,
RT p=0.345 p=0.994 p=0.771 p=0.709
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Correct SESS F1,6470=0.03, F16470=1.52, F1,6470=2.87, F1,6470=0.10,
Press p=0.858 p=0.218 p=0.090 p=0.756
TRT F16470=3.71, F1,6470=0.83, F1,6470=6.90, F1,6470=0.00,
p=0.054 p=0.362 p=0.009 p=0.950
SESS*T | F1,6470=7.12, F1,6470=0.62, F1,6470=10.50, F1,6470=0.37,
RT p=0.008 p=0.430 p=0.001 p=0.545
Incorrect | SESS F1,1232=0.08, F1,1233=0.56, F1,1234=0.20, F1,1234=4.10,
Press p=0.777 p=0.454 p=0.651 p=0.043
TRT F1,1232=0.58, F1,1233=0.00, F1,1234=0.18, F1,1234=3.05,
p=0.448 p=0.959 p=0.667 p=0.081
SESS*T | F1,1232=0.63, F1,1233=0.31, F1,1234=0.12, F1,1234=8.07,
RT p=0.426 p=0.576 p=0.728 p=0.004
Reward SESS F1,6137=18.80, F1,6138=17.70, F1,6141=0.36, Fi16141=11.62,
p<0.0001 p<0.0001 p=0.548 p=0.001
TRT F1.6137=65.47, Fi6135=71.04, Fi6141=7.04, Fie141=12.88,
p<0.0001 p<0.0001 p=0.008 p<0.0001
SESS*T | F1,6137=70.38, F1,6135=08.44, F1,6141=2.66, F1,6141=14.56,
RT p<0.0001 p<0.0001 p=0.103 p<0.0001
Baseline SESS F1,7667=1.88, F1,7662=0.05, F1,7646=0.01, F1,7647=0.83,
p=0.171 p=0.851 p=0.907 p=0.362
TRT F1.766=2.77, F17662=1.69, F1.7646=2.58, F1.7647=0.20,
p=0.096 p=0.194 p=0.108 p=0.656
SESS*T | F1,7667=0.62, F1,7662=0.23, F1,7646=0.29, F1,7647=0.23,
RT p=0.431 p=0.634 p=0.593 p=0.631
B. Control
Theta Alpha Beta Gamma
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Signal Pre-Treatment - VEH 0.39+0.03 | 0.37+£0.04 0.28+0.01 0.29+0.001
Post-Treatment - VEH 0.39+0.04 | 0.36+0.04 0.29+0.01 0.29+0.002
Pre-Treatment - CNO 0.38+0.03 | 0.37+£0.04 0.29+0.02 0.28+0.001
Post-Treatment - CNO 0.37+£0.03 | 0.37+£0.04 0.29+0.01 0.29+0.001
Correct Press | Pre-Treatment - VEH 0.36+0.03 | 0.31+0.02 | 0.27+0.005 | 0.29+0.002
Post-Treatment - VEH 0.36+0.03 | 0.31+0.02 | 0.27+0.005 | 0.29+0.002
Pre-Treatment - CNO 0.36+0.03 | 0.32+0.02 | 0.27+0.005 | 0.29+0.002
Post-Treatment - CNO 0.36+0.03 | 0.32+0.02 | 0.27+0.005 | 0.29+0.002
Incorrect Press | Pre-Treatment - VEH 0.37+£0.03 | 0.35+0.03 | 0.29+0.003 0.28+0.01
Post-Treatment - VEH 0.36+0.03 | 0.35+0.03 | 0.28+0.003 0.27+0.01
Pre-Treatment - CNO 0.37+£0.03 | 0.34+0.02 | 0.29+0.003 0.27+0.01
Post-Treatment - CNO 0.36+0.03 | 0.34+0.02 | 0.29+0.003 0.27+0.01
Reward Pre-Treatment - VEH 0.31+0.01 | 0.30+0.01 | 0.29+0.001 | 0.26+0.004
Post-Treatment - VEH 0.30+0.01 | 0.29+0.01 | 0.29+0.001 | 0.26+0.004
Pre-Treatment - CNO 0.32+0.01 | 0.31=0.01 | 0.29+0.001 | 0.27+0.004
Post-Treatment - CNO 0.31+0.01 | 0.31=0.01 | 0.29+0.001 | 0.27+0.004
Theta Alpha Beta Gamma
Signal SESS F1,2865=0.18, F12865=0.31, F1,2865=0.70, F12865=1.28,
p=0.671 p=0.575 p=0.402 p=0.257
Virus F1,2865=0.35, F1,2865=3.08, F1,2865=0.37, Fi12865=1.32,
p=0.554 p=0.079 p=0.546 p=0.251
SESS*V | F12865=0.02, F12865=1.70, F1,2865=0.72, F1,2865=4.61,
irus p=0.895 p=0.192 p=0.395 p=0.032
Correct SESS F1.5830=0.23, F1,5830=0.01, F1,5830=0.81, F1,5830=1.98,
Press p=0.633 p=0.932 p=0.368 p=0.159
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Virus F1,5830=3.70, F1,5830=0.85, F1,5830=6.59, F1,5830=0.01,
p=0.054 p=0.355 p=0.010 p=0.918
SESS*V | F1,5830=0.41, F1,5830=0.15, F1,5830=0.18, F1,5830=0.60,
irus p=0.524 p=0.695 p=0.670 p=0.439
Incorrect SESS F1,1135=0.11, F1,1136=0.01, F1,1137=0.23, F1,1137=2.68,
Press p=0.741 p=0.935 p=0.632 p=0.102
Virus F1,1135=0.56, F1,1136=0.00, F1,1137=0.17, F1,1137=3.09,
p=0.453 p=0.946 p=0.679 p=0.079
SESS*V | F1,1135=0.13, F1,1136=0.01, F1,1137=0.46, F1,1137=5.74,
irus p=0.723 p=0.926 p=0.499 p=0.017
Reward SESS F1,5481=0.52, F1,5482=0.09, F15484=1.76, F1,5485=10.02,
p=0.470 p=0.759 p=0.185 p=0.002
Virus F1,5481=63.57, F15482=68.16, F15484=5.98, F15485=12.38,
p<0.0001 p<0.0001 p=0.014 p<0.0001
SESS*V | F15481=32.78, F15480=25.21, F15484=0.25, F15485=0.99,
irus p<0.0001 p<0.0001 p=0.618 p=0.320
Baseline SESS F1,6936=0.30, F1,6921=0.0004, F1,6912=0.29, F1,6911=0.18,
p=0.586 p=0.984 p=0.590 p=0.672
Virus F1,6936=2.62, F1,6921=0.01, F1,6912=3.08, F1,6911=0.39,
p=0.106 p=0.941 p=0.079 p=0.532
SESS*V | F1,6936=3.08, F1,6921=3.73, F1,6912=2.88, F1,6011=0.006,
irus p=0.079 p=0.054 p=0.090 p=0.808

Means + SEMS and results of general linear mixed model statistical analyses of synchrony between the

dorsomedial PFC (dmPFC) and lateral mediodorsal thalamus (lateral MD) for hM3dq and viral-control

animals during the signal, correct press, incorrect press, and reward intervals across the 4 analyzed

frequency bands: theta, alpha, beta, and gamma. CNO, clozapine-n-oxide; VEH, vehicle; TRT,



treatment (CNO vs. VEH control); SESS, session (pre-treatment vs. post-treatment); Virus (hM3Dg-

CNO vs Control-CNO).
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A. dmPFC

Theta Alpha Beta Gamma

Signal Pre-Treatment - VEH 0.39+0.03 | 0.27+0.03 | 0.15+0.03 | 0.10+0.04
Post-Treatment - VEH 0.40+0.03 | 0.27+0.03 | 0.15+0.03 | 0.11+£0.04

Pre-Treatment - CNO 0.40+0.03 | 0.27+0.03 | 0.13+0.02 | 0.07+0.02

Post-Treatment - CNO 0.54+0.06 | 0.33+0.04 | 0.12+£0.02 | 0.06+0.01

Correct Press Pre-Treatment - VEH 0.39+0.04 | 0.26+0.03 | 0.15+0.03 | 0.11+0.05
Post-Treatment - VEH 0.41£0.04 | 0.27+£0.03 | 0.16+0.04 | 0.11£0.05

Pre-Treatment - CNO 0.38+0.04 | 0.24+0.03 | 0.13£0.02 | 0.08+0.02

Post-Treatment - CNO 0.48+0.06 | 0.31+0.05 | 0.11£0.02 | 0.06+0.01

Incorrect Press | Pre-Treatment - VEH 0.39+0.04 | 0.26+0.03 | 0.15+£0.03 | 0.11+0.05
Post-Treatment - VEH 0.42+0.04 | 0.27+0.03 | 0.16+0.03 | 0.11+£0.06

Pre-Treatment - CNO 0.36+0.03 | 0.24+0.02 | 0.13£0.02 | 0.07+0.02

Post-Treatment - CNO 0.50+0.06 | 0.32+0.04 | 0.12+£0.02 | 0.06+0.01

Reward Pre-Treatment - VEH 0.39+0.05 | 0.26+0.04 | 0.16+0.04 | 0.11+£0.04
Post-Treatment - VEH 0.38+0.04 | 0.26+0.04 | 0.16+0.04 | 0.11+£0.04

Pre-Treatment - CNO 0.37+£0.04 | 0.24+0.03 | 0.13£0.02 | 0.08+0.02

Post-Treatment - CNO 0.48+0.07 | 0.30+0.05 | 0.11£0.02 | 0.07+0.01

B. MD

Theta Alpha Beta Gamma

Signal Pre-Treatment - VEH 0.32+0.02 | 0.29+0.02 | 0.11+0.01 | 0.07+0.01
Post-Treatment - VEH 0.32+0.02 | 0.27£0.02 | 0.11+0.01 | 0.07+0.01

Pre-Treatment - CNO 0.36+0.02 | 0.30+0.02 | 0.11+0.01 | 0.07+0.01

Post-Treatment - CNO 0.41+£0.03 | 0.34+0.03 | 0.12+0.01 | 0.07+0.01
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Correct Press Pre-Treatment - VEH 0.35+0.03 | 0.28+0.02 | 0.12+0.01 | 0.08+0.01
Post-Treatment - VEH 0.36+0.03 | 0.27+0.02 | 0.11£0.01 | 0.07+0.01
Pre-Treatment - CNO 0.39+0.03 | 0.31+0.02 | 0.12+0.01 | 0.08+0.01
Post-Treatment - CNO 0.41+0.04 | 0.33+0.03 | 0.12+0.01 | 0.07+0.01
Incorrect Press | Pre-Treatment - VEH 0.34+0.03 | 0.28+0.02 | 0.11+£0.01 | 0.07+0.01
Post-Treatment - VEH 0.36+0.03 | 0.27+£0.02 | 0.11+£0.01 | 0.07+0.01
Pre-Treatment - CNO 0.39+£0.04 | 0.30+0.02 | 0.11+0.01 | 0.07+0.01
Post-Treatment - CNO 0.39+0.04 | 0.33+0.03 | 0.12+0.01 | 0.07+0.01
Reward Pre-Treatment - VEH 0.32+0.02 | 0.26+0.02 | 0.12+0.01 | 0.08+0.01
Post-Treatment - VEH 0.31+0.02 | 0.24+0.02 | 0.11£0.01 | 0.08+0.01
Pre-Treatment - CNO 0.34+0.02 | 0.27+0.02 | 0.12+0.01 | 0.08+0.01
Post-Treatment - CNO 0.39+0.03 | 0.31+0.03 | 0.12+0.01 | 0.08+0.01

Means + SEMS of oscillatory power in the dorsomedial PFC (dmPFC) and lateral mediodorsal thalamus

(lateral MD) for hM3dq and viral-control animals during the signal, correct press, incorrect press, and

reward intervals across the 4 analyzed frequency bands: theta, alpha, beta, and gamma. CNO, clozapine-

n-oxide; VEH, vehicle; TRT, treatment (CNO vs. VEH control).
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Summary

Background. Decades of research have established the role of the PFC in cognitive processes necessary
for goal-directed behavior (Berridge & Arnsten, 2015; Gabbott et al., 2005; Miller & Cohen, 2001;
Voorn et al., 2004). Despite this known relationship, how the PFC supports cognition is not well
understood. This presents a problem in the treatment of PFC-dependent cognitive dysfunction as seen in
disorders such as schizophrenia, depression, and ADHD (Millan et al., 2012). While treatments exist to
address PFC-dependent cognition, these treatments are not universally efficacious at addressing
cognitive dysfunction across different disorders and patients. All of the current treatments used to
address PFC-dependent cognitive dysfunction act on the catecholamine neurotransmitter systems in the
PFC (Berridge & Arnsten, 2015). This focus on the catecholamine system for addressing dysfunction
has led to a dearth of targets for improving PFC-dependent cognition. One possible novel target for
addressing PFC-dependent cognitive dysfunction is through manipulation of the neuropeptide CRF.
Despite early establishment of CRF peptide and receptors in the PFC (De Souza et al., 1985; Lovenberg
et al., 1995b; Swanson et al., 1983b; Van Pett et al., 2000), most of the research concerning CRF has
focused on the subcortical actions, leaving the role of CRF in PFC-dependent cognition largely
unknown. To address this issue, recent research has begun to establish the role of PFC CRF neurons in
modulating PFC-dependent cognition (Berridge et al., 2022; Hupalo et al., 2021; Hupalo, Martin, et al.,
2019; Hupalo & Berridge, 2016).

The four foundational findings from these recent studies of CRF action in PFC-dependent
cognition are; 1) that CRF acts within the caudal dmPFC, but not other sections of the PFC, to impair
working memory, 2) that CRFR blockade improves both working memory and sustained attention
comparable to clinically relevant doses of amphetamines, 3) that male and female rats do not differ in
the effects of CRF outside of the proestrus phase of the estrus cycle, and 4) that dmPFC CRF neuronal
activation impairs working memory via local release of CRF and sustained attention via release of CRF
outside the dmPFC. Despite these findings many questions remain about how CRF modulates PFC-
dependent cognition. Perhaps the most salient question raised by this research was why dmPFC CRF

neurons display differential circuitry across working memory and sustained attention.
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The experiments presented answer this question and make substantial strides in expanding our
understanding of dmPFC CRF neurobiology. Specifically, the findings of this thesis establish the
neurochemical heterogeneity of dmPFC CRF neurons, the extended circuitry of dmPFC CRF neurons,
and dmPFC CRF neuronal action across a frontothalamic network in working memory and sustained
attention.

Findings. One possible explanation for the differential actions of dmPFC CRF neurons across working
memory and sustained attention was the neurochemical identity of dmPFC CRF neurons. CRF neurons
were known to be either GABAergic or glutamatergic outside the PFC(Fudge et al., 2022; Tagliaferro &
Morales, 2008; Valentino et al., 2001). As GABA neurons often project locally, whereas glutamatergic
neurons project both locally and distally, if dmPFC CRF neurons were either GABAergic or
glutamatergic this could explain the differential actions of these neurons across working memory and
sustained attention. Previous research had established the presence of GABAergic CRF neurons within
the dmPFC of mice (Chen et al., 2020; de Ledn Reyes et al., 2023), but an extensive examination of the
neurochemical identity of dmPFC CRF neurons had not been conducted.

The first experiment demonstrated novel neurochemical findings showing that dmPFC CRF
neurons are either GABAergic or glutamatergic, with the majority (~85%) being glutamatergic. These
neuronal subpopulations display differential action across working memory and sustained attention, with
dmPFC CRFgaga neurons impairing only working memory performance and dmPFC CRFgiu neurons
disrupting both working memory and sustained attention performance. The working memory impairing
actions of both dmPFC CRFgaga and dmPFC CRFgiu neurons were due, at least in part, to CRF agonism
within the caudal dmPFC. These findings show that dmPFC CRF neurochemical identity is at least
partially explanatory for the differential actions of dmPFC CRF neurons across working memory and
sustained attention.

A remaining question from previous research was where dmPFC CRF neurons project and act to
impair sustained attention (Hupalo et al., 2021). In the second experiment, an anterograde viral cocktail
was used to characterize the projections of dmPFC CRF neurons. Across the rostral-caudal extent of the
dmPFC, these studies demonstrated dense projections of PFC CRF neurons to the lateral MD. CRF

neurons in the rostral dmPFC neurons sent the majority of their projections to the ventromedial extent of
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the rostral MD and moved medially in the caudal MD. CRF neurons in the caudal dmPFC sent the
majority of their projections to the dorsolateral portion of the rostral MD and moved more lateral in the
caudal MD. Interestingly, these projection patterns match non-selective dmPFC neural projections to the
MD (Sesack et al., 1989b).

To explore whether CRF acts within the MD to impair sustained attention, subsequent infusions
of CRF in the lateral MD, but not medial MD or surrounding areas, produced significant reversable
impairments in sustained attention performance. Interestingly, despite the known role of the lateral MD
in working memory, CRF infusions into the lateral MD did not alter working memory performance.
However, the current studies demonstrate that the lateral MD is necessary for both working memory and
sustained attention performance, with significant impairment in both working memory and sustained
attention performance observed after inactivation of the lateral MD with the GABA-A agonist
muscimol. To demonstrate that dmPFC CRF neurons that project to the lateral MD disrupt sustained
attention, dmPFC CRF neuronal terminals were chemogenetically activated in the lateral MD. This
activation led to decreased sustained attention performance compared to vehicle treated animals and
viral controls. These experiments established a novel frontothalamic CRF circuit and suggest that the
lateral MD is the likely site of action for dmPFC CRF neurons to impair sustained attention.

Finally, to understand how dmPFC CRF neurons act across this circuit to generate impairments
in sustained attention, caudal dmPFC CRFgiu neurons where chemogenetically activated and the effect
of activating these neurons on the neural encoding of sustained attention were measured using
electrophysiological recordings in the dmPFC and lateral MD of animals performing the sustained
attention task. Neurons in both the dmPFC and lateral MD showed elevated firing during signal
presentation, correct and incorrect lever presses, and reward. The only group of neurons that
demonstrated any impact of chemogenetic activation of caudal dmPFC CRFgr neurons were caudal
dmPFC signal-tuned neurons. Chemogenetic activation of caudal dmPFC CRFg neurons led to
decreases in signal-related firing relative to vehicle treatment, viral controls, and rostral signal-tuned
PFC neurons. In addition to these changes in neuronal firing, chemogenetic activation of caudal dmPFC
CRFan neurons resulted in significant alterations in dmPFC and lateral MD oscillatory power and

synchrony. In the dmPFC, regardless of event, chemogenetic activation of caudal dmPFC CRFaiy
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neurons resulted in significant increases in theta and alpha oscillatory power and decreases in beta and
gamma power relative to vehicle-treated animals and viral control animals. In the lateral MD the
chemogenetic activation of caudal dmPFC CRFgiu, neurons induced small increases of power across all
frequency bands in all events (with few exceptions by event and band). Interestingly, the dmPFC and
lateral MD changes in oscillatory power induced by chemogenetic activation of caudal dmPFC CRFgiu
neurons extended into the inter-trial period (i.e. task-independent). When examining the effect of
chemogenetic activation of caudal dmPFC CRFgiu neurons on frontothalamic synchrony, a significant
increase in theta and alpha synchrony in reward was seen relative to vehicle-treated animals and viral
controls. Collectively, these results demonstrate a complex encoding of sustained attention event-related
activity in neuronal spiking, oscillatory power, and synchrony which is uniquely altered by dmPFC CRF

neuronal activation that coincides with impairments of sustained attention performance.

Neurochemical Heterogeneity in dmPFC CRF Neurons and Cognitive Action

Previous research demonstrated that dmPFC CRF neurons modulate both working memory and
sustained attention via local or distal release of CRF, respectively (Hupalo et al., 2021; Hupalo, Martin,
et al., 2019). As CRF neurons are known to be either GABAergic or glutamatergic outside the dmPFC,
one potential explanation for the difference in projection patterns was the neurochemical identity of
dmPFC CRF neurons (Fudge et al., 2022; Tagliaferro & Morales, 2008; Valentino et al., 2001). The
above studies demonstrated not only that there are robust populations of GABAergic and glutamatergic
CRF neurons within the dmPFC, but that these neurons do indeed act differently across working
memory and sustained attention performance. Previous studies additionally demonstrated that blockade
of CRF receptor subtype 1 (CRFR}) is sufficient to interrupt the disrupting actions of chemogenetically
activating dmPFC CRFgaga and CRFgiu neurons on working memory. Important remaining questions
concerning the actions of caudal dmPFC CRFgasa and CRFgi neurons in working memory are where,
and on what type of neurons, these neurons synapse in the PFC to impair working memory.
Additionally, it is unclear whether caudal dmPFC CRFgaga and CRFgiy have differential individual

actions on the encoding of working memory.



93

An unreported finding of our viral, immunohistochemical, and in situ hybridization experiments
is that large percentages of PFC neurons co-label CRF peptide and mRNA (at least 80%). Given the
consistent replication of high percentages of PFC neurons expressing CRF peptide in our animal model
across a decade of experimentation and dozens of animals, these results are well supported. This high
degree of overlap would suggest that PFC CRF neurons are acting in the same way as traditional
understandings of GABAergic and glutamatergic PFC neurons. Whether this large presence of CRF is
true in other rodent models or primates remains an open question. It is important to note that while there
may be a high percentage of PFC neurons expressing CRF peptide, this does not mean that PFC neurons
release CRF every time these neurons depolarize. When these neurons are active and when they release

CRF remains to be seen.

Frontothalamic Circuitry and Actions of dmPFC CRF Neurons

The presented data adds to a growing body of research demonstrating the role of the lateral MD
in PFC-dependent cognition. In experiments conducted both in this lab and others, it is clear that the
dmPFC and lateral MD contribute to the maintenance of sustained attention (Chudasama & Robbins,
2006; Mantanona et al., 2020b; Pezze et al., 2014), as well as other PFC-dependent cognitive processes.
Despite sustained attention being PFC-dependent, we demonstrated that CRF does not act in any portion
of the rodent dmPFC to impair sustained attention performance (Hupalo et al., 2021). This is interesting
given CRF infusion in the PFC disrupts working memory. This suggests that CRF actions in the PFC
affects systems that are distinct from the processes that support sustained attention. This contrasts with
the actions of catecholamines in the PFC, which modulate both working memory and sustained attention
via action in the PFC. We also previously demonstrated that global blockade of CRFR was sufficient to
disruot the impairing actions of caudal dmPFC CRF neuronal activation on sustained attention (Hupalo
et al., 2021). As it has been shown that CRFR| is present in the lateral MD (Van Pett et al., 2000), it is
likely that CRF is acting on these receptors to disrupt lateral MD and lateral MD = dmPFC function
during sustained attention performance. There is some precedence for such an action across the lateral
MD - dmPFC circuit. It has been shown that lateral MD neurons support delay related activity in

dmPFC neurons during working memory (Bolkan et al., 2017; Ouhaz et al., 2018; Saalmann, 2014; M.



94

Watanabe, 1989; Wolff & Halassa, 2024). Previous research on the neurochemical identity and
projection patterns of lateral MD neurons indicate that lateral MD neurons are mostly excitatory and that
the presence of certain peptides and receptors can identify the projection targets and actions of these
neurons in the PFC (for review see Wolff & Halassa, 2024). Given that chemogenetic activation of
caudal dmPFC CRFgi neurons decreases the firing rate of signal-tuned caudal dmPFC neurons, it is
possible that these neurons are either a direct or indirect target of CRF responsive lateral MD neurons.
Without more detailed anatomical information about the exact projection sites of caudal dmPFC CRFgu
neurons it is difficult to understand how caudal dmPFC CRFgn produce impairments in the PFC without
acting in the PFC to impair sustained attention.

Large consistent changes in oscillatory power in the dmPFC, and to a lesser degree lateral MD,
were observed following chemogenetic activation of caudal dmPFC CRFagiu neurons. Unlike oscillatory
power, only small changes in reward theta and alpha synchrony and incorrect-press gamma synchrony
between the dmPFC and lateral MD were seen. This finding is interesting given the lack of changes seen
in reward- or incorrect press-related firing in either the dmPFC or lateral MD. This may suggest that,
while the lateral MD is important for sustained attention performance, it does not process the same
information at the same time as the dmPFC. One additional consideration is that alterations in oscillatory
power and synchrony following caudal dmPFC CRFgy activation may be compensatory. This would
align with human research which demonstrates increased theta and alpha oscillatory power in
increasingly difficult and exhausting sustained attention tasks (Lal & Craig, 2001; Tran et al., 2020;
Wascher et al., 2014). Similarly, synchrony changes may reflect a compensatory process, as previous
research indicates a strong role of the lateral MD in extradimensional set shifting by supporting the PFC
in rule recall (Block et al., 2007; Ouhaz et al., 2022). If chemogenetic activation of caudal dmPFC
CRFa neurons disrupts rule recall, then synchrony may be increased during reward to try and address
this disruption. In support of this hypothesis, in all the presented experiments, impairments in sustained
attention performance were largely driven by an increase in false alarm responses and smaller decrease
in hit responses suggesting difficulty recalling the correct response in the absence of a signal. However,

these results could alternatively reflect a lack of sustained attention and a bias towards the lever with an
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attached signal. Further testing of CRF actions during sustained attention performance is needed to
better understand these details.

An additional observation from the current studies was a lack of any changes in the firing rates
of the limited number of event-tuned lateral MD neurons. This could mean that MD neurons display
more complex encoding of task-related information beyond elevated firing following events. For
example, in working memory in primates, delay-tuned lateral MD neurons switch from representing
retrospective sensory information, like dmPFC neurons, to represent prospective motor information
(Funahashi, 2013; Y. Watanabe & Funahashi, 2018). MD neurons may be performing a similar function
in the rodent, especially in less visually dependent tasks (for review see Wolff & Halassa, 2024). In the
current study, only retrospective coding of lateral MD neurons was examined. Two events that do
contain information about an upcoming event that could have shown prospective tuning in our study
were reward and lever-extend (data not shown). Given this, it is interesting that the largest number of
event-tuned lateral MD neurons were tuned to the reward, though the firing of these neurons was not
affected by chemogenetic activation of caudal dmPFC CRFgiu neurons. Analyses of the tuning of
dmPFC and lateral MD neurons following lever extension demonstrated a large overlap with lever press
neurons, and no effects of chemogenetic activation of caudal dmPFC CRFg neurons on the firing rates
of these neurons (data not shown). The lack of prospective tuning in lateral MD neurons in this study
may reflect a difference in tasks as the response in the current task does not include an extended delay
between the signal and the response. Future analyses are needed to understand if lateral MD neurons

encode future events or change coding in the current sustained attention task.

Future Directions

The studies presented in this thesis elucidate important mechanisms underlying the cognitive
actions of the PFC CRF system. However, many questions remain about when CRF acts across this
frontothalamic circuit to alter PFC-dependent cognition. One remaining question is when CRF is
released during working memory and sustained attention performance. This could be addressed utilizing
recently developed neuropeptide sensors, which release light in the presence of CRF by utilizing a G

protein-coupled receptor (GCPR) with circularly permutated fluorescent proteins (H. Wang et al., 2023).
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CREF is present in a large amount of PFC neurons, but it is unclear if CRF is released every time PFC
neurons depolarize. Given we have observed CRF in both the cell body and terminals of dmPFC CRF
neurons it is additionally possible that CRF serves certain internal cellular functions and is not released
upon depolarization in every neuron that co-labels for CRF peptide. Questions also remain about how
much CREF is released and how far CRF travels from the release site following neural depolarization.
Future studies with CRF GPCR sensors are necessary to answer these questions.

Once it is known when CREF is released the next question that can be answered is when
modulating CRF release is most impactful on working memory and sustained attention. This can be
accomplished using optogenetic manipulations to target, and selectively activate or inhibit, caudal
dmPFC CRFgaga or CRFgn neurons at different key moments in working memory and sustained
attention task performance. The presented, and previous, DREADD manipulations of caudal dmPFC
CRF neurons provide long term activation caudal dmPFC CRF neurons that not only cover the testing
trials, but also the time between trials, leading up to the experiment, and following behavioral testing.
Through repeated testing we know that animals return to baseline performance 24 hours following
chemogenetic activation, but it is unclear when this manipulation is most disruptive to performance. For
example, it is possible that brief stimulation of dmPFC CRF neurons is not sufficient to modulate
working memory or sustained attention because it does not raise concentrations of CRF in the
extracellular space to a sufficient level to disrupt performance. Optogenetic manipulation could also
allow for direct testing of the relationship between oscillatory power and task performance. For
example, given the large increases in theta and alpha power seen when chemogenetically activating
caudal dmPFC CRFau neurons, an optogenetic manipulation of caudal dmPFC CRFg, neurons could
activate caudal dmPFC CRFgu neurons at theta or alpha frequencies during different phases of the
sustained attention task to determine if increasing power at theta or alpha frequencies impacts
performance.

The above manipulations utilizing CRF GPCR sensors or optogenetics could be paired with
anterograde viral cocktails to explore these questions across the dmPFC - lateral MD frontothalamic
circuit. For example, CRF release across the rostral caudal extent of the lateral MD from caudal dmPFC

CRFgn neurons could be examined using an anterograde labeling virus that introduces CRF sensing
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GPCRs in the terminal fields of caudal dmPFC CRFaiy neurons and examining release in different
subfields of the lateral MD. Alternatively, optogenetic probes could be inserted into different hemifields
of the dmPFC and lateral MD to temporally activate or inactivate CRF neurons within or projecting
between the dmPFC or lateral MD at key moments in task performance.

To better understand how CRF alters PFC-dependent cognition, additional information is also
needed concerning the neurochemical and structural details of where CRF agonism occurs in the dmPFC
and lateral MD to alter cognition. We have previously demonstrated that CRF disrupts both working
memory and sustained attention via CRFR1, and that the working memory impairments are due to
downstream protein-kinase A signaling (Hupalo, Martin, et al., 2019). However, questions remain
concerning the exact location and layer distribution of CRFR| in the PFC, and other brain regions, and
the neurochemical identity of the PFC neurons that express CRF receptors (CRFR). While some early
brain-wide explorations of CRFRs were conducted, much of the research into both CRF peptide and
receptor location has focused on subcortical distributions, ignoring the finer details of cortical CRF
peptide and receptor expression (Chalmers et al., 1995; Fudge et al., 2025; Van Pett et al., 2000). More
recent investigations have begun to describe the expression of CRF peptide in different neuronal classes
and structures in the PFC of transgenic CRF-Cre mice (Chen et al., 2020; Lewis et al., 2008; Y. Wang et
al., 2021), but these explorations have mostly focused on CRFgapa neurons and have failed to fully
validate these mouse models for studying CRF neurons (Cooke et al., 2025). Thus, there is a need for
detailed exploration of both CRF peptide and receptor expression across neuronal class and structure in
the PFC and other brain regions. Without these details, it is difficult to predict how CRF receptor
activation within the PFC or other brain regions leads to disruptions in broader circuit function.

Finally, it remains to be determined whether dmPFC CRF neurons influence behavior beyond
working memory and sustained attention. The PFC is known to support a diversity of behavioral
processes including planning, cognitive control, cognitive flexibility, social interactions, and other forms
of attention besides sustained attention. It is entirely possible that dmPFC CRF neurons regulate all these
behaviors via action either in the PFC or in other connected regions. Regions such as the striatum, MD,
and hippocampus, are all known projection sites of the PFC (Hoover & Vertes, 2007), and all contain

CRFRs (Van Pett et al., 2000). By exploring whether CRF acts in other forms of PFC-dependent



cognition in concert with other brain regions, the fundamental purpose of the CRF system in the PFC
and in cognition may become clearer.

These proposed experiments would not only further our understanding of the CRF system and
PFC-dependent cognition, but could lead to novel targets useful in the treatment of PFC-dependent

cognitive dysfunction.
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