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Dedication

To my shovels.

If you have to dig the dirt to build the hill you choose to die
on, best not to be digging with your hands.
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Abstract

Conscious sensory perception requires integration of incoming signals with internal
processes, such as attention, expectation, and motivation. The neocortex is
hierarchically organized and highly specialized, allowing it to perform these relevant
computations. How the integration of diverse sources of information contributes to
spiking activity in the column and to sensory perception is an area of active research.
Evidence suggests that higher order thalamocortical (TC) inputs to layer 1 enhance
responses to sensory stimuli and promote cortical arousal, whereas feedback
corticocortical (CC) inputs to layer 1 modulate signal integration and promote accurate
sensory perception. Afferent inputs to cortical layer 1 terminate on both excitatory and
inhibitory cells, but key features of these circuits as well as how their properties are
altered during loss of consciousness are unclear.

Interestingly, feedback CC synaptic responses are preferentially sensitive to
clinically relevant doses of isoflurane in vivo and in vitro, while TC afferents are
preserved. Given the overlap of the terminal fields of CC feedback and TC afferents in
cortical layer 1, the preferential suppression of feedback CC responses is particularly
notable. Some studies have suggested differential roles of superficial and deep cortical
layers in processing information, and that the balance of synaptic excitation and
inhibition in cortical networks may be crucial for sensory perception. What are the
mesocircuit-level implications of this differential sensitivity to isoflurane, and how does it
contribute to loss of consciousness under isoflurane?

In this thesis, | will describe brain slices experiments | conducted to further

explore the cell type-specific targets of feedback CC and TC projections to layer 1 in



higher order sensory association areas, as well as the effects of the volatile anesthetic
isoflurane on inputs to excitatory and inhibitory targets in the cortical column. | show that
TC and CC inputs to layer 1 evoke responses with different properties at both the
cellular and network levels. TC inputs evoke spikes in parvalbumin-positive interneurons
and in some pyramidal cells, and the magnitude of their inputs is correlated with spike
output in the infragranular layers. CC inputs rarely evoke spikes in pyramidal cells,
activate somatostatin-positive interneurons, and induce low-amplitude spike outputs in
local networks. Isoflurane anesthesia suppressed both TC and CC inputs to layer 4
pyramidal cells and leaves parvalbumin-positive interneurons unaffected, suggesting a
shift in the balance of excitation and inhibition during isoflurane, particularly in the
feedforward circuits in which layer 4 pyramidal cells are involved. Integration of
feedback inputs may also be disrupted by anesthesia; CC inputs to somatostatin-
positive interneurons — which modulate inputs to dendrites of local pyramidal cells —
were also suppressed by isoflurane.

As one of the hallmark features of consciousness is sensory awareness,
investigating anesthetic-induced loss of consciousness helps to elucidate the neural
basis of consciousness. In addition, this research has broad implications for potential
treatments of pathologies with sensory features, including sensory association disorders
and schizophrenia, and for improvement of perioperative patient safety through more

reliable anesthetic monitoring and development of more specific anesthetic agents.



Chapter 1

Introduction

Responding to external stimuli to maintain physiological homeostasis is paramount for
the survival of individuals and species. Organisms engage with their external
environments via the transduction of sensory information from the peripheral nervous
system to the central nervous system. Here, sensory information enters the black box
that is the brain - a dynamic, complex computational machine that integrates sensory
information into its own pre-existing schemes to generate the conscious experience.

Feedforward signals carry information about specific features of the external
environment, with varying levels of abstraction at higher levels of the cortical hierarchy.
Conversely, higher order areas generate outputs in the feedback direction, providing
contextual information to lower order areas based on internally generated predictions
and expectations. Conscious perception occurs by way of functional integration and
iterative processing of each of these signals (Friston, 2005; Dehaene and Changeukx,
2011).

Numerous studies conducted during wakeful, sleep, anesthetic, and vegetative
states have suggested that thalamocortical and intracortical networks are particularly
relevant for studies of conscious perception (Llinas et al., 1998; Crick and Koch, 2003;
Koch et al., 2016). Physiological and anatomical characteristics of these networks give
rise to their functional significance and the role they play in mediating consciousness.

Messages are passed between levels of the cortical hierarchy via direct corticocortical



connections, or indirectly via cortico-thalamo-cortical loops (Sherman and Guillery,
2011). Studies that have focused on the effects of anesthetics on the contents of
consciousness have focused on these networks in particular (Mashour and Hudetz,
2017). Still, the degree to which anesthetic effects on individual thalamic, cortical,
feedback, and feedforward pathways contribute to changes in conscious perception
remains unclear.

In the chapters that follow, | will outline a series of investigations of higher order
thalamocortical circuits in brain slices. In Chapter 2, | describe in detail the methods by
which each of the experiments in Chapters 2-5 is conducted. In Chapter 3, | outline a
series of experiments in which | compared the cell type- and pathway-specific
responses of two distinct afferent inputs to layer 1 of higher order neocortex. In the
remaining chapters, | describe the changes | observed in these evoked responses

during isoflurane anesthesia.

Thalamocortical networks and the organization of the cortical hierarchy

The neocortex exhibits highly sophisticated organization. Though imperfect, the multi-
dimensional classification of various cell populations delineates a set of rules upon
which to scaffold functional properties. Information from individual sensory receptors
must be amalgamated to form object-based representations of the world. This occurs by
way of integration of signals from converging inputs. Simple stimulus features are
extracted and recomposed in increasingly complex representations as they ascend the
cortical hierarchy in the “feedforward” direction (Cappe et al., 2012). However, that

cortex is a serial processor of information is an increasingly outdated notion; at nearly



every iteration of processing, feedforward signals are modulated both by horizontal
connections and by “feedback” signals.

Stereotyped, lamina-specific connectivity patterns across sensory modalities
have been described with varying fidelity to classical models, though these patterns are
less distinct in rodents. Ascending corticocortical feedforward projections originate in the
superficial layers and terminate in layer 4; descending projections originate in layer 5
and terminate in all layers except for layer 4 (Felleman and Van Essen, 1991, Binzegger
et al., 2004; Markov et al., 2014). Sensory thalamic nuclei can be broadly categorized
as either specific (primary) or non-specific (higher order) (Jones, 2001). Specific
thalamic nuclei are considered information-bearing “driver” or “core” projections; in
primary cortical areas, “core” projections target cortical layer 5, while in higher order
cortices, core thalamocortical projections terminate in cortical layer 4. In contrast,
nonspecific thalamic nuclei extend “matrix” projections to layer 1, terminating on apical
dendrites of cortical pyramidal cells or layer 1 interneurons. Anatomical data show that
higher order projections to layer 1 diffuse (Jones, 2001; Rubio-Garrido et al., 2009) and

thus well-positioned to synchronize multiple cortical areas (Saalmann et al., 2012).

Populations of inhibitory interneurons in cortex

As | will demonstrate in chapter 4 of this thesis, the long-range cortical afferents |
described in the previous section are excitatory, glutamatergic connections. However,
inhibitory interneurons make up a notable fraction of the targets of these excitatory
inputs and are a major contributor to encoding of sensory information (Murayama et al.,

2009; Haider et al., 2013). Inhibitory neurons are a minority of all cortical neurons (10-



15% in rodents), and have been characterized using a variety of cytological,
electrophysiological, and morphological features (Rudy et al., 2011; Kubota, 2014,
Tremblay et al., 2016). Nearly all inhibitory neurons in neocortex fall into one of three
non-overlapping populations of interneurons, marked by the expression of unique
peptide or proteins markers: parvalbumin, somatostatin, or 5HT3a receptors. In
chapters 4 and 5 of this thesis, | will describe experiments during which | recorded from
either somatostatin- or parvalbumin-expressing interneurons in non-primary neocortex
and evaluated responses following activation of higher order thalamocortical and
corticocortical afferents. | will also show findings that suggest a cell type-specific effect
of isoflurane on the response properties of parvalbumin- and somatostatin-expressing
interneurons.

Parvalbumin-positive interneurons make up approximately 40% of GABAergic
cells in neocortex. The cell bodies of parvalbumin-positive cells are found primarily in
layer 2/3 and layer 5, extend dendrites into layer 1, and target the proximal dendrites,
soma, and initial axon segments of excitatory pyramidal cells (Tremblay et al., 2016).
Several studies have demonstrated the role of parvalbumin-positive interneurons in
providing fast, precisely-timed feedforward inhibition to their targets (Pouille and
Scanziani, 2001; Sun et al., 2006; Cruikshank et al., 2010; Audette et al., 2018), likely
restricting spike windows of pyramidal cells (Pouille and Scanziani, 2001).
Investigations in our lab have demonstrated the role in fast-spiking parvalbumin-positive
cells in regulating precision of spike timing of pyramidal cells in the context of

coordinated network events in mouse auditory cortex (Krause, 2017).



Another 30% of inhibitory interneurons in neocortex are somatostatin-positive.
Somatostatin-positive interneurons are a more heterogenous group than parvalbumin-
positive interneurons. The mostly frequently studied and morphologically distinct type of
somatostatin cell is the Martinotti cell, a distinctive type of somatostatin-positive cell
found in layers 2-6. Martinotti cells send extensive axonal projections to layer 1, where
they provide feedforward inhibition to the distal dendritic tufts of pyramidal cells (Xu et
al., 2013; Kubota, 2014; Tremblay et al., 2016), likely modulating inputs to these cells.
Dendritic calcium spikes, which are important for gain control of input/output function of
the pyramidal cells, are particularly sensitive to inhibition by somatostatin-expressing
interneurons (Murayama et al., 2009). Somatostatin-positive cells also connect
extensively with other inhibitory interneuron populations (Cottam et al., 2013) (but not
with each other), sending and receiving GABAergic inputs to and from 5HT3 receptor-
expressing and parvalbumin-positive cells, resulting in net disinhibition of local networks
(Pfeffer et al., 2013).

Reports describing corticocortical and thalamcortical inputs to inhibitory
interneurons demonstrate differential activation of somatostatin- and parvalbumin-
positive interneurons. Primary thalamocortical inputs to somatostatin cells in primary
cortex are either weak or non-existent (Beierlein et al., 2003; Cruikshank et al., 2010;
Audette et al., 2018). Similarly, somatostatin-positive cells in barrel cortex also did not
receive any direct input from higher order thalamus (Audette et al., 2018), though in
some cases thalamcortically-evoked, 5SHT3a receptor-mediated silencing of
somatostatin-positive cells was observed. Indeed, somatostatin-positive cells are more

likely to be tonically active than other cell types, and several studies have demonstrated



that they are silenced during sensory-activated network activity (Gentet et al., 2012;
Urban-Ciecko et al., 2015; Audette et al., 2018). Conversely, corticocortical connections
to somatostatin-positive interneurons have been observed ubiquitously. Local and
distant cortical inputs to somatostatin-positive cells exhibit robust facilitation (Beierlein
et al., 2003; Cruikshank et al., 2010; Urban-Ciecko et al., 2015), a feature that, given
their high input resistance, frequently results in somatostatin cell action potentials

(Urban-Ciecko et al., 2015).

Properties of thalamocortical and corticocortical synapses
In addition to the distinct connectivity patterns, cytoarchitecture, and functional features
of thalamocortical networks, the properties of thalamocortical and corticocortical
synapses contribute to the mechanisms by which signals are integrated and propagated
in cortical networks. For example, short-term plasticity (Stevens and Wang, 1995)
influences the summation of incoming signals over consecutive inputs and plays an
important role in information processing (Fortune and Rose, 2000; Rotman et al., 2011)
with varying spatiotemporal dynamics (Motanis et al., 2018). The influence of short-term
plasticity upon cortical networks is highly complicated by the variability among different
cell types (Cruikshank et al., 2012), layers (Viaene et al., 2011b, a), and brain areas
(Sherman and Guillery, 2011; Viaene et al., 2011c). The same is true for other synaptic
features such as post-synaptic receptors, response amplitudes, or convergence onto
post-synaptic targets (Sherman and Guillery, 2013).

Still, upon examining the properties of synapses in thalamocortical networks,

patterns emerge. Led by the efforts of Murray Sherman and colleagues at the University



of Chicago, the response properties at thalamocortical, corticocortical, and
corticothalamic synapses have been well-characterized. By grouping certain synaptic
properties based on putative functional roles, Sherman and colleagues outline a
principled classification system for synapses in thalamocortical networks and describe
how these synaptic influences may confer unique functional properties to the networks
in which they operate. This classification system was first proposed for inputs to
thalamus (Sherman and Guillery, 1998) and has since been extended and modified for
cortex (Reichova and Sherman, 2004; Lee and Sherman, 2008; Lee and Sherman,
2010; Theyel et al., 2010; Covic and Sherman, 2011; De Pasquale and Sherman, 2011;
Lee and Sherman, 2011; Petrof et al., 2011; Viaene et al., 2011b, a; Viaene et al.,
2011c; Sherman and Guillery, 2013). Relevant for the experiments | describe herein are
thalamocortical and corticocortical synapses. These include synapses between primary
thalamic nuclei and their primary cortical targets, as well as those between higher order
thalamic nuclei and primary or higher order cortical targets.

Primary sensory thalamic nuclei convey feature-specific sensory information to
primary sensory cortices with high fidelity, and their Class 1 (‘driver’) synaptic properties
have been well-described across sensory modalities (Lee and Sherman, 2008; Viaene
et al., 2011a, b). Generally speaking, Class 1 synapses exhibit paired pulse depression
and large EPSPs, consistent with driver-type properties one might expect at synapses
tasked with conveying unequivocally time-locked sensory information from the external
environment (Lee and Sherman, 2008). Class 1 synapses can be further delineated into
Class 1A, 1B, and 1C inputs; all of these are considered to be “drivers”, and only vary in

the level of convergence (lower levels of convergence in Class 1A) and frequency-



dependence of synaptic plasticity (Class 1C) (Viaene et al., 2011b). Class 2
(‘'modulator’) synapses exhibit paired pulse facilitation, high levels of convergence, and
small EPSPs (Sherman and Guillery, 2013). Class 2 synapses also recruit metabotropic
glutamate receptors, which contribute to their “modulator” properties to high frequency
stimuli especially (Lee and Sherman, 2008).

One might expect driving and modulating synapses to be neatly distributed
among feedforward or “bottom-up” and feedback “top-down” pathways, respectively.
Feedforward pathways are considered to carry stimulus-specific information from
external sources, while feedback pathways are often discussed in the context of
“‘modulating” these external inputs. Surprisingly, this is not the case. Intracortical
feedback afferents elicit Class 1 responses as often as they do Class 2 responses
(Covic and Sherman, 2011; De Pasquale and Sherman, 2011). Meanwhile, certain
thalamocortical synapses — such as those from higher order thalamus to primary cortex
— exhibit Class 2 properties (Viaene et al., 2011c).

Despite the thorough characterization of many synapses in thalamus and cortex,
most — especially those investigating intracortical projections — have involved at least
one primary area. Moreover, only recently has optogenetics enabled the disentangling
of inputs that overlap in specific cortical layers. For example, higher order
thalamocortical and intracortical feedback projections overlap in layer 1 (Rockland and
Virga, 1989; Shipp, 2007; Rubio-Garrido et al., 2009), yet their synaptic properties have
not been examined in isolation nor have they been compared. In the experiments |
describe in this thesis, especially those in Chapter 3, | show that some thalamocortical

and corticocortical synapses exhibit characteristics consistent with previously described



synapses, and some do not. My results suggest that especially among higher order
cortical areas, the properties of afferent synapses may diverge from previously

described classifications and their implied roles for cortical function.

The role of thalamocortical and corticocortical connections in mediating
consciousness

Previous investigations implicate thalamic nuclei as gates of bottom-up information flow,
suppressed upon loss of consciousness (Llinas et al., 1998; Alkire et al., 2000).
Thalamic metabolism and blood flow are consistently reduced under several different
anesthetic agents during unconsciousness (White and Alkire, 2003; Alkire and Miller,
2005). Yet, the reduction of thalamic activity may not correlate with loss of
consciousness. Changes in thalamic metabolism occur at sub-hypnotic doses of
sevoflurane (Alkire et al., 2007) and propofol (Kaisti et al., 2002), but further
suppression of the thalamus is not observed during hypnotic doses.

Fewer studies have evaluated the effect of anesthetics on nonspecific thalamic
nuclei. Intralaminar and medial thalamic nuclei are nonspecific thalamic nuclei that
receive relatively little direct sensory input (Saalmann, 2014) but connect extensively
within corticothalamocortical networks. Their anatomical and physiological properties
suggest these projections may be an apt candidate for anesthetic-induced LOC. Indeed,
Hudetz et al. (2012) show that functional connectivity of nonspecific thalamic nuclei is
preferentially reduced by propofol compared to specific thalamic centers (Hudetz,

2012). As yet, however, the direct effects of anesthetics on synaptic responses to
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activation of nonspecific thalamo-cortical afferents in higher order cortical areas has yet
to be tested.

Converging evidence highlights the importance of cortex in mediating
consciousness and, therefore, anesthetic-induced LOC (Llinas et al., 1998; Crick and
Koch, 2003; Koch et al., 2016). Previously described effects of anesthetics on thalamic
metabolism are eliminated upon removal of the cortex (Angel, 1993), despite the cortical
EEG remaining activated following removal of the thalamus (Villablanca and Salinas-
Zeballos, 1972). Evoked responses in primary sensory cortex, the target of specific
thalamic nuclei, do not correlate with stimulus percept (Grunewald et al., 2002; Wilke et
al., 2006; Panagiotaropoulos et al., 2014); likewise, responses to sensory stimuli in
primary cortical areas are relatively unaffected during sleep (Issa and Wang, 2008),
anesthetic (Hubel and Wiesel, 1959; Sellers et al., 2015), or vegetative states (Laureys
et al., 2002). However, deactivation or disconnection of non-primary cortical areas is
closely associated with anesthetic-mediated unconsciousness (Alkire, 2008; Schrouff et
al., 2011; Mashour, 2014). Processes such as expectation and attention are carried out
in higher cortical areas, and information is carried via feedback connections to be
integrated and compared to sensory input (Todorovic et al., 2011; Chennu et al., 2013;
Kok et al., 2013). Across an abundance of anesthetics and recording schemes,
corticocortical feedback connectivity is preferentially suppressed upon loss of
consciousness (Imas et al., 2005; Peltier et al., 2005; Alkire, 2008; Lee et al., 2009; Ku
et al., 2011; Schrouff et al., 2011; Boly et al., 2012; Liu et al., 2012; Raz et al., 2014).

Despite suggesting in the previous paragraphs that the true nature of the neural

correlates of consciousness may be settled by an either-or debate between thalamus
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and cortex, it is more accurate to articulate that both thalamus and cortex (in addition to
lower centers, such as the brainstem and hypothalamus) contribute to the conscious
experience. Some have suggested, for example, that thalamocortical and corticocortical
mechanisms contribute to different dimensions of consciousness, whereby bottom-up
inputs mediate arousal or “level” of consciousness and top-down afferents contribute
context or “contents” of consciousness (Mashour and Hudetz, 2017). Or, in an
alternative (though not mutually exclusive) paradigm, thalamic centers enable
consciousness by mediating intracortical interactions and synchronizing activity in
distant cortical areas (Saalmann, 2014). Indeed, Redinbaugh et al. (2020) recently show
that activity in both thalamus and cortex are correlated with consciousness level, and
that stimulation of a higher order thalamic nucleus induces arousal in macaques by
facilitating synchronization between hierarchically distinct cortical areas (Redinbaugh et

al., 2020).

The enigmatic cortical layer 1

Compared to cortical layers 2-6, cortical layer 1 is characterized by dense neuropil and
a relative paucity of cell bodies belonging to a subset of GABAergic interneurons (Winer
and Larue, 1989). The sparse population of cell bodies that occupies layer 1 can be
characterized almost entirely by their expression of serotonin 5SHT3a receptors (Rudy et
al., 2011). Importantly, layer 1 also contains the dendrites of cells occupying the layers
below(Binzegger et al., 2004; Muralidhar et al., 2014). Inputs to layer 1 arise from higher
order thalamic nuclei (Jones, 1998; Rubio-Garrido et al., 2009), higher order cortical

areas (Yang et al., 2013; D'Souza et al., 2016), and in some cases from lower order
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cortical areas (Coogan and Burkhalter, 1993; D'Souza et al., 2016). Despite a relatively
thorough understanding of the underlying anatomical and cellular features of layer 1, its
functional properties remain relatively enigmatic.

Most studies describing functional roles of thalamocortical, corticocortical,
feedforward, or feedback projections in thalamocortical networks do not separate inputs
to layer 1 from those targeting other layers, nor do they distinguish between
thalamocortical and cortical afferents in layer 1. First, especially for investigations of the
function of intact systems, this strategy is appropriate — connections within (and beyond)
thalamocortical networks operate concurrently, if not independently. As such, afferents
originating from the same area but targeting different laminae, or overlapping inputs
within a single layer function simultaneously and perhaps even synergistically.
Moreover, until recently, methodological constraints have precluded study of synaptic
and circuit properties of distinct long-range inputs in brain slices (Petreanu et al., 2009;
Cruikshank et al., 2010); the tortuous path of thalamocortical fiber tracts made activation
of independent afferent pathways all but impossible by electrical stimulation, even for a
careful geometer.

Still, inputs may elicit lamina- or pathway-dependent responses, perhaps due to
the cytoarchitecture and intrinsic physiology of their targets or differences in synaptic
physiology. For example, synaptic responses of higher order thalamocortical inputs to
layer 1 have significantly longer half-widths compared to inputs to layer 4 originating
from the same thalamic nucleus (Murphy et al., 2019) (see Chapter 4), which may
differentially affect the spatiotemporal dynamics of information integration. Furthermore,

previous studies have demonstrated that properties of intracortical synaptic responses
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are highly dependent upon the layer of both the source and target layer (Covic and
Sherman, 2011; De Pasquale and Sherman, 2011), and synapses by afferents
originating in unique areas vary at the molecular level despite overlapping terminal
fields (Fremeau et al., 2004). Thus, because of the potential pathway- and layer-specific
effects of cortical afferents, investigations of their discrete contributions to cortical

processing are essential.

Preface to Chapters 2-6

In the chapters that follow, | will describe experiments in which | use optogenetics in
cortical brain slices to disentangle properties of distinct thalamocortical and
corticocortical afferents. In Chapter 2, | will thoroughly outline the methods by which the
data in Chapters 3-5 were collected. The steps | describe in this chapter include:
expression of the excitatory light-activated opsin protein channelrhodopsin, breeding of
transgenic animals for the targeting of select interneuron populations, preparation of
cortical brain slices, multichannel and whole cell patch-clamp recording, activation of
distinct afferent axons to higher order cortex, and modulation of synaptic responses by
isoflurane delivered via artificial cerebral spinal fluid. In Chapter 3, | will describe the
properties of synaptic responses to distinct afferent pathways to cortical layer 1. |
provide evidence that suggests differing roles of thalamocortical and corticocortical
inputs, given the relationship between inputs and outputs to the cortical column.
Because the underlying architecture of the cortical network subserves its function, | also
describe pathway- and cell type-specific differences in synaptic responses. In Chapter

4, | explore the effects of isoflurane on extracellularly recorded synaptic responses to
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activation of layer 1 afferents from Chapter 3, as well as those of two additional
pathways reciprocal to the pathways described in Chapter 3. | demonstrate that the
effects of isoflurane are pathway-specific, where feedback corticocortical afferents are
preferentially suppressed by isoflurane compared to feedforward corticocortical
afferents and thalamocortical afferents to layers 1 and 4. Lastly, in Chapter 5, | expand
upon results from Chapter 4 by showing that in addition to pathway-specific effects,

isoflurane preferentially suppressed synaptic responses in a cell type-specific manner.

The results shown and conclusions drawn from these chapters will provide insight to
both past and future investigations of thalamocortical networks, sensory processing,
and anesthetic-induced loss of consciousness. They may also inform the design of

future experiments, upon which | elaborate in the final Chapter 6.
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Chapter 2

Optogenetic activation of afferent pathways in brain slices and modulation of

responses by volatile anesthetics.
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Summary
Ex vivo brain slices can be used to study the effects of volatile anesthetics on evoked
responses to afferent inputs. Optogenetics are employed to independently activate

thalamocortical and corticocortical afferents to non-primary neocortex, and synaptic and
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network responses are modulated with isoflurane.

Abstract

Anesthetics influence consciousness in part via their actions on thalamocortical circuits.
However, the extent to which volatile anesthetics affect distinct cellular and network
components of these circuits remains unclear. Ex vivo brain slices provide a means by
which investigators may probe discrete components of complex networks and disentangle
potential mechanisms underlying the effects of volatile anesthetics on evoked responses.
To isolate potential cell type- and pathway-specific drug effects in brain slices,
investigators must be able to independently activate afferent fiber pathways, identify non-
overlapping populations of cells, and apply volatile anesthetics to the tissue in agueous
solution. In this protocol, methods to measure optogenetically-evoked responses to two
independent afferent pathways to neocortex in ex vivo brain slices are described.
Extracellular responses are recorded to assay network activity, and targeted whole-cell
patch clamp recordings are conducted in somatostatin- and parvalbumin-positive
interneurons. Delivery of physiologically relevant concentrations of isoflurane via artificial

cerebral spinal fluid to modulate cellular and network responses is described.

Introduction

Volatile anesthetics have been used ubiquitously in a variety of clinical and academic
settings for more than a century. Distinct classes of anesthetics have unique, often non-
overlapping molecular targets(Herring et al., 2009; Xie et al., 2013; Baumgart et al.,

2015), yet nearly all of them produce unconsciousness. While their behavioral effects are
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quite predictable, the mechanisms by which anesthetics induce loss of consciousness
are largely unknown. Anesthetics may ultimately influence both the level and contents of
consciousness via actions on corticothalamic circuits, disrupting integration of information
throughout the cortical hierarchy(Crick and Koch, 2003; Friston, 2005; Dehaene and
Changeux, 2011; Koch et al., 2016; Mashour and Hudetz, 2017; Voss et al., 2019). More
broadly, modulation of corticothalamic circuits may play a role in
experimentally(Redinbaugh et al., 2020) or pharmacologically(Carhart-Harris and Friston,
2019) altered states of consciousness, and may also be implicated in sleep(Mak-McCully
et al., 2017) and in pathophysiological disorders of consciousness(Alkire et al., 2008;

Sanders and Maze, 2012).

The elusiveness of the mechanisms underlying loss and return of consciousness during
anesthesia may be attributed partially to non-linear, synergistic actions of anesthetics at
the cellular, network, and systems levels(Hemmings et al., 2019). Isoflurane, for example,
suppresses activity within the selected brain regions(Liu et al., 2012; Hentschke et al.,
2017; Nourski et al., 2018), impairs connectivity between distant brain regions(Ferrarelli
et al., 2010; Ku et al., 2011; Murphy et al., 2011; Lee et al., 2013; Lee et al., 2017), and
diminishes synaptic responses in a pathway-specific manner(Raz et al., 2014; Murphy et
al., 2019). Which effects of anesthetics, from the molecular to the systems level, are
necessary or sufficient to effect loss of consciousness remains unclear. In addition to
substantive  clinical  investigations of consciousness using  non-invasive
techniques(Ferrarelli et al., 2010; Schrouff et al., 2011; Lee et al., 2013), it is important

that experimentalists seek to disentangle the distinct cellular and network interactions that
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subserve the conscious experience.

By simplifying the complex interactions found in the intact brain, ex vivo brain slices allow
the study of isolated components of the brain’s dynamic systems (Voss et al., 2019). A
reduced slice preparation combines the benefits of relatively intact anatomical structures
of local neural circuits with the versatility of in vitro manipulations. However, until recently,
methodological constraints have precluded the study of synaptic and circuit properties of
long-range inputs in brain slices(Petreanu et al., 2009; Cruikshank et al., 2010); the
tortuous path of corticothalamic fiber tracts made activation of independent afferent

pathways all but impossible by electrical stimulation.

Investigating the effects of anesthetic agents on the brain slice preparations presents
additional challenges. Absent an intact respiratory and circulatory system, anesthetic
agents must be bath-applied, and concentrations carefully matched to estimated effect
site concentrations. For many intravenous anesthetic agents, the slow rate of equilibration
in the tissue renders traditional pharmacological investigations laborious(Gredell et al.,
2004; Benkwitz et al., 2007). Investigating the effects volatile gas anesthetics in ex vivo
preparations is more tractable, but also presents challenges. These include converting
inhaled partial pressure doses to aqueous concentrations, and the need for a modified
delivery system of the drug to the tissue via artificial cerebral spinal fluid(Franks and Lieb,

1993).

Here, methods are described by which investigators may capitalize on the well-
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documented physicochemical properties of the volatile anesthetic isoflurane for drug
delivery to ex vivo brain slices, activate pathway- and layer-specific inputs to a cortical
area of interest with high spatiotemporal resolution, and conduct simultaneous laminar
recordings and targeted patch clamp recordings from select populations of neurons.
Combined, these procedures allow investigators to measure volatile anesthetic-induced
changes in several observable electrophysiological response properties, from the

synaptic to local network level.

Protocol

All procedures involving animals described in this protocol were approved by the

University of Wisconsin-Madison School of Medicine and Public Health Animal Care and

Use Committee.

1. Breeding mice to express fluorescent reporter protein in interneuron

subpopulations

1.1. Pair homozyogous, Cre-dependent tdTomato male mouse with either homozygous

SOM-Cre female or homozygous PV-Cre female mouse.

NOTE: Other specific neuronal populations may be targeted by using the appropriate Cre

lines.
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1.2. Allow heterozygous offspring to mature to at least 3 weeks of age before proceeding.
For experiments described here, genotyping is not necessary, as homozygous parents
produce offspring that are all heterozygous for both cell type-specific Cre recombinase

and Cre-dependent reporter alleles.

2. Performing unilateral stereotaxic injection of viral construct

2.1. Adjust settings of the micropipette puller for injection pipettes as indicated in the
instrument user manual (see Table 1 for recommended settings). Pull the glass

micropipette.

2.2. Break the tip of the sharp end of the pipette such that the tip diameter is approximately

30 um with minimal taper over several millimeters.

2.3. Using previously documented procedures, decide on the appropriate titer and volume
of virus to be injected. In the experiments described here, 1.0 yL (titer: 3.1-5.7 TU/mL)

injected unilaterally produced good results.

2.4. Backfill the full volume of the pipette with mineral oil. Load the pipette onto the

microsyringe and flow a small amount of mineral oil through the tip to ensure the tip is not

clogged.

2.5. Frontfill at least 1.0 yL of viral construct. The recombinant adeno-associated viral
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vector used in these experiments was AAV2-hSyn-hChR2(H134R)-EYFP.

2.6. Arrange sterile drape in a surgical area. Sterilize tools for stereotaxic procedure and

place them on the drape.

2.7. Anesthetize SOM-tdTomato or PV-tdTomato heterozygous animal using isoflurane
(3% for induction, 1.5-2% for maintenance) and oxygen mixture. Periodically confirm
surgical level of anesthesia with toe pinch throughout surgery. Ensure animal does not

move beyond the surgical plan of anesthesia by monitoring respirations every 10-15 min.

2.8. Shave the top of the animal’s head. Apply 70% isopropyl alcohol and iodine-based
solution liberally to surgical area and ophthalmic ointment to eye sockets to prevent drying
of the membrane. Administer bupivacaine/lidocaine (1:1 ratio, 1.0 mg/kg) subcutaneously

to surgical site for local anesthetic.

2.9. Fit the animal into stereotaxic frame.

2.10. Use scalpel to make incision along sagittal axis of skin overlying the dorsal surface

of the skull. Retract skin using forceps. Hydrate skull with 0.9% saline as necessary.

2.11. On the surface of the skull, lightly mark the intersection of anterior and lateral
coordinates with a cross in pencil. Drill a hole at the appropriate coordinates in the

transverse plane (in mm relative to Bregma, for cingulate cortex (Cg) injection: anterior
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0.2, lateral 0.3; for posterior thalamus (Po) injection: posterior 2.25, lateral 3.4).

NOTE: Markings should extend beyond the boundaries of the burr hole to provide

guidance for accurate placement of pipette.

2.12. Turn on and balance the air table.

2.13. Reposition the electrode manipulator of the stereotaxic frame at 0° for injections into

Cg, or 45° in the coronal plane for injections into Po.

2.14. Attach the syringe pump to the electrode manipulator. Attach the microsyringe pump

controller to the syringe pump.

2.15. Navigate the pipette tip near (but not touching) the surface of the brain, at the
intersection of markings created in Step 2.11. Advance the pipette at approximately 1
mm/s along its longitudinal axis into the brain either 0.9 mm (injection in Cg) or 3.1 mm

(injection in Po). Wait for 10 min before proceeding.

2.16. Inject 1.0 pL of viral construct over a period of 10 min (100 nL/min). If welling of

virus from pipette insertion site is observed, slow the injection rate to 50 nL/min.

2.17. After injection, wait for 10 min before slowly retracting the injection pipette.
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2.18. Suture to close the scalp incision and administer 2-5 mg/kg meloxicam

subcutaneously.

2.19. Discontinue isoflurane and monitor animal during emergence from anesthesia.

Allow to recover according to procedures described by Institution’s Animal Care and Use

Committee, including further administration of analgesics.

3. Preparation of acute brain slices

3.1. Allow at least 3 weeks for the expression of viral construct before harvesting tissue.

3.2. Prepare 1 L of artificial cerebral spinal fluid for slicing procedure (slicing artificial

cerebral spinal fluid, SACSF). See Table 2 for ingredients.

3.3. Throughout the slicing procedure, supply sACSF with dissolved 95% 02/5% CO:2

mixture, delivered via gas dispersion tube.

3.5. Prepare ice cold bath for vibrating blade microtome. Mount ice-cold specimen stage

onto microtome and fix sapphire blade in place for tissue sectioning.

3.4. Anesthetize mouse with 3% isoflurane and oxygen until loss of righting reflex.

3.5. Decapitate the mouse using guillotine and immediately submerge head in 4°C
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SACSF. To preserve the health of the tissue, complete the following steps as swiftly as

possible.

3.6. Open skull cavity by making a small incision at the base of the skull and gently

removing each skull plate. Gently remove underlying dura mater.

3.7. While the brain is still in the skull cavity, use the razor blade to remove the cerebellum.

Make a second vertical cut along the sagittal plane in the left hemisphere, just lateral to

the midline.

3.8. Prepare tissue block for sectioning.

3.8.1. Gently lift the brain from the skull cavity. Place the brain on the filter paper with the

flat, sagittal plane down. Guide the filter paper over the blocking template and align the

brain to the underlying template outline (Supplementary Figure 1).

3.8.2. Make two parallel cuts in the coronal plane as indicated by the lines on the template.

Add a small drop of SACSF to keep filter paper wet, if necessary.

3.8.3. Place the tissue block in 4°C sACSF briefly while step 3.8.4 is conducted.

3.8.4. Apply a small amount of super glue to the ice-cold specimen stage.



32

3.8.5. Lift the tissue block from cold SACSF. Use the corner of an absorbent towel to wick
away excess SACSF. Glue the posterior coronal plane of the tissue block to the specimen

stage, with the dorsal surface of the brain facing the sapphire blade.

3.9. Collect 500 um thick coronal brain slices. Place slices of interest on nylon mesh
(Supplementary Figure 2) in 34 °C sACSF and allow the container to reach room

temperature.

NOTE: For experiments described here, electrophysiological recordings were collected
from a coronal section centered approximately 2.25 mm posterior to bregma to study a

non-primary sensory area, medial secondary visual cortex (V2MM).

4. Preparation of experimental artificial cerebral spinal fluid (eACSF) bags, one with

and one without dissolved volatile anesthetic isoflurane

4.1. Prepare 300 mL of a stock mixture of 3.0% isoflurane.

4.1.1. In a sealed polytetrafluoroethylene gas bag, add ~100 mL of 95% 02/5% CO:2 gas

mixture to 20-30 mL of liquid isoflurane and a small amount of 0.9% saline. Wait at least

for 30 min to allow equilibration of isoflurane between liquid and gas phases.

4.1.2. Determine the amount of saturated isoflurane gas, Vsa, to add to the stock bag

using the following equation:
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P%stock*Vstock
Vsat = PisosfloucraneS = ( 1 )
(7)*100
Ptotal

where P%stock iS the target composition of the stock gas (3% in this case), Vstock iS the
final volume of the stock gas bag, Pisofiurane is the partial pressure of isoflurane at room

temperature (~240 mmHg), and Protal is the atmospheric pressure (~760 mmHg).

4.1.3. Add the calculated amount of saturated gas to an empty gas bag and fill the bag
with a volume of 95% 0O2/5% CO2 gas mixture to bring the total volume of stock bag to

300 mL.

4.2. Prepare 2 L of artificial cerebral spinal fluid for perfusion of the slice during the
experiment (experimental ACSF, eACSF). See Table 2 for ingredients. Dissolve 95%
02/5% CO2 gas mixture into solution.

4.3. Prepare two separate bags of Control and Isoflurane solutions.

4.3.1. To an empty polytetrafluoroethylene gas bag, add 600 mL eACSF and 600 mL of

95% 02/5% CO2 gas mixture. Label this bag as Control.

4.3.2. To another empty polytetrafluoroethylene gas bag, add 300 mL of eACSF. Label

this bag as Isoflurane.
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4.3.3. Choose a physiologically relevant equilibrated gas phase concentration of
isoflurane. Experiments were conducted using gas concentrations equivalent to 1.3%
isoflurane. Mice lose righting reflex, and presumably consciousness, at 0.9% inhaled

isoflurane.

4.3.4. Use the following equation to calculate the equivalent gas phase concentration at

room temperature, P%(Troom) (Franks and Lieb, 1993):

=20.2(Tpogy—Troom)

P%(Troom) = P%(Tbody) x e 27315+ Troom (2)

where P%(Tbody) is the physiologically relevant gas phase concentration chosen in Step

4.3.3, Troom IS 25 °C, and Thody is 37 °C.

4.3.5. Use the following equation to determine volume of gas from stock gas bag, Vstock,

to add to the Isoflurane solution.

_ Vsotution* P%(Troom)*(1+21)
Vstock - ( 3 )

P%stock

where Vsolution IS the volume of eACSF in ISOFLURANE bag (300 mL), P%(Troom) IS
entered from equation (2), A is the saline/gas Ostwald partition coefficient of isoflurane (A
= 1.2(Honemann et al., 1998)), and P%stock is the gas phase concentration of the stock

gas bag (P%stock = 3.0%).
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4.3.6. To the Isoflurane solution bag, add the volume of gas from the stock gas bag, Vstock,

calculated in Step 4.3.5.

4.3.7. To the Isoflurane solution bag, add a volume of 95% 02/5% CO2 gas mixture to

bring the total volume of gas in the Isoflurane solution bag to 300 mL.

4.4. Shake both Control and Isoflurane bags on shaker for at least 1 h to allow isoflurane

phase equilibration.

4.5. After all data has been collected, the correct concentration may be verified by using
an anesthetic gas monitor to measure equilibrated gas concentration of isoflurane above

the remaining solution in bag.

4.6. Report experimental concentrations of volatile gases in aqueous units, as millimolar
concentrations are more robust to changes in temperature. Use the following equation to
convert room temperature gas phase concentration, P%(Trom), t0 equivalent aqueous

concentration (Cagueous, in mM) (Franks and Lieb, 1993):

Caqueous = 0.44614 * a * P%(Tyoom) (4)

where a is the saline/gas Bunsen partition coefficient for isoflurane at 25°C(Honemann et

al., 1998).
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5. Preparation of hardware and software for multi-channel recordings

5.1. Set up 16-channel data acquisition system according to manufacturer instructions.

NOTE: Several commercially available amplifiers and data acquisition systems can be
used to collect multi-channel recordings. In the experiments described here, analog
signals are delivered via an electrode reference panel to two amplifiers, where they are
amplified (2000x) and filtered (0.1-10kHz). Analog inputs to the data acquisition system

are digitized at 40kHz.

5.2. Fasten the appropriate 16-channel headstage adaptor to a microscope
micromanipulator. Orient the adaptor such that the female connector ports are facing

downward.

5.3. Adjust the angle of operation of this micromanipulator such that it is oriented

downward toward the recording chamber, at an angle approximately 70° relative to

horizontal.

5.4. Connect the headstage input to a 16 x 1 probe for in vitro electrophysiology via the

headstage adaptor anchored to the micromanipulator.

5.5. Connect the headstage output connector to the data acquisition system.



37

5.6. Install appropriate software for data acquisition. Configure 15 input channels to
correspond to input signals from the first 15 multi-channel probe contacts. Configure the

remaining channel to receive input from the intracellular electrode.

NOTE: Take care to consider electrode and adaptor maps when collecting and analyzing

data, to ensure the appropriate signal corresponds to the electrode contact from which it

was collected.

6. Configure light stimulation protocols

6.1. Set up light delivery system and install the accompanying software.

6.2. Open the software. Choose hardware wiring configuration in which a Trigger Source

(Digital/TTL Out) provides Trigger In signal to the light delivery system, and the light

delivery system provides Trigger Out signal to a 470 nm LED.

6.3. Mount high-power objective lens. Using digital camera, calibrate high-power objective

for use with light delivery system.

6.4. Create new profile sequence of light stimulation profiles.

6.4.1. Create a pattern of choice. In the experiments described here, a circle of diameter

150 pm is used to allow layer-specific activation of axon terminals.



38

6.4.2. To construct a profile sequence, copy and paste this profile for each of any number

of trials.

6.4.3. Create a waveform list that contains waveforms of any light intensity, pulse

duration, or pulse number.

6.4.4. Randomly assign waveforms to each profile. Each profile with its assigned

waveform corresponds to one trigger pulse from a Digital TTL input, or one trial.

6.4.5. Save the profile sequence.

6.5. In the data acquisition software, create a new protocol.

6.5.1. Set the number of trials to equal the number of profiles in the profile sequence just

created.

6.5.2. Choose signal inputs to match those configured in Step 5.6. Configure a protocol

that provides a single digital TTL output, recording from these 16 input channels for an

appropriate amount of time before and after the digital trigger.

7. Placing multi-channel probe in ex vivo brain tissue slice
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7.1. Perfuse bubbled eACSF (not in sealed bags) at 3-6 mL/min.

7.2. Transfer the brain slice containing area of interest onto mesh grid in microscope

perfusion chamber. Anchor with platinum harp (see Supplementary Figure 3).

7.3. Rotate mesh grid such that the line of electrode contacts on the distal end of the

multi-channel probe is approximately perpendicular to the pial surface.

7.4. Under broadfield illumination and under fine control of the micromanipulator, lower

the multi-channel probe toward the surface of the slice.

7.5. Rotate the filter cube turret to engage the appropriate filter cube for visualization of
the fluorescent reporter protein expressed in axon terminals of cortical afferents. If

necessary, rotate the slice to more precisely align the probe with the pial surface.

7.6. Position the probe just above the plane of the slice, (1200 um short of the final target
position along the x-axis, leaving at least one channel outside the boundary of the area

of tissue being recorded

7.7. Slowly insert the probe into the slice by moving the manipulator along its longitudinal
axis. To minimize damage to the tissue, only advance the probe to the extent that the
sharp tips are just visible below the tissue surface. This will minimize damage to the tissue

while still ensuring the electrode contacts are in contact with the tissue.
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8. Patch clamping targeted neurons and obtaining whole-cell configuration

8.1. Switch eACSF source to bagged Control solution.

8.2. Identify fluorescently labeled cell for targeted patch clamp recording.

8.2.1. Restrict the aperture iris diaphragm to the smallest diameter. Engage a low-power

objective lens and bring the tissue into focus.

8.2.2. Center the light over an area of tissue adjacent to (but not overlapping) the multi-

channel probe.

8.2.3. Engage the high-power (40x or 60x) water immersion objective, using caution to

avoid contact between the multi-channel probe and objective lens.

8.2.4. Rotate the filter cube turret to engage the appropriate filter set to allow imaging of

cells expressing Cre-dependent fluorescent marker.

8.2.5. Identify a fluorescently labeled cell as a target for patch clamp recording. Raise the

objective lens to create ample space to lower a patch pipette.

8.3. Load a patch pipette (see Table 1) with internal solution (Table 2) and mount pipette
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into electrode holder. Using 1 mL syringe, apply positive pressure corresponding to

~0.1mL air.

8.4. Lower patch pipette into the solution. Bring the pipette tip into focus under visual

guidance.

8.5. Obtain whole-cell recording from the targeted cell using the steps previously

demonstrated(Au - Segev et al., 2016).

8.6. If planning to assess changes to intrinsic properties of the cell (e.g., input resistance,

action potential firing rate in response to current steps), conduct these recordings.

Otherwise, move to axon stimulation protocol in below.

9. Layer-specific optogenetic activation of axon terminals

9.1. Manipulate field of view in the x-y plane to align light stimulation profile with desired

location on slice.

9.2. Load light stimulus protocol and prepare the light delivery system to receive a digital

TTL pulse.

9.3. Optogenetically activate axon terminals while simultaneously recording extracellular

field potentials and intracellular membrane fluctuations.
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9.4. Switch eACSF source to Isoflurane solution and wash drug in for 15 min. If necessary,

collect spontaneous recordings during the wash-in.

9.5. Repeat step 9.2-9.3.

9.6. Switch eACSF source to Control solution and wash drug out for 20 min. If necessary,

collect spontaneous recordings during wash-out.

9.7. Repeat step 9.2-9.3.

Representative Results

A timeline of steps described in the protocol is shown in Figure 1. Cortical inputs arriving
from higher order cortical areas or from non-primary thalamic nuclei have partially
overlapping terminal fields in layer 1 of non-primary visual cortex(Murphy et al., 2019). To
isolate independent thalamocortical or corticocortical afferent pathways, a viral vector
containing ChR2 and an eYFP fluorescent reporter was injected into either Po or Cg.
Cells within the injection radius take up the viral vector and, after 2-4 weeks, express the
non-specific cation channel ChR2 and the reporter in both the soma and projecting axons
(Figure 2A). Coronal slices were collected. With the appropriate filter cube engaged,
axons expressing the viral construct were imaged (Figure 2B). The use of ChR2 to
activate axon terminals allows for activation of afferents without the prerequisite for an

attached soma.
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The animals used in the experiments described here were SOM-tdTomato or PV-
tdTomato hybrid animals, which express the fluorescent reporter protein tdTomato in
either somatostatin- (SOM+) or parvalbumin-positive (PV+) interneurons, respectively.
SOM+ or PV+ interneurons in layer 2/3 were targeted for patch clamping under visual
guidance with the appropriate filter cube engaged (Layer 1C). These interneurons have

dendrites in layer 1 and are targets of corticocortical inputs (Figure 3A).

Addition of 125 mL of 3.0% isoflurane gas and 175 mL of 95% 02/5% CO:2 to a sealed
bag resulted in a pre-equilibrium concentration of gas of 1.3%. Gas dissolved into eACSF
according to its partition coefficient; the predicted gas phase equilibrium concentration of
isoflurane at room temperature was 0.6% (Figure 2D). This was confirmed via gas

monitor.

The tissue slice was transferred to the recording chamber and the 16 x 1 multi-channel
recording probe was placed orthogonally to the cortical laminae (Figure 2E). A 150 ym
circle of 470 nm light centered over cortical layer 1 was delivered via the objective light
path, while extracellular field potentials were collected using the 16 x 1 multi-channel
probe and targeted whole-cell patch clamp recordings were conducted in interneurons. A

schematic of the recording set-up is shown in Figure 2F.

Post-synaptic potentials (PSPs) were observed in interneurons in response to a train of

four 2 ms pulses of light (10 Hz; Figure 3A). Local field potentials were also recorded
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(Figure 3B). Current source density (CSD; Figure 3C) and multi-unit activity (MUA;
Figure 3D) were extracted from local field potentials. Ten trials at several different light
intensities were used to conduct post hoc analyses. The amplitude of current sinks
extracted from the CSD increased as a function of light intensity (Figure 4A). A three-
parameter nonlinear logistic equation was fit to the data for comparisons across

pathways. PSP amplitude also increased with current sink amplitude (Figure 4B).

Synaptic responses to thalamocortical and corticocortical inputs were measured during
control, isoflurane (0.28 mM), and recovery conditions. Post-synaptic responses of
somatostatin- (Figure 5A) to corticocortical stimuli were suppressed during isoflurane, as

were evoked current sinks (Figure 5B).

Discussion
In this manuscript, a protocol for evaluating intra- and extracellular responses to

selectively activated afferent pathways in ex vivo brain slices is described.

The use of optogenetic tools and parallel recording schemes allows investigators to probe
responses of local populations to afferent inputs from distant brain regions, while
recording simultaneously from targeted populations of interneurons. The use of
optogenetic technology allows for axon terminals of afferent projections to be preserved
and activated even though their cell bodies are no longer attached. This relieves
geometric restrictions previously imposed upon ex vivo slices, as preservation of long-

range electrical connections is no longer paramount. Still, care should be taken to prepare
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slices in a geometrical plane that preserves any remaining connections of interest. For
example, pyramidal cells are oriented vertically along the cortical column, and evoked
network activity measured by the multichannel probes in these experiments requires such
local connections to be preserved as much as possible. Thus, coronal slices were

prepared to keep local connectivity intact.

When choosing optogenetic constructs and relevant fluorescent reporter proteins,
properties of their excitation/emission spectra and microscopic optics must be
considered. Persistent light stimulation may result in partial inactivation of many
channelrhodopsin variants(Lin et al., 2009), which can be avoided by choosing reporter
proteins whose excitation spectra do not overlap with that of the opsin. Alternative
variants with different kinetics or light sensitivities may also be chosen depending on the
experimental paradigm(Lin, 2011), including manipulations using alternative excitatory or
inhibitory opsins. Filter cubes must also be appropriately aligned with the chosen
fluorescent reporters, such that afferent axon terminals or interneurons may be imaged
independently and without activating expressed opsins. To account for the variability in
virus expression, it may also be pertinent for investigators to normalize any
optogenetically-induced activity to the expression level of the viral construct, measured

by the fluorescent output of the reporter protein.

Delivery of pre-calculated concentrations of volatile anesthetics to slice tissue is also
possible using the methods outlined here. When choosing appropriate physiologically

relevant gas equilibrium percentages, investigators should account for 10-15% loss of



46

dissolved isoflurane gas between the perfusion line and tissue(Banks and Pearce, 1999).
The methods applicable to isoflurane have been presented, but other drugs such as
halothane, sevoflurane, or desflurane can be handled similarly using the appropriate
Ostwald and Bunsen coefficients (Supplementary Table 1). The partitioning properties
of volatile anesthetics assure that they will predictably dissolve into ACSF. However,
because partial pressures are more sensitive to changes in temperature than aqueous
ECso concentrations(Hagan et al., 1998), gas equilibrium volume percentages of volatile
anesthetics must be converted to predicted room temperature millimolar concentrations
to compare observed effects to physiologically relevant doses in vivo. If opting to study
intravenous anesthetics such as etomidate or propofol in brain slices, investigators must
consider diffusion profiles of the drugs under study, as equilibration times and

physiologically relevant concentrations may vary greatly(Benkwitz et al., 2007).

In this manuscript, a protocol is described for testing the effects of volatile anesthetics on
distinct components of thalamocortical circuits in ex vivo brain slices. Many of the
variables and parameters in the methods described may be manipulated for further
investigations. For example, different brain areas, afferent pathways, cell targets, or
volatile anesthetics may be studied by adapting the outlined methods to answer novel
guestions. Combined with other theoretical and experimental methods, study of unique
cellular and network components using ex vivo brain slices will advance our
understanding of the dynamic brain, and the changes it undergoes during

pharmacological and pathophysiological changes in consciousness.
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Figure 1: A schematic outlining timeline of important steps in protocol. Top:
Describes timeline of steps necessary for breeding of transgenic animals and
expression of viral vector. Bottom: Depicts steps and timeline for preparing materials

and conducting experiment on the day of slice preparation.
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Figure 2: Injection of viral vector and preparation ex vivo coronal brain slices. (A)

Schematic representation of injection of viral vector into SOM-tdTomato or PV-

tdTomato hybrid mice. (B) Coronal slices of the medial parietal association area (mPtA)

were harvested, and thalamocortical (top) or corticocortical (bottom) afferent fibers

were identified by their eYFP reporter in layer 1. This figure is modified with permission
from (Murphy et al., 2019). (C) Overlay of eYFP-labeled axon terminals in layer 1

(green) and tdTomato-labelled SOM+ interneurons (red) in superficial layer 2/3. (D)
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Sealed bags were prepared with a 50:50 solution-to-gas mixture. (E) Placement of a
16 x 1 probe into mPtA (black outline). (F) Schematic of the recording set-up in the

cortical slice.
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Figure 3: Simultaneous intracellular and multi-channel extracellular recordings
in cortical slice. (A) Whole-cell current clamp patch recording from the soma of a layer
2/3 PV+ interneuron. Four pulses (2 ms each, blue arrows) of blue light (2.2 mW) at 10
Hz were delivered to corticocortical axon terminals in L1. Average (red trace) of ten
trials (grey traces) are shown. (B) Raw data from 16 channels of extracellular 16 x 1

probe. Channels placed in cortical tissue are shown in black, and those lying outside of
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cortex in grey. (C) A current source density diagram, extracted from the local field
potential signal, shows synaptic current sinks (blue) in layer 1. (D) Multi-unit activity,
generated by applying a high-pass filter to the local field potential signal, isolates

spiking activity evoked in lower layers.
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Figure 4. Comparison of responses from recordings in two different slices.
Multiple light intensities were used to evoke synaptic responses in cortical layer 1. For
each trial, the peak amplitude of the evoked response was extracted from the layer 1
extracellular current sink and EPSPs in layer 2/3 PV+ interneurons. (A) Extracellular
response profiles of thalamocortical and corticocortical afferents are compared as a
function of light intensity. (B) The relationship between current sink amplitude and

EPSP amplitude is pathway dependent. Within each stimulus pathway, data from (A)

and (B) were collected simultaneously.
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Figure 5: Bath application of isoflurane dissolved in eACSF during simultaneous
recordings. (A) Intracellular whole-cell current clamp recording from layer 2/3 SOM+
interneuron upon activation of corticocortical afferents during control, isoflurane, and
wash conditions. Vertical blue lines indicate light stimuli (2 ms; 1.65 mW). (B) Current
source density trace extracted from electrode in layer 1. Data were collected
simultaneously with those collected in (A). Recovery of responses upon wash

demonstrates depression of synaptic responses by isoflurane.
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Table 1
Micropipette for virus injection
Glass ID: 0.05 mm, OD: 0.11 mm
Loops 1
Heat Pull Vel Time Pressure
Ramp + 10 20 40 200 300

Micropipette for whole-cell patch clamp recordings

Glass ID: 1.1 mm, OD: 1.7 mm

Loops 4

Heat Pull Vel Time Pressure
Ramp 0 25 250 500

Table 1: Recommended glass and parameters for pulling micropipettes for viral
injections and whole-cell patch clamp recordings. Glass used for viral injections
and whole-cell patch clamp recordings is described, as well as the parameters for
pulling micropipettes using the micropipette puller. Consult instruction manuals for

micropipette puller for further recommendations or fine-tuning of settings.



Table 2

NaCl
NaHCO,
HEPES
KCl
CaCl,
MgSO,
KH,PO,

glucose

K-gluconate
NaCl

HEPES
EGTA
MgATP
NaGTP

Slicing ACSF, sACSF (in mM)

111
35
20
1.8

1.05
2.8
1.2
10

Internal Solution

140
10
10
0.1
4

0.3

pH=7.2

Experiment ACSF, eACSF (in mM)

111
35
20
1.8
2.1
1.4
1.2
10
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Table 2: Composition of artificial cerebral spinal fluid and intracellular solution.

Reagents and concentrations for SACSF, eACSF, and intracellular pipette solution for

patch clamp recordings are listed.
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Supplementary Figure 1

Cover slip Glass slide

Supplementary Figure 1: Template for preparing block of tissue to collect brain
slices. The template is adjusted to the appropriate size, printed, and glued to a
microscope slide. A cover slip is glued over the template to prolong its use. The tissue
block is placed on a piece of filter paper with the sagittal plane down, aligned to the

pink background, and a vertical cut is made in the coronal plane along the black line.
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Supplementary Figure 2

Supplementary Figure 2: Incubation chamber for harvested brain slices. The
chamber is filled with SACSF and bubbled with 95% 02/5% CO2 gas mixture via a bent
needle attached to tubing. Incubation platform is made of nylon stretched over a plastic

circular fitting.
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Supplementary Figure 3

Supplementary Figure 3: Platinum structures for slice in recording chamber.
Brain slice is transferred to recording chamber via pipette and placed on top of nylon
mesh, which is stretched over a horseshoe-shaped piece of flattened platinum wire and
super glued in place. Platinum harp is placed over brain slice to anchor it in place during
recording.
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Supplementary Table 1

A a
Halothane 1.45 1.34
Sevoflurane 0.45 0.42
Desflurane 0.32 0.30

Supplementary Table 1: Ostwald (A) and Bunsen (a) coefficients for other volatile
anesthetics. Adapt this protocol for study of other volatile gas anesthetics, such as
halothane, sevoflurane, or desflurane. Substitute the equations described in the

protocol with the appropriate coefficients as listed in this table.
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Chapter 3

Characterization of synaptic and network responses to distinct thalamocortical

and corticocortical inputs to cortical layer 1.

This chapter will be submitted for publication as:

Murphy CA, Banks MI (2020). Characterization of synaptic and network responses to

distinct thalamocortical and corticocortical inputs to cortical layer 1.

Abstract

Afferent projections to cortical layer 1 are traditionally considered to be modulatory.
However, most descriptions of the thalamic and cortical areas from which they originate
have not investigated layer 1 inputs isolation from those to other layers, nor have
thalamocortical and corticocortical afferents been directly compared. In these
experiments, we optogenetically activate two distinct thalamocortical (TC) and
corticocortical (CC) afferent pathways to layer 1 of higher order cortex. We record
extracellular synaptic and network responses to activation of these inputs, and we
conduct intracellular recordings from distinct populations of pyramidal cells as well as
somatostatin-positive (SOM+) and parvalbumin-positive (PV+) interneurons. We show
that inputs originating in the posterior medial nucleus of the thalamus (POm) or
cingulate cortex (Cg) elicit synaptic responses with varying characteristics depending on

the identity of the post-synaptic target. In addition, we demonstrate that the relationship
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between inputs to layer 1 and spike output of the cortical column is pathway- and layer-
dependent. Our results suggest that afferent inputs to layer 1 may play different
functional roles in integration and propagation of information, subserved by unique

underlying circuit dynamics.

Introduction

Excitatory afferents to layer 1 of neocortex most often originate in higher order thalamic
nuclei and higher order cortical areas, and play an important role in sensory processing
(Gilbert and Li, 2013; Manita et al., 2015; Mease et al., 2016; D'Souza and Burkhalter,
2017; Zhang and Bruno, 2019) and in conscious experiences (Mashour and Hudetz,
2017; Redinbaugh et al., 2020). In classical descriptions of the cortical microcircuit,
these afferents are postulated to play a modulatory role. Cortical layer 1 contains only a
small population of GABAergic interneurons and the distal dendrites of cells in lower
layers (Binzegger et al., 2004; Muralidhar et al., 2014), ostensibly limiting the influence
of layer 1 afferents over excitatory output of the cortical column. Projections to cortical
layer 1 are anatomically diffuse (Rockland and Virga, 1989; Rubio-Garrido et al., 2009),
connecting multiple cortical columns, and in some cases, multiple levels of the cortical
hierarchy, which positions them well to synchronize activity in multiple cortical areas
(Saalmann et al., 2012; Redinbaugh et al., 2020). Many higher order thalamocortical
and feedback corticocortical synapses exhibit characteristics often associated with
modulatory roles, such as low amplitude post-synaptic potentials (PSPs), paired pulse

facilitation, and graded responses with respect to changes in stimulus intensity (Covic
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and Sherman, 2011; De Pasquale and Sherman, 2011, Viaene et al., 2011c).
Functionally, several investigations in vivo have implicated higher order thalamic and
cortical areas in modulating or enhancing responses to sensory stimuli (Manita et al.,
2015; Mease et al., 2016; Roth et al., 2016; Takahashi et al., 2016; Zhang and Bruno,
2019), despite receiving very little direct sensory input themselves.

Most descriptions of the functional roles of higher order thalamic and cortical
areas have not discriminated between influences of inputs to layer 1 and those to other
layers. Even so, some findings challenge the notion that layer 1 afferents are
exclusively modulatory. Electrical activation of intracortical feedback projections in vivo
drives robust spiking in primary sensory cortex, which is abolished by blocking inputs to
layer 1 specifically (Manita et al., 2015). TC and CC inputs to layer 1 of prefrontal cortex
drive spiking in some post-synaptic cells in vitro (Cruikshank et al., 2012). For example,
activation of higher order thalamus, from which a large number of layer 1 inputs
originate, synchronizes cortical areas and restores consciousness in anesthetized
animals (Redinbaugh et al., 2020), suggesting more than simply a modulatory role.
Some intracortical and higher order thalamocortical synapses are modulatory, while
others exhibit robust responses with high temporal precision, similar to information-
bearing projections in lower areas (Covic and Sherman, 2011; De Pasquale and
Sherman, 2011; Cruikshank et al., 2012; Delevich et al., 2015; Mo and Sherman, 2019).
Indeed, physiological properties of higher order thalamocortical and feedback
corticocortical signals may depend on layer-specific termination patterns of afferents

(Lee and Sherman, 2008), the hierarchical relationship between the connected areas
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(Viaene et al., 2011c; D'Souza et al., 2016), or the identities of post-synaptic cells
(Cruikshank et al., 2012; Audette et al., 2018).

Dedicated investigations of afferent inputs to layer 1 are limited. Studies
characterizing the physiological and functional properties of these afferents have
primarily been conducted in primary cortex (though, see D’Souza et al., 2016) and only
rarely isolate and compare distinct layer 1 inputs (e.g. (Cruikshank et al., 2012)).
Moreover, the relationship between layer 1 input and resulting output of the cortical
column has not been explicitly described. Input and output of the cortical column rely
heavily on the involvement of specialized interneuron populations. For example, SOM+
interneurons target the distal dendrites of pyramidal cells and control inputs, while PV+
interneurons target axosomatic regions of pyramidal cells and regulate their outputs.
But, to what extent TC and CC inputs to layer 1 recruit subpopulations of interneurons
to integrate signals and generate output is not clear, leaving open the question of
whether the roles of overlapping afferents are functionally distinct.

By expressing channelrhodopsin in afferents from posterior medial thalamus and
from cingulate cortex, we independently activate two distinct inputs to cortical layer 1
and assay evoked cellular and network responses. We demonstrate that thalamocortical
and corticocortical inputs differentially engage post-synaptic pyramidal cell and

interneuron targets and evoke distinct, layer-dependent spiking activity.

Methods

Expression of channelrhodopsin in distinct POm and Cg afferents
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To independently activate higher order thalamocortical or corticocortical feedback
afferents, viral constructs containing channelrhodopsin-2 (ChR2) and fluorescent
reporter YFP (AAV2-hSyn-hChR2(H134R)-eYFP; generously provided by K.
Deisseroth, Stanford University via University of North Carolina Vector Core) were
injected into either posterior medial thalamus (AP: -2.25 mm, ML: 1.25 mm, DV: -3.35
mm; volume: 1 pL) or cingulate cortex (AP: 0.2 mm, ML: 0.3 mm, DV: 0.9 mm; volume:
1 pL), respectively. Coronal brain slices (500 um thick) were prepared from

anteromedial visual cortex (AM), a secondary visual area.

Electrophysiological recordings and activation of afferents
Multichannel extracellular recordings were collected in AM using a 16x1 multichannel
silicon probe with evenly spaced contacts (100 um) spanning the cortical laminae.
Whole-cell patch clamp recordings were conducted in current clamp mode from four
different populations of cells. Layer 2/3 (L2/3) or L5 (L5) pyramidal cells were targeted
based on morphology under DIC microscopy (Olympus BX51); td-Tomato-labelled
somatostatin-positive (SOM+) or parvalbumin-positive (PV+) interneurons were
visualized using combined DIC and fluorescence (filter cube 49008; Chroma, Bellows
Falls, VT). After whole-cell configuration was achieved and a series of 600 msec-long
current steps were delivered to further characterize cell identity.

POm or Cg afferents were activated with four brief pulses of 470 nm light at 10
Hz (2 msec pulses, diameter: 150 ym) at a range of intensities (0.022-2.2 mW). At least
5 different stimulus intensities were used for each cell, and 8-10 trials of each intensity

were randomly interleaved and delivered every 10 seconds. In a subset of experiments,
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APV (20 uM) and APV + CNQX (20 uM + 50 uM, respectively) were bath applied and

evoked responses compared to baseline recordings.

Isolation and analysis of extracellular synaptic and network responses

To control for the possibility that observed physiological differences between pathways
were not due to levels of viral expression, eYFP fluorescence was compared between
Po- and Cg-injected animals. Using a standardized light intensity, the maximum value of
fluorescence adjacent to the recording probe in layer 1 (less the background
fluorescence) was measured for each slice and normalized to the maximum value
across all slices. Mean fluorescence values between POm- and Cg-injected slices were
compared using an independent t-test.

Signals from each channel were averaged across trials of the same light
intensity. Current source density (Mitzdorf, 1985) (CSD) was calculated from local field
potential signals using the spline inverse CSD method (Pettersen et al., 2006), where
negative-going currents indicate current sinks, or inward transmembrane currents.
Further analysis of the CSD was conducted on the earliest onset current sink, which
was in layer 1 in all cases. Peak amplitudes were multiplied by -1 for ease of
interpretation and statistical analysis. Multiunit activity (MUA) was isolated by high pass
filtering (1-3kHz), rectifying, and smoothing (low-pass filter, 600Hz) extracellular signals.
Further analysis of MUA signals was conducted on the largest amplitude peak for both
the superficial and deep layers. Integral of the MUA was calculated from the area under
the curve from the first threshold crossing (2.5 times the geometric mean) to the point at

which the signal returned to and remained below threshold for at least 5 msec.
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Analysis of evoked responses in pyramidal cells and interneurons
Intracellular recordings were bandpass filtered at 0.1-2000Hz. Paired-pulse ratio was
calculated using responses from the lowest stimulus intensity that evoked non-zero
amplitudes on at least 50% of trials and had a latency jitter of <1 msec. Cells that did
not exhibit responses within these criteria at any stimulus intensity or which exhibited
latencies >10 msec were considered to be non-responders and were not used for
further analysis (Table 1).

For each experiment, either layer 1 current sink or post-synaptic potential

amplitudes, y, at each recorded stimulus intensity, x, were fit to a logistic equation

Y(X) = (Amax * X")/(ESs0" + X")
where Amax is the asymptotic maximum amplitude, ESso is the stimulus intensity at which
the response amplitude is 50% of the maximum, and h represents the degree of
cooperativity exhibited among individual units within the synaptic machinery with
increases in stimulus intensity. Functionally, we interpret maximum amplitude (Amax) as
the maximum possible response for a given experiment given unlimited illumination
power, which we used to quantify and compare magnitude of current sinks and PSPs.
We use ESso as a proxy for gradedness of responses, where the more linear (graded)
increases in amplitude are with increases in stimulus intensity, the higher the expected
ESso. Previous studies have suggested that graded response profiles represent
activation of additional axons with increasing stimulus intensities, and therefore higher
levels of convergence (see Sherman et al., 2013 for summary (Sherman and Guillery,

2013)). The h coefficient mathematically represents the analog of the unitless Hill
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coefficient used to quantify biochemical properties of proteins. Hill coefficients greater
than or less than 1 reflect deviations from hyperbolicity that might be expected if the
components of the process being modeled are independent of each other. If some level
of competition or cooperativity exists during the activation of afferent fibers or synaptic
transmission, for example, we would expect the h coefficient to deviate from 1.

Cells for which the curve fit ultimately failed to converge were excluded from
analysis (10 of 112 cells). By fitting each cell to this model, synaptic parameters could
be compared independently of one another, and in a manner that is putatively more
robust than direct comparison of amplitudes to subtle variations between slices that
might interact with pathway effects (e.g., viral expression).

It should be noted that analysis of post-synaptic potentials did not include trials
on which action potentials were evoked, which may ostensibly lead to erroneous
estimations of fit parameters (e.g., underestimation of Amax). To evaluate whether
exclusion of spike data significantly altered pathway or cell type effects, the analysis
described above was re-run with spike trials included, where the difference between
baseline membrane potentials and spike threshold was used for PSP amplitudes on
spike trials. Conclusions based on estimates of pathway and cell type effects were not

significantly different when spike trials were included (data not shown).

Statistical Models
Responses variables from intracellular recordings were analyzed using a linear
mixed effects model. All models included a dependent response variable from the whole

cell current clamp recording (e.g., Amax), fixed effects of afferent pathway (POm or Cg)
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and cell type (L2/3 PYR, L5 PYR, SOM+, PV+), and an interaction between afferent

pathway and cell type. Random effect was slice experiment, with random slopes by cell

type.

Responsecpe ~ Bo + Bic + B2p + Bacp + bDoe + bice + Ecpe
For each response measure, a likelihood ratio test was used to determine whether the
interaction of fixed effects was significant. The full model was compared to a restricted
model from which the fixed effect was omitted, and results of log likelihood ratios are
reported using chi-squared values. For each pathway-cell type combination, estimated
values of each response measure are reported as a sum of individual fixed effects
coefficients. For select comparisons of interest across pathways or cell types, the
significance of individual coefficients was tested, and differences are reported.
Residuals were visually inspected for homoscedasticity. Heteroscedasticity was
corrected by log transforming the response variables and coefficients reported in their
exponentiated form for ESso.

Response variables from POm- and Cg-evoked CSD signals in layer 1 were
compared using an independent t-test unless normality was rejected by visual
inspection, in which case a Mann Whitney U test was used. For analysis of APV and
CNQX results, a linear mixed effects model was used to compare effects on layer 1
current sink amplitude of fixed effects drug and afferent pathway, using slice experiment
as a random effect with random slopes by drug. Significance of the interaction term was
evaluated using a likelihood ratio test as described above. The significance of individual
coefficients was tested and estimates of the individual coefficients (i.e., drug effects for

each pathway) are reported with 95% confidence intervals.
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To investigate the relationship between input and output of the cortical column,
MUA integral in either superficial or deep layers was modeled as a function of layer 1
current sink amplitude, and slopes were compared by pathway and layer. The full model
of the response variable MUA integral included individual fixed effects of layer 1 sink
amplitude, pathway, and layer as well as interaction terms between and among fixed
effects and random effect of slice experiment. This model was significantly improved
compared to a restricted model from which the three-way interaction term was omitted

(x2 (1)= 6.29, P = 0.012).

Results

Optogenetic activation of POm and Cg inputs to AM elicits distinct responses in layer 1
Injection of viral vector in POm (Figure 1A) or Cg (Figure 1B) resulted in expression of
eYFP reporter in axon terminals in layer 1 of AM. Mean eYFP fluorescence (Fluorvep)
was not significantly different for POm (ntc = 17, Fluoryep,tc = 0.41) compared to Cg
(ncc = 20, Fluoryerp,cc = 0.38) inputs to layer 1 (t(35) = 0.4193, P = 0.68; Figure 1G).
Expression of the eYFP reporter was also observed in L4 of Po-injected slices and in
the infragranular layers of Cg-injected slices, but light delivery for the experiments
described here was restricted to layer 1.

Activation of POm and Cg inputs to AM elicited short-latency synaptic current
sinks in layer 1 (Figure 1C and 1D, respectively). To elucidate the nature of these
responses, APV (20 uM, n = 15) and APV + CNQX (50 uM, n = 5) were applied to a
subset of slices. Application of APV alone had no effect on sink amplitude for either

pathway (POm = -5.1%, 95% Cl [-21.6 15.0], P = 0.58; Cg = -9.4% [-22.6 5.9], P =
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0.21), while POm- and Cg-evoked responses were abolished by APV + CNQX
compared to control (POm =-80.3% [-90.0 -61.0], P < 0.0001; Cg =-90.3% [-94.1 -
84.0], P < 0.0001; Figure 1H). The interaction term between fixed effects of drug and
pathway was not significant (x? (2) = 2.7971, P = 0.24696), indicating that effects of
APV and CNQX were not different between pathways.

To quantify the relationship between stimulus intensity and response magnitude
in layer 1, current sink amplitudes were fit to a three-parameter nonlinear logistic
equation as a function of stimulus intensity (Figure 2), with parameters describing
maximum predicted amplitude (Amax), effective stimulus intensity to evoke 50% of the
maximum amplitude (ESso), and cooperativity coefficient h (see Methods). Amax was not
significantly different for POm (mean Amaxpom + SEM=12.4 + 2.0 yA-mm-3) versus Cg
(mean Amax.cg £ SEM, = 14.2 + 2.0 pA-mm) inputs (t(35) = 0.64, P = 0.53; Figure 2E),
nor was the h value (mean hpom £ SEM =1.28 + 0.11, mean hcg + SEM = 1.19 £ 0.04,
t(35) = 0.84, P = 0.41; Figure 2G). However, the stimulus intensity required to evoke a
current sink with an amplitude 50% of the maximum (ESso0) was significantly greater for
Cg inputs compared to POm inputs (Cg vs. POm medians 1.02 vs. 0.14 mW, Mann
Whitney U test, z = 4.7695, P <0.0001; Figure 2F). Thus, further increasing the stimulus
intensity beyond the threshold for minimal response resulted in a much larger increase
in the amplitude of the response for Cg inputs compared to POm inputs.

Short-term synaptic plasticity describes temporary changes in synaptic strength
during sustained activity. For example, synapses with high release probabilities exhibit

paired pulse depression, transmitting signals with high fidelity, but only transiently. Both
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Pom and Cg inputs exhibited short-term paired pulse depression (PPRpom + SEM =

0.80 £ 0.03; PPRcg + SEM = 0.70 = 0.04; Figure 2H).

Properties of post-synaptic responses are pathway- and cell type-dependent

CSD assume a uniform, vertical dendritic compartment and reflect sums of all
currents across synapses and cell types. The properties of synapses and synaptic
currents flowing into specific cell types may diverge significantly from this average
depending on their relative density and their exact location relative to the recording
electrode array. In addition, inward membrane currents that arise in compartments not
oriented orthogonally to the pia — for example, horizontally-oriented dendritic arbors of
pyramidal cells or interneurons — may contribute less to the CSD signal. Thus, to further
characterize thalamocortical and corticocortical inputs to layer 1, we conducted
intracellular recordings in distinct subpopulations of pyramidal cells and interneurons
and compared responses across cell types and between pathways.

Post-synaptic responses to activation of layer 1 afferents were recorded in L2/3
and L5 pyramidal cells and in PV+ and SOM+ interneurons using whole-cell patch
clamp recordings. POm and Cg inputs to layer 1 evoked short latency post-synaptic
potentials in all cell types, though with varying efficacy. In some cells, these EPSPs
drove action potentials as well (Table 1). For example, POm inputs evoked early
responses in every L2/3 and almost every L5 pyramidal cell recorded, and in every PV+
cell, but only 5 of 12 SOM+ cells. This is consistent with previous reports that suggest
that both primary and higher order thalamocortical activation of SOM+ cells is either

weak or non-existent (Beierlein et al., 2003; Cruikshank et al., 2010; Audette et al.,
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2018); yet, that the SOM+ cells that were activated by POm inputs tended to spike
diverges from expectations.

Spike probability was both pathway- and cell type-dependent (Table 1,
Supplementary Figure 1), though no significant interaction between pathway and cell
type was observed (83; x(3) = 2.482, P = 0.48). Spikes were rarely evoked in L2/3
pyramidal cells by either afferent pathway. Spikes were similarly rare for Cg inputs to L5
pyramidal cells, though slightly more common for POm inputs. Conversely, both afferent
inputs elicited spikes in SOM+ cells, with approximately 50% spike probability at the
highest stimulus intensity. POm inputs were significantly more likely than Cg inputs to
evoke spikes in PV+_interneurons; at the highest stimulus intensity, half of all PV+ cells
recorded in POm-injected slices spiked on every trial, while only 2 of 15 PV+ cells
spiked at all in response to Cg input.

Amplitudes of PSPs were fit to a logistic equation as a function of stimulus
intensity, as described for extracellular responses in the previous section. A significant
effect of pathway was observed for Amax values (x(1) = 10.6, P = 0.0011), but no
pathway effect was observed for ESso (X(1) = 0.70, P = 0.40) nor for h coefficient (x(1) =
2.42, P = 0.12). That pathway effects vary between intracellular versus extracellular
recordings suggests that CSD results do not necessarily represent the behavior of
individual cells. Indeed, we observed a significant effect of the interaction between
pathway and cell type on both Amax (X(3) = 8.26, P = 0.041) and ESso (X(3) = 11.6, P =
0.0087), demonstrating that pathway-dependent differences in responses manifest at

the level of cell type.
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POm inputs to L5 pyramidal cells elicited large post-synaptic potentials at high
stimulus intensities, reflected in high Amax values (>10 mV) for nearly all L5 pyramidal
cells sampled in POm-injected slices (Figure 3I). Amax values for inputs to L5 pyramidal
cells were significantly greater for POm inputs compared to Cg inputs (Table 2). Amax
values for inputs to L2/3 pyramidal cells were highly variable, ranging from less than 2
mV to more than 45 mV. Cg inputs elicited comparatively low amplitude post-synaptic
potentials in pyramidal cells in both L2/3 and L5 (Figure 3I, Table ).

POm inputs to L2/3 pyramidal cells tended to elicit all-or-none responses, where
the amplitudes of synaptic potentials changed very little with increases in stimulus
intensity beyond ~0.2 mW (Figure 3l; Supplementary Table 3). In contrast, compared to
POm inputs, the ESso for Cg inputs to L2/3 cells was significantly higher, suggesting a
more graded response profile for cortical afferents compared to thalamocortical
afferents (Figure 3I; Table 3). Indeed, of the nine L2/3 pyramidal cells fit from POm-
injected slices, only one had an ESso higher than 0.2 mW, while only 4 of the remaining
49 cells from any other pathway-cell type combination had an ESso lower than 0.2 mW.
This suggests that POm activation of L2/3 pyramidal cells is relatively independent of
stimulus intensity, and that even at low intensities thalamocortical inputs to the
superficial layers can be recruited. No effects of pathway or cell type were observed for
h coefficients (Supplementary Table 4).

Synaptic plasticity was also analyzed for each afferent input to each cell type
(Figure 3G-H, Figure 4E-H, Supplementary Table 5). Cg inputs to SOM+ interneurons
exhibited robust paired pulse facilitation (Figure 4E). Notably, Cg inputs to SOM+ cells

exhibited significantly higher paired pulse ratios than PV+ cells (Figure 4E,F;
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Supplementary Table 5), suggesting distinct functional roles for afferent inputs to the
two populations of interneurons. Interestingly, this difference in synaptic plasticity
between inhibitory cell types was not observed for POm inputs (Table 5; Figure 4G,H).
POm inputs to L5 pyramidal cells and Cg inputs to L2/3 pyramidal cells exhibited paired
pulse depression, while POm inputs to L2/3 pyramidal cells and Cg inputs to L5
pyramidal cells exhibited a mixture of facilitation and depression (Supplementary Figure

2; Supplementary Table 5).

MUA response profiles demonstrate pathway- and layer-dependence of column output
We have demonstrated from intracellular recordings that thalamocortical and
corticocortical inputs to layer 1 evoke distinct responses in post-synaptic cells. Cg inputs
elicited responses with modulatory characteristics, activating low amplitude, graded
responses in both superficial and deep layers and rarely evoking action potentials. POm
inputs to the excitatory cells in the superficial layers also rarely elicited spikes, instead
activating PSPs with variable amplitude and intensity-independent responses. POm
inputs to L5 pyramidal cells exhibited responses with large amplitudes (and occasionally
action potentials) at high stimulus intensities. The pathway-, cell type- and layer-
specificty of these afferent responses are likely to have implications for spiking
responses on the cortical column. Superficial and deep layers occupy distinct functional
domains in vivo. Superficial layers participate in intracortical transmission, integrating
modulatory intracortical and higher order thalamocortical inputs (Zhang and Bruno,
2019) with sensory-specific inputs to provide output to higher cortical areas (Shipp,

2007). Cells in the deep layers also receive input from multiple cortical and thalamic
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areas but with pathway-dependent characteristics, and activity in deep layers likely
represents local recurrent processing and interplay with subcortical targets (Maier et al.,
2010; Buffalo et al., 2011). Consistent with this paradigm, we hypothesized that
pathway- and layer-dependent differences we observed in inputs to the column would
manifest as well in the output of the cortical column, i.e. that multiunit activity in L5
would exceed that of L2/3 for increasing POm but not Cg input.

To examine the relationship between inputs and outputs to the cortical column,
we recorded multiunit activity across the cortical laminae and compared responses to
POm and Cg inputs between superficial and deep layers. Activation of layer 1 afferents
evoked polysynaptic spiking activity in superficial and deep layers (Figure 5). For POm
inputs, layer 1 current sink amplitude was strongly correlated with MUA integral in L5,
but this correlation was not significant for L2/3 (Figure 5G). The slope of this function
was significantly different between layers, i.e. increasing input from POm had a greater
effect on spiking in L5 than L2/3. By contrast, increasing input from Cg had the same
effect on spiking in L2/3 and L5 (Figure 5H). In other words, as the magnitude of POm
input to layer 1 increased, a bias favoring L5 MUA was observed, but for Cg inputs MUA
integral was similar between layers. Thus, with increasing activation, higher order
thalamus shifts the output of the cortical column to the deep layers, suggesting that with
sufficient input from higher order thalamus, the cortical column ultimately returns to

thalamus and lower order cortex a processed iteration of the original input.

Discussion
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In this study, we characterized response properties of distinct thalamocortical and
corticocortical inputs to layer 1 in non-primary sensory cortex. Within cortical layer 1,
long-range projecting axons from higher cortical areas and from thalamus target a
select few GABAergic cells residing in layer 1, as well as the distal dendrites of cells
with somata in the layers below. Activity in these distal dendrites is particularly relevant
for integration of sensory information against a background of internally-generated input
(Gilbert and Sigman, 2007; Bastos et al., 2012; Muckli and Petro, 2013), and is highly
correlated with sensory perception (Takahashi et al., 2016). Inputs to layer 1 have
historically been characterized as modulatory due to their diffuse axonal arbors and the
regulatory functional properties they impose upon their targets. This study is the first to
investigate how layer 1 inputs differentially engage discrete cell populations in higher
areas and to compare thalamocortical versus corticocortical inputs directly. We find that
despite their overlapping terminal fields, activation of afferents originating in either
posterior medial thalamus or cingulate cortex evoke pathway-dependent responses at
both the cellular and population level. We show that layer 1 afferents can in some cases
effect strong spiking responses with high efficacy, and we propose that distinct cell type-

and layer-specific response characteristics underlie pathway-specific columnar output.

Role of feedback corticocortical inputs to layer 1

We show that Cg inputs to pyramidal cells elicit low amplitude PSPs, even at high
stimulus intensities, and exhibit synaptic depression. However, Cg afferents elicit strong
paired pulse facilitation and drive spikes in inhibitory SOM+ interneurons. This suggests

that while intracortical feedback afferents to layer 1 may not strongly activate excitatory
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populations, they drive a subpopulation of inhibitory cells without attenuation during
persistent activation. That Cg inputs disproportionately activate SOM+ cells may provide
insight into our finding that even with high amplitude currents sinks in layer 1, we
observed only modest increases in spike output within the cortical column. Our findings
provide evidence that intracortical feedback afferents to layer 1 may contribute to SOM+
cell-mediated modulatory control over local pyramidal cells, without strongly influencing
excitatory cell populations themselves, consistent with experimental (Murayama et al.,
2009; Manita et al., 2015; Takahashi et al., 2016) and theoretical (Rao and Ballard,
1999; Bastos et al., 2012) models of sensory processing. Layer 1 inputs increase the
gain of the input/output relationship of cortical pyramidal cells and are highly correlated
with sensory perception (Manita et al., 2015; Takahashi et al., 2016). This process is
tightly regulated by powerful disynaptic inhibition from SOM+ interneurons (Murayama
et al., 2009). The inhibitory influence of SOM+ cells is impressive. Most SOM+ cells in
the superficial layers target the distal dendrites of pyramidal cells (Gentet et al., 2012;
Kubota, 2014) with remarkable horizontal reach (Ma et al., 2006; Riedemann et al.,
2018) and provide disynaptic inhibition to many pyramidal cells that persists during
sustained activity (Silberberg and Markram, 2007). Activation of even a single L2/3
pyramidal cell can recruit widespread SOM+-mediated inhibition that strongly influences
the sensitivity and range of the local circuit (Kapfer et al., 2007).

Intracortical feedback inputs provide contextual information to lower order areas
based on internally-generated phenomena such as attention, prediction, or expectation
(Gilbert and Sigman, 2007; Muckli and Petro, 2013). Our results are consistent with the

notion that these signals are mediated by inhibitory connections (Bastos et al., 2012),
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though in our experiments afferents were activated in isolation and without additional
signals upon which to apply computations. In activating afferents that effect modulatory
control over signals in absentia, we expect that we did not maximize the regulatory

potential of feedback connections.

Characterization of layer 1 inputs under previously described classes of cortical
synapses
Properties of synapses and laminar organization of inputs subserve the integration and
propagation of information throughout thalamocortical networks. Previous studies have
described the synaptic dynamics of different thalamocortical (Lee and Sherman, 2008;
Viaene et al., 2011b, a; Viaene et al., 2011c), corticocortical (Covic and Sherman, 2011,
De Pasquale and Sherman, 2011), and corticothalamic (Petrof et al., 2011; Mo and
Sherman, 2019) projections, and suggest that synaptic influences may confer unique
functional properties to individual pathways. Primary sensory thalamic nuclei convey
feature-specific sensory information to primary sensory cortices with high fidelity, and
their Class 1 (‘driver’) synaptic properties have been well-described across sensory
modalities (Lee and Sherman, 2008; Viaene et al., 2011a, b). For example, Class 1
synapses exhibit paired pulse depression and large EPSPs; Class 2 ('modulator’)
synapses exhibit paired pulse facilitation, graded responses to increasing stimulus
intensities, and small EPSPs (Sherman and Guillery, 2013).

Class 1A and 1B synapses, subclasses of the ‘driver’ class, differ only in the
gradedness of their responses to stimulus intensity, where Class 1A responses exhibit

all-or-none profiles compared to graded profiles for Class 1B synapses (Viaene et al.,
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2011b). POm inputs to L5 pyramidal cells tended to elicit graded responses with large
amplitudes (Figure 3B,F,l) and paired pulse depression (Figure 3H), consistent with
driving Class 1B responses. Previous investigations ascribed Class 1A characteristics
to POm inputs to layer 4 of secondary somatosensory cortex (Viaene et al., 2011c),
suggesting that in non-primary cortical areas, layer 1 and 4 thalamocortical inputs to L5
cells differ only in the level of convergence onto their post-synaptic targets. POm inputs
to L2/3 pyramidal cells, on the other hand, activated all-or-none responses with
relatively low amplitudes (Figure 3B,E,l) and a mixture of facilitation and depression
(Figure 3G). These properties suggest a more modulatory role for thalamocortical inputs
to L2/3 pyramidal cells compared to L5 pyramidal cells, mediated by a limited number of
afferents. Similar reports of mixed responses have been observed for thalamocortical
inputs to the superficial layers (Viaene et al., 2011a). Viaene et al. (2011a) show that at
least in primary areas, modulatory thalamocortical synapses were three times more
common in L2/3 than were driver-type synapses. The layer dependence we find in our
data and by others indicates potentially diverging roles for higher order thalamocortical
inputs to superficial versus deep layers, subserved by the synaptic dynamics of layer 1
afferents.

Contrary to our findings for POm inputs, we did not observe notable differences
between layers for Cg inputs to pyramidal cells. In both superficial and deep layers,
nearly all pyramidal cells exhibited small EPSPs, synaptic depression, and graded
activation profiles (Figure 3G,I). These properties share qualities of both driving and
modulating synapses, but are not consistent with any previously classified response

profiles. Previous investigations of corticocortical feedback connections to primary
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cortex have shown an even distribution of driving and modulatory synapses (Covic and
Sherman, 2011; De Pasquale and Sherman, 2011), a conclusion that was contradictory

to expectations that feedback projections would be mostly modulatory.

Comparison of extracellular and intracellular responses

We show that extracellularly recorded current sinks in layer 1 are similar for POm
versus Cg inputs, except for the gradedness with which response amplitudes change as
a function of stimulus intensity (Figure 2). Both POm and Cg inputs elicit paired pulse
depression (Figure 2H) and approximately the same amplitude synaptic responses.
POm-evoked current sinks demonstrated very low ESso values, with only marginal
changes in amplitude with further increases in intensity beyond 0.2 mW. This “all-or-
none” type of response is in stark contrast to the graded nature of current sink
amplitudes exhibited by Cg inputs.

Properties of evoked responses recorded extracellularly diverge greatly from
those recorded from some populations of cells. For example, Cg inputs elicited spikes in
many SOM+ cells, which might suggest their signals would be manifest in the
extracellular signal; yet, the strong paired pulse facilitation we find in SOM+ cells is not
observed in the CSD signal. Instead, the extracellular response profile of layer 1 inputs
most closely resembles that of inputs to L2/3 pyramidal cells, which suggests that these
cells may dominate the CSD signal. Whether this phenomenon has biological or
experimental underpinnings is not clear. For example, it may be the case that evoked
currents are truly dominated by synapses with L2/3 cells and relatively small for other

cell types. Then, differences between extracellular and intracellular recordings would
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putatively arise due to cell type-specific variability of intrinsic dynamics of post-synaptic
targets. Conversely, dendrites of L2/3 pyramidal cells are oriented orthogonally to the
pia and branch less in the horizontal direction than do inhibitory cells or tufted L5
pyramidal cells (Radnikow and Feldmeyer, 2018) and may therefore contribute more to
the CSD signal.

Recruitment of a greater number of afferent axons with increasing stimulus
intensity manifests as a graded activation profile, represented in our experiments by a
higher ESso. Graded response profiles are thought to reflect high levels of convergence
characteristic of modulatory cortical synaptic inputs (Covic and Sherman, 2011; De
Pasquale and Sherman, 2011). This principle assumes, of course, that the contribution
of any single axon to the synaptic response is independent of stimulus intensity.
Responses evoked optogenetically may be sensitive to artificially high release
probability (Jackman et al., 2014; Anastasiades et al., 2018), which could result in a
leftward shift of fitted curves in our experiments. However, given the relative low light
intensities and pulse frequency used here, we do not expect this to be the case in our

experiments, especially not in a pathway-dependent manner.

Differential activation of superficial and deep layers by POm suggests diverging
functional roles

We show that activating POm inputs to L5 pyramidal cells elicits intensity-dependent
responses in a wide range of amplitudes (Figure 3B,1) and occasional spiking (Table 1,
Supplementary Figure 1), while POm inputs to L2/3 pyramidal cells activated all-or-none

responses with relatively low amplitudes (Figure 3B,l) and rare spiking (Table 1,
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Supplementary Figure 1). This suggests that POm is capable of transmitting information
with high fidelity to L5 cells, but only after requisite recruitment of inputs has been
achieved. Yet, for L2/3 cells, further depolarization beyond their maximum amplitude -
as would be required to trigger spike output and so propagate information through the
ascending cortical hierarchy - would require input from additional sources beyond POm,
such as concurrent stimulus-evoked input to basal dendrites or local recurrent activity.

Layer-specific differences in synaptic responses to POm input likely drive layer-
specific multiunit spiking activity. POm inputs evoked robust spike output in L5 that was
correlated with the magnitude of inputs, while spike output was weak in L2/3 and
insensitive to differences in the size of layer 1 inputs (Figure 5). The relative insensitivity
of L2/3 cells observed here is consistent with observations in vivo showing that activity
in L2/3 is sparse upon optogenetic activation of POm (Zhang and Bruno, 2019) and
during simple sensing tasks (Sakata and Harris, 2009). Similar observations have also
been made in vitro; brief activation of POm afferents (Audette et al., 2018) or direct
activation of pyramidal cells (Beltramo et al., 2013) results in large synaptic responses
and recurrent spiking in L5, but not in L2/3.

This layer dependence of the input-output relationship we and others have reported
is further evidence of unique functional roles for each layer. Deep cortical layers
participate in local processing of signals and engage lower cortical areas and
subcortical centers, such as the thalamus (Guillery and Sherman, 2002; Theyel et al.,
2010; Sherman and Guillery, 2011). Cells in L5, for example, send feedback projections
to lower cortical areas as well as input to higher order thalamic nuclei involved in

corticothalamocortical circuits (Theyel et al., 2010) (see Usrey & Sherman, 2019 for
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summary). Cells in L6 project both to the thalamic area that returns reciprocal
thalamocortical projections to the same cortical area and to other areas of cortex that
receive thalamic input. Cells in L2/3 participate in intracortical message passing,
especially in the feedforward direction (Bastos et al., 2012; Markov et al., 2014), and
horizontal intracortical connections are reciprocally exchanged within L2/3 of
hierarchically equivalent areas (Felleman and Van Essen, 1991; Markov et al., 2014). In
addition to facilitating intracortical communication, L2/3 may exert modulatory control
over feedback circuits; during active sensing tasks, activity in L2/3 suppresses L5 via
recruitment of local inhibitory populations (Pluta et al., 2019).

It is possible that POm inputs serve to enhance — but not drive — activity in L2/3
pyramidal cells and may do so independently of the degree of POm activation.
However, the utility of POm inputs to L2/3 cells may be brought to bear only in the
presence of other stimuli. Indeed, Zhang et al. (2019) demonstrate that despite
relatively low maximum amplitudes of POm-evoked post-synaptic potentials alone, POm
activation enhanced responses in L2/3 pyramidal cells to whisker stimulation in primary
somatosensory cortex in a supralinear manner, and POm inputs were required for
sustained depolarization of L2/3 pyramidal cells. Together, these results suggest that
POm acts as an on-off switch in L2/3, providing “facultative modulation” of sensory-
evoked activity at any level of POm activation. Interestingly, the diffuse nature of higher
order thalamocortical projections would imply that this modulatory control would be
simultaneously imposed upon any connected cortical areas, synchronizing sensory

responses and coordinating activity across multiple cortical areas.
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Conversely, activity of the deep layers was sensitive to the level of POm input
(Figure 3, Figure 5). We show that increasing POm input enhanced output of L5 without
changing that of L2/3. This asymmetry implies that while the superficial layers may be
naive to the activity of POm, the deep layers can precisely sample the number of inputs
activated and provide output in the feedback direction to lower cortical areas and
subcortical structures accordingly. Of course, the integration of inputs to generate
meaningful output from L5 relies on the contributions of local cell populations to amplify
network responses and coordinate spike timing (Pouille and Scanziani, 2001). For
example, fast-spiking PV+ interneurons have been shown to provide feedforward
inhibition to L5 pyramidal cells especially (Audette et al., 2018), restricting the window of
opportunity for output(Cruikshank et al., 2010) and improving spike timing of pyramidal
cells (Pouille and Scanziani, 2001; Krause et al., 2017). We demonstrate that POm
inputs strongly activate PV+ cells, which we expect would help to synchronize local

excitation and output of L5 pyramidal cells.

Future directions

We demonstrate that higher order corticocortical and thalamocortical inputs to non-
primary neocortex activate excitatory and inhibitory populations in a pathway- and cell
type-specific manner. We artificially activated layer 1 inputs to simulate activity
generated in higher cortical or thalamic areas to explore the unique dynamics of each
input on distinct cell types. Of course, the effects of layer 1-mediated modulation of
responses are likely relevant in the context of other inputs. We propose distinct

functional roles for each pathway and provide evidence that the nature of inputs to layer
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1 may be more nuanced than previously considered. Still, neither Cg nor POm afferents
are likely to be active in the absence of sensory inputs in vivo, and given their
overlapping terminal fields, corticocortical and thalamocortical inputs to layer 1 are likely
to have interacting, multiplicative effects on cortical dynamics. As the development of
opsins evolves, kinetically similar variants may be used in vivo to test the effects of
thalamocortical and corticocortical inputs to layer 1 independently and simultaneously.
Moreover, it is not clear how either TC or CC inputs activate dendritic spikes. Electrical
activation of layer 1 elicits large plateau potentials in dendrites of pyramidal cells, which,
when concurrently activated with “typical” axonal spikes can produce robust bursts of
action potentials (Larkum et al., 1999; Larkum et al., 2004; Larkum, 2013). This
amplification of input signals is tightly regulated by local inhibitory interneuron
populations (Pérez-Garci et al., 2006; Palmer et al., 2012). Future investigations of
dendritic amplification of sensory signals by layer 1 afferents will provide insight into the

specialized roles of TC and CC inputs in sensory processing.
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Figure 1. POm and Cg input to layer 1 of anteromedial cortex requires
ionotropic glutamatergic receptors. A. Schematic demonstrating the location of
unilateral viral injection into posterior medial thalamus (left), which resulted in eYFP
expression in layers 1 and 4 of medial secondary visual cortex (right). B. Same as in
A for viral injection in cingulate cortex (left), which resulted in eYFP expression in
layer 1 (right) C. Example current source density color plot demonstrates current
sinks (inward-going transmembrane current) in layer 1 (blue) evoked by activating
POm afferents using 2-msec pulses of 470 nm light (blue arrows) restricted to only to

layer 1. D. Same as in A for activation of Cg afferents. E,F. Current source density
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signal isolated from layer 1 in C,D. G. Comparison of eYFP reporter in thalamocortical
(red, n=17) and corticocortical (orange, n=20) layer 1 afferents (arbitrary units). H.
NMDA receptor antagonist APV had no effect on amplitude of POm- or Cg-evoked
current sinks in layer 1, but bath application of APV (20 uM) and CNQX (50 uM)
together almost completely blocked layer 1 current sinks evoked by either afferent

input.
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Figure 2. Evoked current sinks in layer 1 exhibit pathway-dependent properties.
A. Example current source density signal isolated from layer 1 following activation of
POm afferents. Negative-going current sinks represent inward-going transmembrane
current. Responses from a range of stimulus intensities (0.022, 0.22, 0.56, 1.68, and
2.2 mW; red to black, respectively) reflect an all-or-none response profile with
increasing light intensity. B. Same as in A, but for Cg-evoked responses. Responses
exhibit a graded response profile with increasing light intensity. C. Peak sink

amplitudes from A were fit to a logistic equation as a function of stimulus intensity. Fit
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line (red), Amax (light red), and ESso (dotted line) are shown. D. Same as in C, but for
sink amplitudes from responses shown in B. E-G. Fit parameters are compared for
POm (red) and Cg (orange) inputs for all slice experiments. E. Asymptotic maxima,
Amax. Amax represents the maximum possible amplitude given unlimited light intensity.
F. Effective stimulus to achieve 50% of the Amax, ESs0. ESso (the light intensity at
which 50% of Amax is reached) is used as a proxy for gradedness of response
amplitude with changes in stimulus intensity. G. Coefficient h, which represents the
degree of cooperativity among synaptic components contributing to the post-synaptic
response, where deviations from hyperbolicity are represented as h values less than
or great than 1. H. Paired pulse ratio of POm- (red) and Cg- (orange) evoked layer 1

current sinks for all slice experiments.
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Figure 3. Properties of POm- and Cg-evoked post-synaptic potentials in
pyramidal cells are layer- and pathway-dependent. A. Schematic demonstrating
recording scheme for signals in B. POm afferents (red) were activated during whole
cell patch clamp recordings from pyramidal cells in either L2/3 or L5. B. Example
recordings from a L2/3 (top) and L5 (bottom) pyramidal cell during activation of POm
afferents at a range of light stimulus intensities (0.022, 0.22, 0.56, 1.68, and 2.2 mW,
red to black, respectively). With increasing stimulus intensity, minimal increases in
amplitude were observed in L2/3 pyramidal cells (all-or-none), while L5 pyramidal cell
responses were graded but typically reached a higher asymptotic maximum (Amax). C-
D. Same as in A-B, but for Cg-evoked responses (orange). E. Peak amplitudes (first
pulse only; mean = SE shown) from L2/3 pyramidal cells in top of B (POm, red) and D
(Cg, orange) were fit to a logistic equation as a function of stimulus intensity. Fit lines
(solid), Amax (pale), and ESso (dotted) are shown. F. Same as in E, but for L5 cells
shown in bottom of B (POm, red) and D (Cg, orange). G. Short-term synaptic
plasticity for L2/3 pyramidal cells in response to POm (red) and Cg (orange) inputs. H.
Same as G, but for inputs to L5 pyramidal cells. I. Scatter plot of Amax versus ESso
values for each pyramidal cell (POm: red, Cg: orange). Empty triangles are L2/3 cells,

and filled triangles are L5 pyramidal cells.
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Figure 4. POm- and Cg-evoked post-synaptic potentials in PV+ and SOM+ cells
are similar. A. Schematic demonstrating recording scheme for signals in B. Cg
afferents (orange) were activated during whole cell patch clamp recordings from either
SOM+ or PV+ interneurons. B. Example recordings from a SOM+ (top) and PV+
(bottom) interneuron during activation of POm afferents at a range of light stimulus
intensities (0.022, 0.22, 0.56, 1.68, and 2.2 mW, red to black, respectively). C-D.
Same as in A-B, but for POm-evoked responses (red). E. Short-term synaptic
plasticity for SOM+ interneurons in response to Cg inputs. F. Short-term synaptic
plasticity for PV+ interneurons in response to Cg inputs. G-H. Same as E-F, but for

POm inputs to SOM+ and PV+ interneurons, respectively.



103

Figure 5
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Figure 5. Multiunit activity evoked by layer 1 inputs exhibits pathway- and layer-
dependent profiles within the cortical column. A. Example multiunit activity heat
map evoked across the cortical column by activation of POm inputs (blue arrows). B.
Multiunit activity signal isolated from L2/3 (top) and L5 (bottom) in A. C. Signals from
black rectangle in B, magnified. D-F. Same as A-C, but for Cg inputs. G. For POm-
evoked responses, Integral of the multiunit activity signal in L5 (solid line), but not
L2/3 (dashed line), was dependent on the amplitude of inputs to layer 1. H. For Cg-
evoked responses, integral of the multiunit activity signal in both L2/3 (dashed line)

and L5 (solid line) was dependent on the amplitude of inputs to layer 1. Shaded
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regions in G and H represent 95% confidence intervals . |. For each experiment, the
difference between the integral of the multiunit activity in L2/3 minus L5 is plotted as a
function of sink amplitude in layer 1. Individual experiments are shown as circles, and
model fits with 95% confidence interval (shaded) are shown. With increasing layer 1
current sink amplitude, activation of POm (red) afferents evoked multiunit activity that

was increasingly dominated by L5.



Total cells Early Successful fit
from (N) responses Spike probability [CI]
slices detected
POm->
L% Pyr| 10(6) 10/19 %10 0.10 [-0.10, 0.29]
L5 Pyr| 12(10) 1y, 10/, 0.36 [0.16 , 0.57]
SOM+| 12(5) 512 2/, 0.58 [0.20 , 0.96]
PV+| 14(8) Y1, I 0.51 [0.26 , 0.76]
Cg~>
L5 Pyr| 16(12) 1416 10/, 0.08 [-0.08 , 0.24]
*
L5 Pyr| 15(11) 10,5 8/, 0.10 [-0.11, 0.31]
SOM+| 17(8) 12/, 810 0.45 [0.18, 0.73]
PV+| 16(8) 15/6 12,4 0.16 [-0.08 , 0.40]

Table 1. Identities of all cells for data presented. Cells were considered
early responders if activation of layer 1 inputs evoked non-zero
amplitudes on at least 50% of trials with a latency jitter of <1 msec.
Cells that did not exhibit responses within these criteria or which
exhibited latencies >10 msec were considered to be non-responders
and were not used for further analysis. If cells fired spikes on every trial
for one or more stimulus intensity, they were considered separately
(Supplementary Table 1). Otherwise, amplitudes of synaptic
responses (first pulse only) were fit to a three-parameter nonlinear
logistic equation. The fraction of cells that were fit successfully (R>0.95)
is shown here and fit parameters are compared between pathways for
each cell type in Tables 2-4. Population spike probabilities (2.2 mW) are
predicted from linear mixed effects model are shown with 95%
confidence intervals. Comparisons of spike probabilities reflect
pathway- and cell type-dependence (*P<0.05). However, no interaction
between pathway and cell type was observed for spike probability (x(3)
=2.482, P = 0.48).
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Estimate of pathway

effect (mV) [CI] (mV) P-value
POm - Cg
L%/5 Pyr 9.1 [-1.3, 19.5] 0.086
L5 Pyr 15.2 [8.4,22.1] <0.0001
SOM+ 0.5 [-9.8, 10.8] 0.92
PV+ 1.3 [-6.1, 8.8] 0.72

Table 2. Size of maximum amplitude (Amax) is pathway-

dependent. Afferent pathway had a significant effect on
predicted Amax values (x(1) = 10.6, P = 0.0011), as did the

interaction between pathway and cell type (x(3) = 8.26, P =

0.040); no effect of cell type alone was observed (x(3) = 2.86,

P = 0.41). Estimates represent differences between Amax

values for POm versus Cg inputs (positive values indicate

larger predicted Amax for POm inputs) with 95% confidence

intervals. Predicted Amax values for L5 pyramidal cells were

significantly greater for POm inputs compared to Cg inputs.

Population estimates of Amax values for each independent

pathway-cell type combination are shown in Supplementary

Table 2.
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palztflt/lvrg;tgﬁcgct [C1] P-value
POm - Cg
L2/5 Pyr -1.39 [-2.09 , -0.69] 0.0002
L5 Pyr -0.23 [-1.10 , 0.65] 0.61 " %
SOM+ 0.98 [-0.20 , 2.17] 0.11 )
PV+ 0.23 [-0.80 , 1.26] 0.65

Table 3. Gradedness of synaptic responses to increasing
stimulus intensities is pathway-dependent. The
interaction of pathway and cell type had a significant effect
on ESso values (x(3) = 11.64, P = 0.008). Estimates are
presented in their exponentiated form and represent
multiplicative factors in ESso values between POm versus Cg
inputs (positive values indicate larger predicted ESso for POm
inputs) with 95% confidence intervals. Predicted ESso values
for L2/3 pyramidal cells were significantly greater for POm
inputs compared to Cg inputs. This pathway-dependent
effect was significantly stronger than that in any other cell
type (*P<0.05, *P<0.01). Population estimates of ESso
values for each independent pathway-cell type combination

are shown in Supplementary Table 3.



Estimate of

[CI] (mV)

pathway effect P-value
POm - Cg
L2/5 Pyr -0.52 [-1.11, 0.066] 0.08
L5 Pyr -0.26 [-0.79 , 0.28] 0.34
SOM+ 0.11 [-1.04 , 0.83] 0.82
PV+ 0.29 [-0.40 , 0.97] 0.40

Table 4. Predicted h coefficient values are neither

pathway- nor cell type-dependent. The interaction of

pathway and cell type was not significant for h coefficients

(3.31, P = 0.35). Estimates represent differences in h

coefficient values between POm versus Cg inputs (positive

values indicate larger h coefficient for POm inputs) with 95%

confidence intervals. Population estimates of h coefficient

values for each independent pathway-cell type combination

are shown in Supplementary Table 4.
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Estimate of pathway

effect (mV) [CI] (mV) P-value
POm - Cg
L%/5 Pyr 0.22 [-0.19, 0.63] 0.30
L5 Pyr -0.30 [-0.71, 0.10] 0.14
SOM+ -1.02 [-1.62,-0.42] 0.0012
PV+ 0.01 [-0.41, 0.42] 0.98

Table 5. Paired pulse ratios are significantly higher for Cg

inputs to SOM+ interneurons than they are for POm

inputs. A significant interaction of pathway and cell type was

observed for paired pulse ratios (x(3) = 13.14, P = 0.0043).

Paired pulse ratios were no different between pathways for

L2/3 or L5 pyramidal cells, nor for PV+ cells. However, Cg

inputs to SOM+ interneurons elicited robust paired pulse

facilitation compared to POm inputs. For population estimates

for each distinct pathway-cell type combination, see

Supplementary Table 5.
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Supplementary Figure 1
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Supplementary Figure 1. Spike probabilities of individual pyramidal (empty triangles
— L2/3 cells; filled triangles — L5 cells), SOM+ (circles), and PV+ (squares) cells.
Responses to POm inputs are shown in red, and responses to Cg inputs are shown in
orange. Population spike probabilities predicted from linear mixed effects model are

shown in Table 1.
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Supplementary Figure 2
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Supplementary Figure 2. Scatter plot of ESso values versus paired pulse ratios for
each pyramidal cell (POm: red, Cg: orange). Empty triangles are L2/3 cells, and filled
triangles are L5 pyramidal cells. POm inputs to L2/3 pyramidal cells exhibited all-or-
none responses with a mixture of paired pulse facilitation and paired pulse
depression, while inputs to each of the other three groups mostly exhibited paired

pulse depression and graded responses.
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Supplementary Figure 3
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Supplementary Figure 3. A. Peak amplitudes (first pulse only; mean £+ SEM shown)
from responses to Cg inputs for an example SOM+ cell (same as Figure 4B, top
panel) fit to a logistic equation as a function of stimulus intensity. Fit lines (solid), Amax
(pale), and ESso (dotted) are shown. B. Same as in A, but for PV+ cell in example
from Figure 4B (bottom panel). C. Scatter plot of Amax versus ESso values for each

interneuron. Scale is the same as Figure 3 for comparison.
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Supplementary Figure 4
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Supplementary Figure 4. A. Peak amplitudes (first pulse only; mean £+ SEM shown)
from responses to POm inputs for an example SOM+ cell (same as Figure 4B, top
panel) fit to a logistic equation as a function of stimulus intensity. Fit lines (solid), Amax
(pale), and ESso (dotted) are shown. B. Same as in A, but for PV+ cell in example
from Figure 4B (bottom panel). C. Scatter plot of Amax versus ESso values for each
interneuron. Scale is the same as Figure 3 for comparison. Note than POm inputs

elicited synaptic responses in only 2 SOM+ cells.



POmM-> Spikes on every trial
L%/3 Pyr %10
L5 Pyr %4
SOM+ 35
PV+ ®l14
Cg~>
L?/5 Pyr Y14
L5 Pyr Y10
SOM+ 2[4,
PV+ %15

Supplementary Table 1. Fraction of cells that
fired action potentials on every trial at stimulus

intensity of 2.2 mW.
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Anax estimate [CI] (mV)

n cells from

POm-=> (N) slices
L2 Pyr|  9(6) 16.1 8.1, 24.1]
L5 Pyr| 10(8) | 21.0  [16.1,25.8]
SOM+|  2(2) 8.2 [-1.0, 17.3]
Pv+|  7(5) 11.3 5.1, 17.4]

Cg~>

L2 Pyr|  9(8) 7.0 [0.4,13.7]
L5 Pyr|  7(7) 5.7 [0.8, 10.6]
SOM+|  7(4) 7.7 [3.0, 12.3]
PV+|  12(6) 9.9 5.6, 14.2]

Supplementary Table 2. Population estimates

of Amax values for each independent pathway-

cell type combination. Notable comparisons

between cell types within pathway are shown to

the right of the table. *P<0.05
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ESso estimate [CI] (mW)

n cells from

POm=> (N) slices
L2 Pyr|  9(6) 015  [0.09,0.24]
L5Pyr| 10(8) | 0.65  [0.36,1.16]
soM+|  2(2) 151  [0.53,4.29]
PV+|  7(5) 1.08  [0.49,2.38]

Cg~>

L2 Pyr|  9(8) 059  [0.36,0.97]
L5 Pyr|  7(7) 0.81  [0.42,1.57]
soM+|  7(4) 056  [0.32,0.99]
PV+| 12(6) | 0.86  [0.45,1.65]

Supplementary Table 3. Population estimates
of ESso values for each independent pathway-

cell type combination. Estimates are shown in

their unexponentiated form with units of mWw.

Notable comparisons between cell types within

pathway are shown to the right of the table.
*P<0.05, *P<0.01, **P<0.001, ****P<0.0001

X¥¥
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XEXX
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h value [CI]

pOom> "l
L2/s Pyr 9(6) 1.21 [0.76 , 1.65]
L5 Pyr 10(8) 1.17 [0.82,1.52]
SOM+ 2(2) 1.77 [0.97 , 2.57]
PV+ 7(5) 1.60 [1.06 , 2.15]

Cg~>

L2/s Pyr 9(8) 1.73 [1.34, 2.11]
L5 Pyr 7(7) 1.42 [1.02, 1.83]
SOM+ 7(4) 1.88 [1.39, 2.36]
PV+ 12(6) 1.32 [0.90, 1.74]

Supplementary Table 4. Population estimates
of h coefficients for each independent pathway-

cell type combination. No significant effect of

pathway nor cell type was observed.
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PPR

n cells from
POmM-> (N) slices

L2 Pyr| 10(6) | 0.89  [0.57,1.22]

L5 Pyr| 11(9) | 0.68  [0.40,0.96]

SOM+| 5(4) |049  [-0.02,0.99

PV+| 14(8) |0.73  [0.43,1.04]

Cg~>

L2/; Pyr| 14(11) | 0.67  [0.42,0.93]

L5 Pyr| 10(9) | 0.98  [0.70,1.27]

XEXX

SOM+| 12(7) |1.51  [1.17,1.84]

XXX

PV+| 15(8) |0.73  [0.44,1.02]

Supplementary Table 5. Population
estimates for paired pulse ratios for each
independent pathway-cell type combination.
Notable comparisons between cell types
within pathway are shown to the right of the
table. *P<0.05, **P<0.01, ***P<0.001,
****P<0.0001
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RMP (mV) Rin (MQ) Tm (Msec) Spike Threshold (mV)
L2/3 Pyr (n=24) -71.045.7 116.0+45.4 15.7£10.4 -41.8+2.7
L5 Pyr (n=21) -66.1+3.8 136.3+61.0 22.6+13.8 -43.0+3.1
SOM+ (n=17) -57.6+7.0 274.0+112.8 39.6+40.7 -41.4+2.6
PV+ (n=29) -63.1+4.8 156.4+52.8 9.6+3.1 -46.1+7.3

Supplementary Table 6. Intrinsic properties of each cell type assayed in this study.

Measures are combined for POm-injected and Cg-injected animals, as intrinsic

properties are independent of pathway. Values are mean + standard deviation.

Properties were measured ~2 minutes after achieving whole cell access. A series of

10-20 current steps (600 msec) was delivered at progressive intervals (10-40 pA),

beginning with a hyperpolarizing current injection. Resting membrane potentials

(RMP) were calculated by averaging membrane potentials in the 100 msec prior to

onset of all current pulses. Input resistances (Rin) were extrapolated from relationship

between current and steady state voltages. Time constants (Tm) were estimated using

the first hyperpolarizing current pulse. Spike thresholds were evaluated using the first

trial to evoke an action potential, where the spike threshold was the voltage at which

the second derivative exceeded twice the standard deviation of the pre-spike baseline

value.
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Chapter 4

Selective effects of isoflurane on cortico-cortical feedback afferent responses in

murine non-primary neocortex

This chapter was published previously as:
Murphy C, Krause B, Banks M (2019). Selective effects of isoflurane on cortico-
cortical feedback afferent responses in murine non-primary neocortex. British Journal of
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Abstract
Background: Anaesthetics effect loss of consciousness by disrupting information-

passing and integration within thalamocortical networks. Previous studies have
suggested that feedback cortical connections, which carry internally-generated signals
such as expectation and attention, are more sensitive to anaesthesia than feedforward
signals. However, direct evidence for this effect in non-primary cortex is lacking. In

addition, direct comparisons between thalamo-cortical (TC) core and matrix, and
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between cortico-cortical (CC) feedforward and feedback responses have not been
reported.

Methods: We investigated the disruption of synaptic responses by isoflurane of four
distinct afferent pathways to non-primary neocortex. We independently activated TC
core and matrix and reciprocal CC (feedforward and feedback) pathways using
optogenetics and compared the relative sensitivity of synaptic responses to isoflurane.
Results: Under control conditions, activation of axon terminals of all pathways evoked
post-synaptic currents (recorded extracellularly) and post-synaptic potentials in
pyramidal cells. CC feedback responses were substantially more sensitive to isoflurane
(0 to 0.53 mM) compared to TC core, TC matrix, or CC feedforward pathways.
Conclusion: Differential sensitivity of CC feedback synaptic responses to isoflurane in
a clinically-relevant range suggests a role for disruption of these afferents in the

hypnotic effects of anaesthetic agents.

Introduction

The mechanisms of anaesthetic-induced loss of consciousness (LOC) have profound
clinical relevance and are relevant as well for expanding and unifying basic theories of
consciousness (Alkire, 2008; Mashour, 2013). Central to these theories is the sharing of
information between nodes in the cortico-thalamic network (Llinas et al., 1998; Crick
and Koch, 2003; Koch et al., 2016) carried by thalamo-cortical (TC) and cortico-cortical
(CC) feedback and feedforward pathways (Friston, 2005; Dehaene and Changeux,
2011). Studies examining the effects of anaesthetics on the contents of consciousness
have focused on this information exchange in particular (Mashour and Hudetz, 2017).

However, the degree to which anaesthetics selectively modulate these pathways,
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especially in non-primary cortical areas that are critical for consciousness and
particularly sensitive to anaesthetics (Liu et al., 2012; Nourski et al., 2018), remains
unclear.

Previous noninvasive studies suggest that CC connectivity (especially feedback
connectivity) is suppressed by anaesthetics (Ferrarelli et al., 2010; Ku et al., 2011,
Schrouff et al., 2011; Lee et al., 2013). Similarly, we showed previously in slices that
synaptic responses in primary auditory cortex (Al) to intracortical stimulation were
suppressed to a greater extent than were responses to stimulation of TC afferents from
primary auditory thalamus (Raz et al., 2014). Less is known about anaesthetic effects
on projections of non-primary thalamic nuclei, which are the source of both modulatory
(‘matrix’) and information-bearing (‘core’) efferents (Jones, 2001) to non-primary cortex.
These nuclei receive little direct sensory input but facilitate information transfer between
cortical areas via recurrent cortico-thalamocortical loops and may contribute to
maintaining awareness (Guillery and Sherman, 2002; Saalmann, 2014; Neske, 2015).
Also unknown is whether cortico-cortical feedforward afferents, which connect directly
different levels of the cortical hierarchy, are as robust to anaesthetic effects as primary
thalamic feedforward afferents. Here, we activate four distinct afferent thalamocortical
and corticocortical pathways and compare the effects of isoflurane on synaptic

responses of each in non-primary cortex.

Methods
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Expression of channelrhodopsin and brain slice preparation

Synaptic pathways were activated optogenetically after expressing excitatory opsins in
nerve terminals of specific afferent fibers (Figure 1A, see Supplementary Methods for
additional details). To obtain ChR2 expression in both TC matrix and core projections to
non-primary cortex, injections were made in posterior thalamus (Po; Figure 1B, top), a
non-primary thalamic nucleus that contains a combination of matrix and core cells,
distinguished here by the laminar distribution of their axon terminals in layers 1 and 4
(L1 and L4, Figure 1C, top), respectively (Jones, 2001); following injections in Po, brain
slice recordings were made in the medial parietal association area (mPtA). To examine
reciprocal CC connections, injections were made in either a secondary visual area
(V2MM) to label feedforward afferents (Figure 1B, middle row) or anterior cingulate
cortex (Cqg) to label feedback afferents (Figure 1B, bottom row), and recordings made in
Cg (Figure 1C, middle row) or V2MM (Figure 1C, bottom row), respectively. Acute
coronal brain slices (500 um thick) were prepared from mPtA, Cg, or V2MM, ipsilateral
to viral injections (see Supplementary Materials for additional details). Responses to
afferent stimulation were recorded using a multichannel electrode that spanned the
cortical column under control, isoflurane (0-0.53 mM; 1-2 different concentrations,
delivered in aqueous phase), and recovery conditions, as described previously
(Hentschke et al., 2017). In a subset of slices, intracellular recordings were made from
cortical pyramidal cells using whole-cell patch clamp to compare excitatory postsynaptic
potentials (EPSPs) with extracellular responses, as described previously (Krause et al.,

2017).
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Optogenetic stimulation of afferent axon terminals

Synaptic responses were evoked using light stimulation of TC or CC axon terminals
expressing ChR2, restricted to the cortical layer with the highest expression of YFP.
Brief (0.5-2.0 msec) light pulses were delivered at a range of 1-10 different light
intensities (1.5-15 mW) randomly interleaved with an inter-stimulus interval between 20
seconds and 2 minutes, directed over the cortical column containing the recording
array. Synaptic responses were evoked using light stimulation of axon terminals
expressing ChR2 via a fiberoptic cable (250 um diameter; ThorLabs, Newton, NJ)
coupled to a TTL-triggered LED (473 nm; Luxeon Star, Lethbridge, Alberta) or a
patterned illumination device (Polygon400; Mightex, Pleasanton, CA). For animals
injected in non-primary thalamus, the light was positioned in mPtA over either L1 (to
activate TC matrix afferents) or L4 (to activate TC core afferents). For animals injected
in Cg, the light was positioned in V2MM over L1 to activate feedback CC terminals. For
animals injected in V2MM, the light was positioned in Cg over L2/3 to activate

feedforward CC terminals.

Data analysis

Local field potentials (LFPs) were isolated by applying a bandpass filter at 1-300Hz
(expanded to 1-1000Hz for latency calculations to avoid signal distortion) and averaged
across trials of the same light stimulus intensity. The current source density (CSD;
(Mitzdorf, 1985)) was calculated using the spline inverse CSD method (Pettersen et al.,
2006) applied to the LFPs across 16 channels, such that negative values represent

current sinks (i.e., inward transmembrane currents). Using the channel with the earliest
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current sink onset, percent block was calculated by dividing the difference in sink
amplitude between control and isoflurane conditions by the control sink amplitude.
Experiments in which at least partial recovery was not observed were excluded.
Intracellular recordings were bandpass filtered at 0.1-2000Hz and averaged across
trials. Latency, amplitude, and half-widths were calculated for both CSD and intracellular

recordings for comparison.

Linear Mixed-Effects Model

To evaluate the effect of isoflurane on sink magnitude in each of four afferent pathways,
data were fit to a linear mixed-effects model.(Kristensen and Hansen, 2004) The use of
a linear mixed effects model allows for principled analysis of hierarchical data by
including both random and fixed effects in statistical models, such that non-
independence among or within samples and experimental groups is considered. Our
model included the response variable ‘percent block by isoflurane’, fixed effects of
afferent pathway (TC core, TC matrix, CC feedforward, or CC feedback) and isoflurane
concentration (0 to 0.53 mM), and random effect of slice (experiment) with random
slope. To exclude the possibility that the effects we observe were simply due to
degradation of responses over time, we included several ‘sham’ experiments (0 mM
isoflurane) for each pathway and allowed for random intercepts in the model. A
likelihood ratio test was used to compare a model with an interaction term between fixed
effects of afferent pathway and concentration of isoflurane to a model with no such
interaction; the model was significantly improved by including the interaction (x3(3) =

12.21, p = 0.0067). After choosing this model, coefficient estimates were generated for
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comparison of slopes between afferent pathways using t-tests with Sattherthwaite’s

method for degrees of freedom.

Results

Synaptic responses under control conditions

For each afferent pathway, synaptic responses were elicited by directing light over the
cortical layer with the highest density of YFP-labelled axon terminals (Figure 1C). We
distinguished TC core versus matrix projections by activating thalamic terminals in
cortical L4 and L1, respectively (Figure 1C, top row). CC feedforward projections
terminated in the superficial layers, with heaviest labeling in L2/3 (Figure 1C, middle
row). CC feedback projections terminated in all layers, though labeling density was
highest in L1 (Figure 1C, bottom row), as observed previously (Oh et al., 2014; Zhang et
al., 2014). For all afferent pathways, stimuli elicited short-latency (Table 1), putatively
monosynaptic current sinks and EPSPs (Figure 2). The shortest latency current sinks
were in L1 and L4 for TC matrix and core projections, respectively, and in L2/3 and L1
for CC feedforward and feedback projections, respectively. Durations of CC feedback
synaptic responses were significantly longer than CC feedforward responses, and TC
matrix longer than TC core (Table 1), consistent with the postulated modulatory roles of
the former. Similar to previous results (Sherman and Guillery, 1998), TC core afferents,
but not CC feedforward or feedback afferents, exhibited short-term synaptic depression
(Figure 2B, Table 1). Short-term synaptic depression was also observed in TC matrix

responses (Figure 2B, Table 1), as has been found in non-primary thalamic inputs to L1
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of prefrontal cortex (Cruikshank et al., 2012) and L4 of secondary somatosensory cortex
(Viaene et al., 2011).

We also recorded intracellular correlates of synaptic responses under control
conditions to ensure that extracellular recordings were associated with EPSPs of typical
latency and shape. For each stimulus pathway, intracellular recordings from L2/3 and
L5 pyramidal cells showed a monosynaptic EPSPs following each of four light pulses
delivered at 10Hz (Figure 2C). Latencies from intracellular recordings were comparable
to corresponding parameters from CSD traces. Half-widths of EPSPs were notably
longer than those of CSD current sinks (Table 1), as expected from the effect of

membrane capacitance on the voltage signal.

Effect of isoflurane on monosynaptic current sink amplitude is pathway-specific

We investigated the anaesthetic sensitivity of the four synaptic pathways by applying
isoflurane to brain slices, as described previously.(Hentschke et al., 2017) After eliciting
synaptic responses to light stimulation under control conditions, isoflurane was applied
at 0.0 to 0.53 mM, followed by recovery in regular artificial cerebrospinal fluid (CSF).
Sink amplitudes were compared across drug conditions. We observed a striking
difference in the sensitivity of CC feedback responses compared to the other three
pathways (Figure 3). Current sinks elicited by activation of feedback CC terminals were
substantially smaller in the presence of isoflurane compared to control and recovery

periods, while the amplitudes of CC feedforward and both TC matrix and core
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responses were largely unaffected. No significant effect of isoflurane on half-widths or
latencies was observed for any pathway (Table 1).

The effect of isoflurane on sink magnitude was compared across slices,
pathways, and isoflurane concentrations using a linear mixed-effects model (Figure 4).
Responses from all pathways were blocked to some extent by isoflurane, but CC
feedback responses were blocked to the greatest extent (Table 2). Pairwise
comparisons of effects on all afferent pathways showed a significantly greater effect of
isoflurane on CC feedback synaptic responses compared to TC matrix and CC
feedforward pathways (Table 2), where CC feedback responses were suppressed by
14.9% (SD=2.5%) per 0.1 mM isoflurane (p = 8.1e-8). There was no significant
difference in the effect of isoflurane between the TC matrix and TC core pathways

(p=0.41).

Discussion

We show that CC feedback synaptic responses in non-primary cortex were suppressed
by isoflurane more than TC matrix, TC core, and CC feedforward responses,
complementing our previous study in primary auditory cortex(Raz et al., 2014) and
indirect evidence from noninvasive electrophysiology and imaging studies (Ferrarelli et
al., 2010; Schrouff et al., 2011; Lee et al., 2013). In predictive processing theories of
brain function, feedback signals carry internally generated predictions about sensory
observations, and feedforward signals carry information about mismatches between
those predictions and observations. Conscious perception is the process of adjusting

generative model parameters to explain away the sensory signals (Friston, 2005;
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Dehaene and Changeux, 2011). It is within this context that anaesthetic suppression of
CC feedback signals could act to disrupt awareness (Mashour and Hudetz, 2017).

The molecular mechanisms underlying differential sensitivity to isoflurane are of
considerable practical interest. Anaesthetics have been shown to suppress synaptic
transmission presynaptically via altering calcium influx, synaptic machinery, and vesicle
release (Herring et al., 2009; Xie et al., 2013; Baumgart et al., 2015), and previous
studies have demonstrated greater sensitivity of glutamatergic compared to GABAergic
synapses (Westphalen and Hemmings, 2006; Westphalen et al., 2013). CC and TC
synapses differ at the molecular and ultrastuctural level (Fremeau et al., 2004), which
may contribute to their differential sensitivity to anaesthetics. Future experiments could
test the sensitivity of these protein components to isoflurane in isolation.

The relative insensitivity of TC matrix responses to isoflurane observed here
(Table 2, Figure 4) is surprising. TC matrix afferents overlap with CC feedback terminal
fields (Oh et al., 2014), and may facilitate conscious sensory processing (Larkum, 2013;
Castejon and Nunez, 2016). Indeed, activity in TC matrix cells is high during
wakefulness and low during non-REM sleep, and activation of matrix thalamic nuclei
during sleep promotes rapid awakening in mice and during anaesthesia promotes EEG
desynchronization (Honjoh et al., 2018), suggesting a role for these cells in recovery of
consciousness following sleep and anaesthesia (Saalmann, 2014; Crunelli et al., 2015).
Our findings are incongruent with conclusions drawn by Liu and colleagues (Liu et al.,
2013) regarding the effects of propofol anaesthesia on functional TC connectivity in
human volunteers, which found that functional connectivity between nonspecific (i.e.,

non-primary) thalamic nuclei and a number of non-primary cortical areas is more
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sensitive to propofol anaesthesia compared to specific thalamic connectivity. However,
though useful for identifying distinct effects on correlated activity among brain areas,
functional connectivity measures cannot distinguish directionality or indirect effects.
Indeed, it is possible that the effects of propofol on TC connectivity observed by Liu’s
study reflect a decrease in synaptic efficacy at cortico-thalamic synapses or indirect
effects on connectivity among cortical areas, rather than direct effects on
thalamocortical connections we investigate here.

Raz and colleagues (Raz et al., 2014) showed that in primary auditory cortex,
synaptic responses to electrical stimulation of either L1 or of feedback projections from
V2 were preferentially suppressed by isoflurane compared to stimulation of core TC
afferents. Because of their overlapping terminal fields, stimulation of L1 could engage
both CC feedback and TC matrix afferents simultaneously, while activation of V2->A1l
projections alone would be exclusively CC feedback; still, the authors found that
isoflurane suppressed L1 and V2> A1 responses comparably. In this study, we use
optogenetics to activate each afferent pathway independently. We note that the block by
isoflurane of L1 or V2> Al responses found by Raz and colleagues is comparable to
the block of CC feedback responses alone that we find here: 13.5% decrease in sink
amplitude/0.1mM isoflurane found previously compared to 14.9% decrease in sink
amplitude/0.1mM isoflurane here, raising the possibility that sensitivity or density of TC
matrix afferents may vary with cortical region. Thus, the functional roles of TC matrix
inputs may also vary at different levels of the cortical hierarchy, taking on a modulatory
role in primary sensory cortex, but acting as driving inputs in higher order areas (Viaene

et al., 2011, Cruikshank et al., 2012).
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The work presented here clearly and directly demonstrates the sensitivity of CC
feedback connectivity to anaesthetics, and the relative insensitivity of thalamic and
cortical feedforward connectivity. However, we note that although brain slice
preparations are ideally suited to answer specific questions about pharmacological
sensitivity of specific groups of synapses, these preparations have several limitations
that are relevant to investigation of mechanisms of anesthesia and features of
conscious sensory perception. For example, spontaneous cortical activity is very
sensitive to anesthetic agents (Nourski et al., 2018), but spontaneous activity is already
suppressed in brain slice preparations even under control conditions, likely due to the
absence of neuromodulators and long-range excitatory connections (Stepanyants et al.,
2009). These limitations motivate future experiments in vivo to determine the extent to
neuromodulators and long-range connections and suppression of ongoing activity
contribute to loss of consciousness under anesthesia.

The results we present here precipitate an intriguing question. Why is activity in
higher order cortical areas especially sensitive to anaesthetics (Liu et al., 2012; Nourski
et al., 2018) even though synaptic responses of their driving inputs, non-primary TC and
feedforward CC afferents, are insensitive (Figure 4)? This question may relate to two
distinguishing features of the dynamic brain: activity and connectivity. Our experimental
approach of optogenetically activating synaptic terminals in cortical target areas directly
tests the effect of isoflurane on connectivity by eliminating the prerequisite for activity of
afferent pathways. However, these two features of neural networks are not entirely
dissociable. For example, most anaesthetics (other than ketamine) suppress spiking

activity and raise spike thresholds (Zurita et al., 1994; Antkowiak and Helfrichforster,
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1998; Ries and Puil, 1999; Gaese and Ostwald, 2001; Hentschke et al., 2005; Hudetz et
al., 2009), and changes in excitability will also contribute to changes in connectivity
(Friston, 2011). Likewise, Hentschke and colleagues(Hentschke et al., 2017) showed
that despite the preservation of early TC responses, evoked recurrent activity in brain
slices was not sustained in the presence of isoflurane. The distinction between activity
and connectivity may also help explain the diversity of results among EEG studies of
changes in connectivity under anesthesia. For example, while some investigations have
shown preferential suppression of long-range intracortical connectivity (Ferrarelli et al.,
2010; Ku et al., 2011; Lee et al., 2013), others have shown increases (Murphy et al.,
2011; Lee et al., 2017). It is possible that the latter scenario arises in spite of decreases
in synaptic strength when activity becomes synchronized and thus strongly coordinated
between regions.

Questions remain as well regarding the relevance of CC feedback connections to
consciousness. Studies of the neural basis of consciousness, as well as investigations
of mechanisms of loss of consciousness under anaesthesia such as this study, are
correlative in nature. Feedback connections are relevant for sensory processing and are
particularly sensitive to anaesthetics, but it is unlikely that suppression of feedback
inputs alone is responsible for loss of consciousness. Demonstrating the contribution of
differential sensitivity of feedback connections to anaesthetic LOC will require causal
manipulations in vivo that can explicitly link activity and connectivity within cortico-
thalamic networks to distinct features of consciousness. How sensitivity of distinct
synaptic inputs, as we observe here, synergistically interacts with intrinsic and network-

level changes observed during anaesthesia in the intact brain will help elucidate the
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spatiotemporal relationships within thalamocortical networks that subserve

consciousness.
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Supplementary Methods

Injection of viral vector and expression of channelrhodopsin

All experiments were performed using male B6CBAF1/J mice (F1 hybrid of C57/B6 and
CBA/J; The Jackson Laboratory, Bar Harbor, ME). Several weeks (7.4 £ 2.6) before
tissue was harvested for brain slices, viral constructs containing genes for
channelrhodopsin and the fluorescent reporter protein YFP (AAV2-hSyn-
hChR2(H134R)-eYFP; provided by K. Deisseroth, Stanford University via University of
North Carolina Vector Core) were injected unilaterally into 3- to 5-week-old mice.
Injections were made in posterior thalamus (AP: -2.25 mm, ML: 1.25 mm, DV: -3.35
mm; vol: 010), anterior cingulate cortex (AP: 0.2 mm, ML: 0.3 mm, DV: 0.9 mm;
[10.8011), and a secondary visual area (AP: -2.7, ML: 1.5, DV: 0.7; J0.80Jl) to

independently test TC, CC feedback, and CC feedforward pathways, respectively.

Slices and solutions

To prepare acute brain slices, mice were anesthetized using isoflurane and decapitated,
and slices were collected at 0-4°C in ‘cutting’ artificial CSF consisting of (in mM) 111
NaCl, 35 NaHCOs, 20 HEPES, 1.8 KClI, 1.05 CaClz, 2.8 MgSOa, 1.2 KH2PO4, and 10
glucose, saturated with 95% 0O2/5% COz2. Slices were immediately placed in warm
cutting artificial CSF (34°C) and gradually cooled to room temperature. After a one-hour
equilibration period, one slice was transferred to the recording chamber and perfused at
6-8 mL/min with warm (30-32°C) regular artificial CSF consisting of (in mM) 111 NacCl,

35 NaHCOs, 20 HEPES, 1.8 KCl, 2.1 CaClz, 1.4 MgSO0a4, 1.2 KH2PO4, and 10 glucose,
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saturated with 95% 0O2/5% CO2. Slices were allowed to recover for at least one hour in

the recording chamber before commencing data collection.

Anesthetic application

During each experiment, extracellular responses were recorded under control,
isoflurane (0-0.53 mM; 1-2 different concentrations per experiment), and recovery
conditions, each separated by a 20-minute wash-in period. To apply isoflurane to slices
in the aqueous phase, gaseous isoflurane was dissolved into artificial CSF. The partition
coefficient of isoflurane (A = 1.2) was used to determine the pre-equilibrium gas
concentration of isoflurane.>? Sealed Teflon bags (cat. No. 10-923-5; Fisher Scientific,
Hampton, NH) were filled in a 1:1 gas-to-liquid ratio with regular artificial CSF (saturated
with 95% 02/5% CO2) and a gas mixture of isoflurane and 95% 02/5% CO2. Bags were
shaken for at least 1 hour to allow isoflurane phase equilibration (The Belly Dancer;
Stovall Life Science Inc., NC). Equilibrated isoflurane concentrations were confirmed by
measuring the gas phase concentration (Poet Il Anesthesia Monitor; Criticare Systems,
Waukesha, WI). Equivalent millimolar concentrations of isoflurane were calculated from
gas phase concentrations, where Caq (mM) = 0.44614 -a-P(% atm)(%), where a=1.08 at
25°C.52 Physiological effects of volatile anesthetics are particularly sensitive to
temperature;53 54 loss of righting reflex, which occurs at ~0.9% in mice in vivo,> would
occur (hypothetically) at approximately 0.4% isoflurane at 25°C.%3 Thus, the
approximated corresponding concentration for loss of righting reflex in our experiments

is 0.19 mM isoflurane.
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Electrophysiological recordings

Cortical responses to afferent stimulation (see below) were recorded using a 16x1
multichannel silicon electrode array (A16x1-2mm-100-177-A16; Neuronexus
Technologies, Ann Arbor, M) inserted orthogonally to the white matter, such that the
recording sites spanned a single cortical column (see Figure 1C, top right and bottom
right). Extracellular signals were amplified (2000x), filtered (0.1-10 kHz; Lynx-8;
Neuralynx, Bozeman, MT), and digitized at 40 kHz (Digidata 1440A; Molecular Devices,
Sunnyvale, CA). In a subset of slices, whole-cell current-clamp recordings were
obtained from somata of cortical cells to compare excitatory postsynaptic potentials
(EPSPs) with extracellular responses. Layer 2/3 (L2/3) and layer 5 (L5) pyramidal cells
were visualized using infrared differential interference contrast microscopy and targeted
based on morphology. Glass patch-clamp pipettes (KG-33, 1.7 mm OD, 1.1 mm ID;
King Precision Glass, Claremont, CA) were pulled to impedances of 3-5 MQ and filled
with intracellular solution (in mM: 140 K-gluconate, 10 NaCl, 10 HEPES, 0.1 EGTA, 4
MgATP, and 0.3 NaGTP; pH 7.2). Following gigaseal formation, whole-cell configuration
was achieved, and pyramidal cell identity was assumed based on characteristic spiking
responses to depolarizing current pulses. Intracellular voltage signals were low-pass

filtered at 4 kHz and digitized at 40 kHz.

Data analysis
After filtering and averaging the data as described in the Methods, the latency and half-
width of each signals were calculated for CSD and intracellular data. For CSD, the

latency to the onset of the synaptic response was defined as the first crossing of a
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threshold 2.5 times the standard deviation of the mean of a 20-msec pre-stimulus
baseline of the CSD signal. Half-width was calculated as the time between two
crossings of half the maximum amplitude of the current sink. Using the channel with the
earliest current sink onset, response magnitude was defined as the peak in the CSD
trace within 30 msec following current onset. Percent block was calculated by dividing
the difference in sink amplitude between control and isoflurane conditions by the control
sink amplitude. A standard one-way ANOVA was used to compare latencies and half-
widths of synaptic responses among pathways (Table 1).

Intracellular recordings were bandpass filtered at 0.1-2000Hz and averaged
across trials. The latency to the onset of EPSPs was defined as the time for the voltage
signal to exceed five times the standard deviation of the mean of a 20-msec pre-
stimulus baseline of the derivative voltage signal. Half-widths were calculated in a

similar fashion to CSD recordings.
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Figure 1
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Figure 1. Optogenetic activation of four independent afferent pathways in neocortex.
(A) A schematic showing projection patterns of four distinct afferent pathways: TC
matrix (pink), TC core (blue), CC feedforward (green), and CC feedback (gold).
Vertical dashed lines show coronal planes of section for brain slices in C. (B) A viral
vector containing ChR2 and YFP reporter was injected into the Po (top), V2MM
(V2MM; middle), or Cg (bottom). Color scheme of injection is representative of
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pathway shown in A. Note that TC core (blue) and TC matrix (pink) cells are
interspersed in Po, as reflected by the checkered pattern in the schematic. (C) Atlas
(left) and fluorescence (right) images of recording area. Shaded colored regions in
atlas images represent ChR2 and YFP reporter expressed in axon terminals following
injections shown in B, in mPtA (top), Cg (middle), and V2MM (bottom). Only the
terminal regions optically stimulated in this report are shaded. Colored boxes in the
atlas images represent the approximate recording area shown in fluorescence
images. Layer boundaries are delineated with dotted lines in fluorescence images.
The tips of the multichannel recording array are visible on the left-hand side of the
fluorescence images in the top and bottom panels. Abbreviations: TC =
thalamocortical; CC = corticocortical; Po = posterior thalamus; V2MM = secondary
visual area; Cg = anterior cingulate cortex; mPtA = medial parietal association area;

WM = white matter.(Paxinos and Franklin, 2003)
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Figure 2
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Figure 2. Synaptic responses evoked under control conditions. (A) Representative
examples of responses following a single light pulse (473 nm, black dashed line) used
to activate ChR2-expressing axon terminals of four afferent pathways to cortex (left to
right): TC core, TC matrix, CC feedforward, and CC feedback. CSD color plots are
shown, where current sinks (inward-going transmembrane current) are blue (scale: -
2.0 to 2.0 pA mm for TC matrix and CC feedforward, -1.0 to 1.0 pA mm for TC core
and CC feedback) and layer boundaries are shown with horizontal dotted lines. (B)
CSD signals evoked as in A, but with a train of four light pulses (blue tick marks)
delivered at 10 Hz. Signals shown were isolated from the channel exhibiting the
earliest current sink in A. Horizontal scale bars: 100 msec. Vertical scale bar
represents 1.0 pA mm-3 for TC matrix and CC feedforward traces, and 2.0 pA mm- for
TC core and CC feedback traces. (C) Whole-cell current-clamp recordings from four

cortical pyramidal cells demonstrating intracellular analogs of CSDs shown in B (not
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necessarily from same experiment); excitatory postsynaptic potentials were evoked
by a train of four light pulses at 10 Hz. Horizontal scale bar: 100 msec. Vertical scale
bar represents 0.5 mV for TC matrix, TC core, and CC feedforward traces, and 2.0

mV for CC feedback traces.
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Figure 3
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Figure 3. Current sinks evoked in each of four afferent pathways across control,
isoflurane, and recovery. (A) CSD color plots comparing evoked synaptic responses
across control (A, left column), 0.2 mM isoflurane (A, middle column), and recovery
(A, right column) for representative examples of each of four afferent pathways to
cortex, from top to bottom row: TC core, TC matrix, CC feedforward, and CC
feedback; color scale: -2.0 to 2.0 pA mm=3for TC core and CC feedback, -1.0to 1.0
HA mm- for CC feedforward, and -5.0 to 5.0 pA mm-3for TC matrix. (B) Signal from
the channel with the earliest sink were used to compare synaptic effects across
control (solid), 0.2 mM isoflurane (dotted), and recovery (dashed). Shaded regions,

which are colored using color scheme in Figure 1, indicate £ 1 SD among trials.
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Figure 4
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Figure 4. CC feedback cortical afferents are preferentially suppressed under
isoflurane. Results from individual experiments (individual markers) and model fits
(i.e. percent block as a function of concentration of isoflurane; solid lines) with 95%
confidence interval (shaded) are shown. Responses evoked by stimulation of CC
feedback afferents to cortical layer 1 (gold) are suppressed to a greater extent under
isoflurane than CC feedforward (green) and both TC matrix (pink) and core (blue)
pathways, especially at and above a concentration corresponding to 10.9%

isoflurane, the concentration at which loss of consciousness occurs in mice.



149

Table 1
Latency (msec) Half-width (msec) Paired pulse ratio
CSD
(n=16) 4.67 (1.85) 8.27 (3.06)* 0.64 (0.23)
TC Core
Intracellular
(n=7) 3.57 (1.01) 30.00 (15.90) 0.62 (0.22)
CSD
TC Matrix (n=23) 5.11 (1.69) 12.13 (2.62)* 0.72 (0.19)
Intracellular
(n=10) 4.63 (1.87) 26.10 (14.27) 0.61 (0.16)
CSD
CC (n=8) 3.02 (1.01) 7.81 (1.31)t 1.17 (0.37)
Feedforward | Intracellular
(n=4) 3.63 (0.78) 32.75 (16.46) 1.04 (0.13)
CSD
CC (n=21) 4.15 (1.97) 9.42 (1.77)t 0.90 (0.31)
Feedback | Intracellular
(n=4) 3.69 (2.29) 27.49 (14.31) 1.04 (0.22)

Table 1. Properties of post-synaptic responses. Values are presented as mean

(SD). Parameters from extracellular data were calculated using the CSD signal from

the channel that showed the earliest onset of the inward-going current following the

light stimulus. Half-widths are width of current sink or EPSP signal at half the

maximum amplitude. Comparisons of half-widths of the CSD signal were made within

TC* and within CCt groups using a standard one-way ANOVA; TC matrix responses
were longer than TC core responses (*F(1 41) = 19.82, P < 0.0001) and CC feedback

half-widths were longer than CC feedforward (1F(1 34) = 7.70, P = 0.009).
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Effect on distinct pathways (% block per 0.1 mM isoflurane)

Pathway Estimate 95% CI P-value
TC core -7.03 [-12.2, -2.25] 0.0059
CC feedforward -4.17 [-9.89, 0.91] 0.14
TC matrix -5.65 [-9.88,-1.18] 0.0076
CC feedback -14.9 [-20.0, -10.1] 3.09e-8
Pairwise comparison of slopes
Comparison Estimate 95% CI P-value
CC feedback — TC core -7.90 [-14.9,-1.35] 0.023
CC feedback — CC feedforward -10.8 [-17.4,-3.49] 0.0045
CC feedback — TC matrix -9.29 [-15.9,-3.42] 0.0040
TC core — TC matrix -1.38 [-7.67,4.71] 0.64
TC core — CC feedforward -2.85 [-11.4,4.42] 0.45
CC feedforward — TC matrix 1.47 [-5.69,8.27] 0.67

Table 2. Comparison of effect of isoflurane on synaptic responses of four

distinct afferent pathways to cortex. Slopes of the effect of isoflurane on each

pathway with reference to no slope (shown as % block per 0.1 mM isoflurane) are

shown, followed by pairwise comparison of effects slopes between any two pathways,

represented as the difference between individual slopes. Note that the effect

isoflurane on CC feedback responses is significantly greater than CC feedforward and

both TC core and matrix responses.
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Chapter 5

Cell type-specific effects of isoflurane on two distinct afferent inputs to cortical

layer 1.

This chapter will be submitted for publication as:

Murphy CM, [], Banks MI (2020). Cell type-specific effects of isoflurane on two distinct

afferent inputs to cortical layer 1.

Abstract

While their behavioral effects are well-characterized, the mechanisms by which
anesthetics induce loss of consciousness are largely unknown. Anesthetics may disrupt
integration and propagation of information in thalamocortical networks. Recent studies
have shown that isoflurane diminishes synaptic responses of thalamocortical (TC) and
corticocortical (CC) afferents in a pathway-specific manner. However, whether the
synaptic effects of isoflurane observed in extracellular recordings persist at the cellular
level has yet to be explored. Here, we activate TC and CC layer 1 inputs in non-primary
mouse neocortex in ex vivo brain slices and explore the degree to which isoflurane
modulates synaptic responses in pyramidal cells and in two inhibitory cell populations,
somatostatin-positive (SOM+) and parvalbumin-positive (PV+) interneurons. We show
that the effects of isoflurane on synaptic responses and intrinsic properties of these cells

varies among cell type and by cortical layer. Layer 1 afferents inputs to L4 pyramidal
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cells were suppressed by isoflurane at both TC and CC synapses, while those to L2/3
pyramidal cells and PV+ interneurons were not. TC inputs to SOM+ cells were rarely
observed at all, while CC inputs to SOM+ interneurons were robustly suppressed by
isoflurane, These results suggest a mechanism by which isoflurane disrupts integration

and propagation of incoming cortical signals.

Introduction
Anesthetics may ultimately influence both the level and contents of consciousness via
actions on corticothalamic circuits, disrupting integration of information throughout the
cortical hierarchy (Crick and Koch, 2003; Dehaene and Changeux, 2011; Koch et al.,
2016). Activity in higher order cortical areas is particularly sensitive to
anesthetics(Nourski et al., 2017; Nourski et al., 2018), as is corticocortical feedback
connectivity (Ferrarelli et al., 2010; Boly et al., 2012; Liu et al., 2012; Raz et al., 2014,
Mashour and Hudetz, 2017; Murphy et al., 2019). In addition to cortical effects, higher
order thalamocortical connectivity is suppressed during both sleep(Picchioni et al.,
2014) and anesthesia(Langsjo et al., 2012; Liu et al., 2013; Akeju et al., 2014).
Activation of non-specific thalamic nuclei during anesthetic-induced
unconsciousness(Redinbaugh et al., 2020) and non-REM sleep(Honjoh et al., 2018)
promotes behavioral arousal, implicating higher order thalamic centers as enablers of
consciousness.

Recent studies from our lab have shown that in ex vivo slices, isoflurane
diminishes synaptic responses in a pathway-specific manner (Raz et al., 2014; Murphy

et al., 2019). Despite overlapping terminal fields in layer 1, corticocortical feedback
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afferents to higher order cortex were preferentially suppressed by isoflurane compared
to non-primary thalamocortical inputs. However, extracellular recordings used in these
investigations capture summed effects across all synapses, leaving open questions as
to whether observed effects are consistent across post-synaptic targets. For example,
differential effects on inhibitory interneurons compared to excitatory cells may shift the
balance of excitation and inhibition(Haider et al., 2013; Xue et al., 2014), disrupting
integration of inputs in pyramidal cell dendrites or constraining the output of the cortical
column. Moreover, superficial and deep layers may operate within functionally separate
domains, where cells in superficial layers primarily carry out corticocortical interactions,
and those in deep layers facilitate interactions with lower cortical and subcortical targets
in the feedback direction (Douglas et al., 1989; Douglas and Martin, 2004; Douglas and
Martin, 2007; Binzegger et al., 2009). As such, differential effects of anesthetics on cells
residing in different layers may provide further insight into the functional roles of discrete
cortical networks and the mechanisms that subserve the breakdown of connectivity
observed during anesthesia.

Here, we investigate the effect of isoflurane on independently activated higher
order thalamocortical and corticocortical inputs to layer 1 of non-primary neocortex in
brain slices. We evaluate the pathway- and cell type-specific effects of isoflurane on
synaptic responses recorded in pyramidal cells in layers 2-5 and in two subpopulations

of inhibitory cells, SOM+ and PV+ interneurons.

Methods
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Intracellular whole cell patch clamp recordings were conducted in current clamp
mode from pyramidal cells in layers 2-5, parvalbumin-positive interneurons, or
somatostatin-positive interneurons; extracellular multichannel recordings were collected
concurrently. Cell types were identified either by Cre-dependent expression of td-
Tomato reporter (for parvalbumin-positive and somatostatin-positive interneurons) or by
morphology (pyramidal cells). To further guide identification of cell types, each cell’s
response to 600 msec current steps was evaluated as previously described (Krause et
al., 2017). All signals were low-pass filtered at 10 kHz and digitized at 40 kHz.

To activate either POm or Cg afferents, blue light was delivered exclusively to layer
1 (150 pum diameter, 470 nm; Polygon400, Mightex Systems, Toronto, Ontario). For
each trial, synaptic responses were evoked using four brief pulses of light (2 msec; 10
Hz) at one of at least five light intensities randomly selected from a range of intensities
(0.022-2.2 mW). Each trial was separated by ten seconds, and at least eight trials were
conducted for each light intensity, randomly interleaved.

Signals from each of 16 extracellular channels were filtered (bandpass filter, 1-
300Hz) to yield local field potentials used to calculate the current source density (CSD;
(Mitzdorf, 1985)) with the spline inverse method(Pettersen et al., 2006). The signal in
layer 1 with the shortest latency current sink (inward transmembrane current) was used
for further analysis. Intracellular signals were filtered (bandpass filter, 0.1-1000 Hz).
Responses were averaged across trials of the same stimulus intensity. Responses to a
single stimulus intensity were selected for detailed analysis. This intensity was the
minimum light intensity for which at least 50% of trials (8-10 trials per intensity) evoked

a response with <1 msec latency jitter.
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Response amplitude was defined as the peak of the signal within 50 msec of the
stimulus (first pulse only). Paired pulse ratio was computed for intracellular recordings,
calculated by dividing the PSP amplitude of second pulse by the PSP amplitude of first
pulse. POm- and Cg-evoked responses were compared across control, isoflurane (0.24-
0.29 mM), and recovery conditions. To exclude the possibility that effects of isoflurane
were due to response degradation over time, the average of control and recovery
measures were used as a baseline for comparison to isoflurane.

A linear mixed effects model was used to evaluate the pathway- and cell type-
dependent effects of isoflurane on a variety of intrinsic and evoked response properties
of individual cells. Fixed effects were cell type (L2/3 Pyr, L4 Pyr, L5 Pyr, SOM+, or PV+)
and drug condition (baseline or isoflurane), as well as afferent pathway (POm or Cg) for
evoked responses. Interaction terms between isoflurane and each of the other fixed
effects were also included, as well as a three-way interaction term representing
interactions between cell type and pathway of drug effects; random effects were slice
experiment and cell with random slopes for drug condition. For amplitude and input
resistance measures, heteroscedasticity was corrected by log transforming response
variables. To allow for direct comparison among cell types and pathways, all isoflurane

effects are reported relative to baseline.

Results
Activation of TC and CC inputs to layer 1 elicit short-latency synaptic responses
Synaptic responses from TC and CC afferents were elicited by activating

channelrhodopsin in afferent axon terminals in layer 1. Brief pulses of light evoked short
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latency current sinks in layer 1 (Table 1). No effect of afferent pathway was observed for
baseline amplitude (t(29) = 0.41, p=0.69) or latency (t(29) = 0.26, P = 0.80) of layer 1
current sinks. Evoked currents in layer 1 precipitated post-synaptic potentials in
pyramidal cells in layers 2-5 (Table 2; Figure 2B,D), and in two subpopulations of
inhibitory interneurons, SOM+ and PV+ cells (Table 2; Figure 4B,D,F). Main effects of
afferent pathway and cell type on baseline amplitudes at the lowest stimulus intensity
required to elicit a response were tested. A 2-way ANOVA was not significant for effects
of pathway (F(1,47) = 0.07, P=0.79) nor target cell population (F(4,47) = 1.68, P=0.17),
suggesting no differences in baseline (i.e., in the absence of isoflurane) amplitudes
among recorded cells. Similarly, no significant effect on latency was observed for main

effects of pathway (F(1,47) = 1.00, P=0.32) nor cell type (F(4,47) =1.68, P=0.17).

Isoflurane suppresses layer 1 current sinks elicited by CC inputs, but not TC inputs
Despite their overlapping terminal fields and similar synaptic dynamics under control
conditions, TC and CC inputs to layer 1 were differentially affected by isoflurane (Figure
1; Table 1), consistent with previous results from our lab(Murphy et al., 2019).
Amplitudes of layer 1 current sinks were suppressed by isoflurane by 21.8% for CC
inputs, while current sinks evoked by TC inputs were relatively resistant to isoflurane

(Figure 1).

Isoflurane differentially affects synaptic responses in a cell type-dependent manner
Current sinks isolated from current source densities represent averages of inward-going

transmembrane currents across all synapses. However, evidence suggests that the
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synaptic properties — and therefore potential functional roles — of thalamocortical versus
corticocortical inputs to layer 1 may be cell type- and layer-dependent(Cruikshank et al.,
2012) (see Chapter 3). Therefore, we sought to investigate whether the effects of
isoflurane on layer 1 current sinks were uniform for all post-synaptic targets of each
afferent pathway, or whether certain cell populations were differentially sensitive to
isoflurane.

We evaluated the degree to which isoflurane modulated the amplitudes of post-
synaptic potentials elicited by layer 1 afferents in L?/3, L4, and L5 pyramidal cells (Figure
2) as well as SOM+ and PV+ cells (Figure 4). Independent of any interactions of cell
type or afferent pathway, isoflurane significantly suppressed evoked post-synaptic
potentials of target cells (x(1) = 16.6, P<0.0001). Contrary to our findings for
extracellularly recorded layer 1 current sinks, we found no significant interaction of
pathway on the effect of isoflurane (x(1) = 2.00, P=0.16). However, the effect of
isoflurane was significantly dependent on cell type (x(4) = 17.862, P=0.0013). The
interaction between cell type and pathway was not significant (x(1) = 6.52, P=0.16). In
other words, the effect of isoflurane is cell type-dependent, and within each cell type, no
significant differences were observed between afferent pathways.

Amplitudes of synaptic responses in L?/3 cells were not significantly affected by
isoflurane for either TC or CC inputs (Figure 2B,D; Figure 3; Table 3). Conversely,
amplitudes of synaptic responses in L4 cells were significantly suppressed by isoflurane
for both TC and CC inputs, to approximately the same degree (Figure 2B,D; Figure 3;

Table 3). Isoflurane also suppressed CC inputs, but not TC inputs, to L5 pyramidal cells
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(Figure 2D; Figure 3; Table 3), though this effect was not significantly different between
pathways (P=0.19).

In addition to providing input to pyramidal cells, long-range TC and CC
projections also target inhibitory interneurons. Thus, we were also interested in the
effect of isoflurane on evoked responses in two subpopulations of inhibitory cells, SOM+
and PV+ interneurons, and whether these effects were different than those observed for
pyramidal cell populations. Consistent with previous studies(Beierlein et al., 2003;
Cruikshank et al., 2010; Audette et al., 2018) and the results described in Chapter 3 of
this thesis, TC inputs rarely elicited synaptic responses in SOM+ cells (n=2 cells); as
such, isoflurane effects on TC inputs to SOM+ cells are not reported. Activation of CC
afferents, however, reliably elicited synaptic responses in SOM+ cells (Figure 4). These
synapses were particularly sensitive to isoflurane; amplitudes of synaptic responses for
CC inputs to SOM+ cells were suppressed 35.8% during isoflurane compared to
baseline (Table 3). Conversely, no effect of isoflurane on amplitudes of responses in
PV+ cells was detected for either afferent pathway (Table 3). Thus, even among
subpopulations of GABAergic interneurons, the effect of isoflurane on CC responses
was significantly different (-35.8% for SOM+ cells versus -10.0% for PV+ cells, P=0.014;

Figure 5), suggesting distinct roles of each cell type during anesthesia.

Effects of isoflurane on intrinsic cellular properties are cell type-dependent
A multitude of cellular and synaptic dynamics may underlie changes in neural activity
observed during anesthesia. For example, effects of isoflurane on synaptic responses

as we describe here may manifest as a result of pre-synaptic effects of isoflurane (e.g.,
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effects on calcium influx or vesicle release), on discrete intrinsic properties of post-
synaptic cells that give rise to changes in their excitability, or a combination of pre- and
post-synaptic effects. Although we cannot ascribe the contributions of specific synaptic
or intrinsic effects of isoflurane to observed effects on evoked responses, characterizing
isoflurane-induced changes in synaptic plasticity or intrinsic properties of post-synaptic
cells may provide insight into the complicated interactions of network components
during anesthesia. To this end, we evaluated the extent to which isoflurane modulated
paired pulse ratios and intrinsic membrane properties (resting membrane potential,
input resistance, membrane time constant, and spike threshold) of each cell. Baseline
values are displayed in Table 2 (PPR) and Table 4 (intrinsic membrane properties);
effects of isoflurane are described below and in figures and tables as changes relative
to baseline.

Isoflurane significantly enhanced the paired pulse ratio of CC inputs to SOM+
cells, but had no effect on paired pulse ratios for other pathway-cell type combinations
(Figure 6; Table 5). Intrinsic membrane properties of L4 pyramidal cells were especially
sensitive to isoflurane. In L4 pyramidal cells, input resistance was 13.5% lower and
membrane time constants 27.8% shorter during isoflurane relative to baseline;
isoflurane did not affect input resistance nor time constants of any other cell type
(Figure 7). Isoflurane also reduced resting membrane potential in L4 and L5 pyramidal
cells (Figure 7). Effects of isoflurane observed in L4 pyramidal cells were accompanied

by a decrease in spike threshold (Figure 7).

Discussion
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In these experiments, we describe the effects of isoflurane on synaptic responses and
intrinsic membrane properties of pyramidal cells in layers 2-5, as well as in SOM+ and
PV+ interneurons. Previous investigations of the effects of isoflurane on synaptic
responses have suggested that feedback corticocortical inputs are suppressed to a
greater extent than both thalamocortical and feedforward corticocortical inputs(Raz et
al., 2014; Murphy et al., 2019). Here, we show that suppression of extracellular synaptic
responses is pathway-dependent, recapitulating previous findings using a similar
experimental paradigm Raz, 2014 #7659;Murphy, 2019 #8516}. We also demonstrate
that the suppression of synaptic responses by isoflurane is cell type- and layer-
dependent, providing insight into the mesocircuit-level mechanisms underlying the

mechanisms of anesthesia.

Resistance of PV+ interneurons suggests shift in E/I balance during isoflurane

We show that synaptic responses of PV+ interneurons to both TC and CC inputs were
resistant to suppression during isoflurane. TC input to PV+ cells provides stimulus-
locked fast feedforward-inhibition to pyramidal cells, restricting the window of
opportunity for generating spikes and improving spike timing among populations of
pyramidal cells(Pouille and Scanziani, 2001; Krause et al., 2017). We propose that the
relative insensitivity of fast-spiking PV+ neurons we observe here may underlie previous
observations from our lab and others that early responses of the cortical network to TC
inputs are relatively preserved during isoflurane, while recurrent, propagating network
activity is highly sensitive(Hentschke et al., 2017; Murphy et al., 2017). Although we

report activity of single cells only in our study, the relative preservation of PV+ cell
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responses is likely to shift the E/I balance in the network toward inhibition. PV+ cells are
known to be important for mediating E/I balance within cortical networks(Dichter and
Ayala, 1987; Ferguson and Gao, 2018). Pyramidal cells in L2/3, for example, receive
PV+ cell-mediated inhibitory input proportional to their excitation under normal
conditions, and changes in input to pyramidal cells — as we observe in L4 cells in our
experiments — without commensurate changes in PV+ cells disrupts this E/|
balance(Xue et al., 2014). If these cell type-specific effects of isoflurane occur in
multiple cortical areas, shifts in local E/I balance may contribute to progressively greater

suppression in the ascending cortical hierarchy.

Suppression of L4 pyramidal cells during isoflurane may disrupt feedforward processing
We show that synaptic responses of L4 pyramidal cells are suppressed during
isoflurane for responses evoked by both TC and CC inputs. That TC inputs to any cell
type would be affected by isoflurane is somewhat surprising, and that this effect would
be exclusively observed in L4 pyramidal cells is even more unexpected. L4 pyramidal
cells are typically considered mediators for propagating feedforward information,
receiving sensory-specific information from thalamus and lower areas(Cruikshank et al.,
2010; Covic and Sherman, 2011; De Pasquale and Sherman, 2011; Viaene et al.,
2011a; Viaene et al., 2011b) and targeting L2/3 for output to higher areas(Xu et al.,
2016; Meyer et al., 2018). Feedforward circuits are relatively resistant to
anesthetics(Lee et al., 2013; Raz et al., 2014; Murphy et al., 2019) (though, see
(Maksimow et al., 2014; Sanders et al., 2018)), and we show here that extracellular

recordings of current sinks evoked by activation of TC afferents were not affected by
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isoflurane (Figure 1). Yet, interestingly, our results show that inputs to L4 cells are
preferentially suppressed by isoflurane, suggesting that suppression of TC and CC
inputs together may disrupt feedforward signaling.

While pre-synaptic mechanisms of isoflurane have been well-described (Herring
et al., 2009; Xie et al., 2013; Baumgart et al., 2015), our observations suggest that the
mechanisms underlying isoflurane effects in L4 pyramidal cells were not limited to pre-
synaptic effects. No changes in short-term synaptic plasticity were observed at these
synapses (Figure 6), and TC and CC inputs to L4 pyramidal cells were suppressed to a
similar extent (Figure 3). However, L4 pyramidal cells were significantly leakier during
isoflurane, as evidenced by lower input resistances and shorter membrane time
constants relative to baseline (Figure 7). Not only might these effects dampen voltage
changes evoked by synaptic currents, but they are likely to also contribute to the overall
excitability of L4 cells, thereby attenuating their contributions to processing of cortical

signals.

Evidence for disruption of predictive coding schemes during anesthesia

In the present study, we find that isoflurane suppresses CC feedback afferents to L4
and L5 pyramidal cells (Figure 3) as well as those to dendrite-targeting SOM+
interneurons (Figure 5), consistent with previous studies showing sensitivity of feedback
connections during anesthesia(Boly et al., 2012; Liu et al., 2012; Raz et al., 2014;
Mashour and Hudetz, 2017; Murphy et al., 2019). Feedback activation of the cortical
column is mediated largely by intracortical afferents to layer 1 that target distal dendrites

of pyramidal cells. Dendritic calcium currents activated by these inputs increase the gain
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of the input/output relationship of cortical pyramidal cells and are highly correlated with
sensory perception (Manita et al., 2015; Takahashi et al., 2016). This process is tightly
regulated by powerful disynaptic inhibition from SOM+ interneurons(Murayama et al.,
2009). Our observation that inputs to both SOM+ cells and infragranular pyramidal cells
are preferentially suppressed notably intersects with these previous findings in the
context of sensory coding. Suppression of intracortical feedback inputs to two key
players in this integration process may therefore disrupt the typical input/output function
of pyramidal cells.

Disruption of integration of inputs to L5 pyramidal cells is also consistent with
what might be expected under anesthesia in the context of current theoretical models.
The predictive coding hypothesis, for example, has often been used as a framework for
understanding consciousness and sensory processing(Friston, 2005; Bastos et al.,
2012; Clark, 2013). Under the predictive coding hypothesis, feedback signals must
activate inhibition to offset incoming excitatory signals and prevent propagation of the
excitatory, ascending error signal. Discrepancies between internally generated
predictions and sensory input from external sources are propagated as excitatory “error
signals”. Our data provide further evidence that multiple components of the predictive
coding architecture may be disrupted by anesthesia. First, integration of predictions
carried by feedback afferents may be perturbed, as feedback inputs to both SOM+ cells
and L5 pyramidal cells — key mediators of feedback modulation of sensory responses —
are altered by isoflurane. Second, propagation of error signals in the feedforward
direction may be disrupted, as both TC and CC inputs to L4 cells — which mediate

intracortical feedforward signals — are suppressed by isoflurane. Our data may
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demonstrate physiological correlates of components of the predictive coding model, and

provide insight into the disruption of sensory processing during anesthesia.

Future Directions

In these experiments, we investigate the effect of isoflurane on discrete components of
a higher order cortical circuit. Investigating the pathway-, cell type-, and layer-specific
effects of isoflurane is imperative for understanding the larger systems in which these
components operate. Our findings will inform future investigations of sensory processing
and changes in consciousness during anesthesia. Although here we activated inputs to
layer 1 independently, future experiments in vivo will provide insight into how
overlapping inputs to layer 1 affect arousal and sensory processing. It is reasonable to
expect that the combined effects of isoflurane on TC and CC inputs, for example, may
engender supralinear effects on underlying circuit components, synergistically
contributing to disruption of sensory processing. Moreover, in vivo investigations, such
as those that involve artificially manipulating activity in different cell types during
anesthesia, may allow for causal, detailed descriptions of the pathway- and cell type-
specific components that are necessary and/or sufficient for consciousness. Lastly, a
recent study by Suzuki and Larkum (2020) suggests that anesthetics may prevent
integration of feedback signals by targeting signal amplification in apical dendrites of
pyramidal cells, and implies that this process may be mediated by metabotropic
glutamate and cholinergic receptors(Suzuki and Larkum, 2020). Future investigations

should probe the extent to which distinct inputs to layer 1 engage metabotropic
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glutamate or cholinergic systems, and how the synaptic effects of anesthetics on layer 1

contributes to disruption of input-output computations by anesthetics.
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Figure 1. Effects of isoflurane on optogenetically evoked current sinks in layer 1
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are pathway-specific. (A) CSD color plots comparing evoked synaptic responses to
a 2 msec light pulse (blue arrows) across control (A, left column), 0.24 mM isoflurane
(A, middle column), and recovery (A, right column) for representative examples for
thalamocortical (top row) and corticocortical (bottom row) afferents; color scale: -5.0 to
5.0 p)A mm3 (B) Signals from channel 1 were used to compare synaptic effects
across control (solid), 0.24 mM isoflurane (dotted), and recovery (dashed). Shaded
regions indicate + 1 SD among trials. C. Model fits of percent block of layer 1 sink by
isoflurane with 95% confidence interval (vertical line). Responses evoked by
stimulation of CC feedback afferents to cortical layer 1 (orange) are suppressed to a
greater extent under isoflurane than TC inputs (red). Pale markers reflect estimates of
block by isoflurane at 0.24 mM based on results from Murphy et al., 2019. Raw values

for control conditions are shown in Table 1.
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Figure 2. Example recordings from cortical pyramidal cells in response to
activation of two distinct layer 1 afferents. A. Schematic demonstrating recordings
conducted for panel B. Afferents originating in POm were optogenetically activated
while whole cell patch clamp recordings were conducted in pyramidal cells in L2/3,
L4, or L5. B. Example recordings of POm-evoked responses from L2/3 (top), L4
(middle), or and L5 (bottom) cells during control (solid), 0.24 mM isoflurane (dotted),
and recovery (dashed) conditions. Shaded regions indicate + 1 SD among trials. C-D.
Same as A-B for responses to Cg inputs. Population results of isoflurane effects are

shown in Figure 3. Raw values for control conditions are shown in Table 2.
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Figure 3
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Figure 3. Suppression of post-synaptic responses by isoflurane is cell type-
specific. Model estimates of the percent block by isoflurane of post-synaptic
responses evoked by TC (red) or CC (orange) inputs to L2/3, L4, and L5 cell
populations. Estimates are represented by triangles; vertical lines span 95%
confidence intervals for isoflurane effects for each pathway-cell type combination,
where confidence intervals overlapping 0% block are not significant (P>0.05). Both
TC and CC inputs to L4 pyramidal cells were suppressed by isoflurane, as were CC

inputs to L5 pyramidal cells. Effects are also quantified in Table 3.
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Figure 4. Example recordings from SOM+ and PV+ interneurons in response to
activation of distinct layer 1 afferents. A. Schematic demonstrating recordings
conducted for panel B. CC afferents to layer 1 were optogenetically activated while
whole cell patch clamp recordings were conducted in SOM+ interneurons. B. Example
recordings from CC-evoked responses in a SOM+ cell during control (solid), 0.24 mM
isoflurane (dotted), and recovery (dashed) conditions. Shaded regions indicate + 1 SD
among trials. C-D. Same as A-B for CC inputs to PV+ cells. E-F. Same as A-B for TC
inputs to PV+ cells. Note that examples of TC inputs to SOM+ cells are not shown, as
TC inputs failed to evoke synaptic responses in SOM+ cells, Population results of
isoflurane effects are shown in Figure 5. Raw values for control conditions are shown
in Table 2.
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Figure 5. CC feedback inputs to SOM+ interneurons are suppressed by
isoflurane, while TC and CC inupts to PV+ interneurons are not. Model estimates
of the percent block by isoflurane of post-synaptic responses evoked by TC (red) or
CC (orange) inputs to SOM+ and PV+ interneuron populations. Estimates are
represented by circles (SOM+) or squares (PV+); vertical lines span 95% confidence
intervals for isoflurane effects for each pathway-cell type combination, where
confidence intervals overlapping 0% block are not significant (P>0.05). CC inputs to
SOM+ cells were suppressed by isoflurane, but no effect of isoflurane was detected in

TC nor CC inputs to PV+ cells. Effects are also quantified in Table 3.
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A
Cg>SOM+ POmM->L4 Pyr
A\
f f  50msec t t
Cg—>L4 Pyr Cg—>L5Pyr
f
|
| ‘\‘--- | \.‘\“J \
t t t t
B
075
05F
2
©
S o025}
< A
g” 0 — = g SNy -
5
©
& 025} h
3 AL’/;Pyr
AL4Pyr
05} AL5Pyr
O SOM+
OPv+
-0.75 .
POm Cg

Figure 6. Isoflurane increases paired pulse ratios for CC inputs to SOM+ cells,
suggest pre-synaptic mechanisms. A. Examples recordings from the four different
pathway-cell type pairs that demonstrated suppression of synaptic responses by
isoflurane. Responses for control (black) and isoflurane (either orange (CC) or red
(TC)) conditions are normalized to the amplitude of the first pulse under control
conditions to demonstrate paired pulse effects. Arrows show comparison of paired
pulse effects between control (black) and isoflurane (either orange or red) conditions.
B. Model estimates of the changes to paired pulse ratio during isoflurane, where
positive values represent higher paired pulse ratios during isoflurane. Estimates of

isoflurane effects on paired pulse ratios for responses evoked by TC (red) or CC
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(orange) inputs to all recorded populations are shown. Estimates are represented by
shapes; vertical lines span 95% confidence intervals for isoflurane effects for each
pathway-cell type combination, where confidence intervals overlapping O are not
significant (P>0.05). Paired pulse ratios for CC inputs to SOM+ cells were enhanced
by isoflurane, suggesting isoflurane blocks synaptic responses to SOM+ cells through
pre-synaptic mechanisms. Raw values for control conditions are shown in Table 2,

and isoflurane effects are quantified in Table 5.



Figure 7.
A
30
15
g
< of— — —
oc
<
-15
30 L%, L4 L5 SOM+PV+
Pyr Pyr Pyr
C
60
30
S
o T
<
30 +
60 L?; L4 L5 SOM+PV+
Pyr Pyr Pyr

178

20

-2.0

ARMP (mV)

-4.0

L*/; L4 L5 SOM+PV+
Pyr Pyr Pyr

_M j}#

L*/; L4 L5 SOM+PV+
Pyr Pyr Pyr

o
=)

w
=)

w
)

ASpike threshold (mV)
o

o
=

Figure 7. Isoflurane alters intrinsic membrane properties of L4 pyramidal cells,

suggesting a shared mechanism by which TC and CC inputs are blocked. A.

Model estimates of percent change of input resistance during isoflurane, where

negative values represent decreases in input resistance (i.e., increased

conductance). B. Model estimates of shifts of resting membrane potential during

isoflurane, where negative values represent hyperpolarization of membrane potentials

during isoflurane compared to baseline values. C. Same as in A for percent changes

in membrane time constants. D. Same as in B for spike thresholds. L4 pyramidal cells

became leakier (i.e., lower input resistances and shorter time constants) during

isoflurane relative to baseline. Raw values for control conditions are shown in Table

4.
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Table 1
Lat ) L1 sink amplitude |% Block by isoflurane| P-value
atency (msec (LAmm™) [95% CI]
POm 3.81+0.52 6.18+1.64 +2.9[-10.6 18.3] 0.69
Cyg 3.61+0.56 5.33+1.35 -21.8[-31.1-11.3] | 0.00026

Table 1. Activation of cortical afferents evokes short latency current sinks in

layer 1 that are sensitive to isoflurane in a pathway-dependent manner. Layer 1

current sink amplitudes evoked by activation of Cg inputs were suppressed by

isoflurane, while those evoked by POm inputs were not. Estimates are based on

predicted values from linear mixed effects model (see Methods).



Table 2
PSP amplitude PSP latency PPR
POmM->

L2/3 Pyr (n=5) 2.4+1.8 5.9+2.3 0.86+0.33
L4 Pyr (n=6) 4.1+2.3 5.6+1.6 0.64+0.23
L5 Pyr (n=5) 8.3+5.7 5.4+1.8 0.77+0.29
SOM+ (n=2) 5.1+4.5 3.0+0.5 0.61+0.04
PV+ (n=8) 6.4+2.3 4.1+0.7 0.68+0.25

Cg~>
L2/3 Pyr (n=6) 2.0+1.4 4.6+1.2 0.57+0.30
L4 Pyr (n=6) 4.6+4.6 4.8+1.2 0.79+0.27
L5 Pyr (n=5) 2.6+1.7 6.5+1.8 1.05+0.34
SOM+ (n=6) 6.5+5.0 4.6+£0.7 0.74+0.45
PV+ (n=8) 4.3+4.8 4.9+1.2 0.78+0.32

Table 2. Properties of evoked responses in whole cell patch clamp recordings
conducted during control conditions in pyramidal cells and interneurons.
Values shown are mean * standard deviation. Latency was calculated relative to
onset of 2 msec light pulse. Paired pulse ratios were calculated as the amplitude of
the 2" post-synaptic potential (relative to the pre-response baseline) divided by the
baseline subtracted amplitude of the 15 post-synaptic potential.
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Table 3.
% Block 95% ClI P-value
POmM->

L2/3 Pyr 7.0 [-14.2 33.5] 0.54

L4 Pyr -20.1 [-34.7 -2.3] 0.029

L5 Pyr -1.1 [-20.7 23.3] 0.92

PV+ -6.6 [-21.6 11.3] 0.44

Cg~>

L2/3 Pyr -13.6 [29.4 5.7] 0.15

L4 Pyr -20.3 [-34.8 -2.4] 0.028

L5 Pyr -21.5 [-37.0 -2.0] 0.033
SOM+ -35.8 [-47.5 -21.4] <0.0001

PV+ -10.0 [-24.5 7.2] 0.23

Table 3. Isoflurane affects synaptic responses in a cell type-dependent manner.
Estimates are based on predicted values from linear mixed effects model (see
Methods). Values represent the percent change in the amplitude of post-synaptic
responses during isoflurane relative to baseline conditions. Negative values represent

suppression of synaptic responses by isoflurane.
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Table 4.
RMP (mV) Rin (MQ) Tm (Msec) | Spike Threshold (mV)
L2/3 Pyr (n=11) -71.5+3.6 114.2+45.9 14.1+10.7 -43.1+4.0
L4 Pyr (n=12) -68.945.3 183.2+103.8 19.0+13.2 -41.946.1
L5 Pyr (n=10) -65.1+3.7 135.77+85.9 18.0+9.8 -41.845.3
SOM+ (n=8) -60.3+6.2 317.3+138.8 38.2+38.0 -42.2+3.9
PV+ (n=16) -63.5+4.0 166.8+47.1 9.6+2.5 -46.317.9

Table 4. Intrinsic properties of recorded cell types during control conditions.

Values are mean + standard deviation. Properties were measured ~2 minutes after

achieving whole cell access. A series of 10-20 current steps (600 msec) was

delivered at progressive intervals (10-40 pA), beginning with a hyperpolarizing current

injection. Resting membrane potentials (RMP) were calculated by averaging

membrane potentials in the 100 msec prior to onset of all current pulses. Input

resistances (Rin) were extrapolated from relationship between current and steady

state voltages. Time constants (Tm) were estimated using the first hyperpolarizing

current pulse. Spike thresholds were evaluated using the first trial to evoke an action

potential, where the spike threshold was the voltage at which the second derivative

exceeded twice the standard deviation of the pre-spike baseline value.
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Table 5.
APPR 95% ClI P-value
POmM->

L2/3 Pyr +0.02 [-0.32 0.26] 0.90

L4 Pyr +0.13 [-0.10 0.36] 0.27

L5 Pyr -0.18 [-0.43 0.07] 0.15

PV+ +0.02 [-0.18 0.22] 0.84

Cg~>

L2/3 Pyr -0.07 [-0.30 0.16] 0.56

L4 Pyr +0.13 [-0.10 0.36] 0.27

L5 Pyr -0.18 [-0.42 0.08] 0.17
SOM+ +0.45 [0.22 0.68] 0.0002

PV+ -0.03 [-0.23 0.17] 0.76

Table 5. Isoflurane alters short-term synaptic plasticity for Cg inputs to SOM+
interneurons. Estimates are based on predicted values from linear mixed effects
model (see Methods) and represent the change in PPR (in mV) relative to baseline
PPR. Negative values represent decreases in PPR (e.g., stronger paired pulse

depression) during isoflurane.
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Chapter 6

Summary and future directions

Summary

In the previous four chapters of this thesis, | describe a series of experiments that
provide insight into the synaptic properties and potential functional roles of discrete
components of a higher order thalamocortical mesocircuit. In Chapter 2, | outline a
protocol for probing synaptic and network responses to optogenetic activation of
afferent fibers in brain slices, and | describe how the properties of volatile anesthetics
may be utilized for testing the effects of isoflurane on components of cortical networks. |
use this protocol to conduct the remainder of experiments in Chapters 3-5. In Chapter 3,
| show that thalamocortical and corticocortical afferents to layer 1 target specific
populations of excitatory and inhibitory cells. The response properties of evoked
responses are cell type- and pathway-specific. Thalamocortical afferents activate large
amplitude post-synaptic responses and action potentials in L5 pyramidal cells, while
corticocortical afferents strongly activate somatostatin-positive interneurons and elicit
only small amplitude responses in pyramidal cells. The differences observed from
intracellular recordings are also represented in the input-output relationship of the
cortical column, where thalamocortical afferents evoke robust input-dependent activity
in L5 and outputs evoked by corticocortical afferents are relatively small even with lots

of input to layer 1. In Chapter 4, | show that each of these inputs to layer 1, as well as
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thalamocortical and corticocortical feedforward inputs, is blocked by isoflurane in a
concentration-dependent manner. Importantly, this effect is significantly more
pronounced for corticocortical feedback inputs to layer 1. Yet, the experiments in
Chapter 4 do not provide information about whether specific afferent inputs are affected
by isoflurane differently depending on their post-synaptic targets. In Chapter 5, | show
that the pathway-dependent effects of isoflurane on synaptic responses are cell type-
specific. | provide evidence that isoflurane may disrupt both integration of feedback
signals as well as propagation of information through feedforward circuits.

These experiments and the conclusions | draw from them are additions to a
growing body of literature that together provide insight into the neurobiological
underpinnings of consciousness, as well as potential mechanisms by anesthetics
induce loss of consciousness. In the sections below, | pose and elaborate upon

scientific questions to guide future lines of inquiry.

Future directions

A brief note about semantics as our understanding of cortical circuits evolves

The distinction between “inputs to layer X” and “inputs targeting layer X cells” is
relevant. In our experiments, the afferent axons we activate make synaptic connections
within layer 1, but we record only from cells outside layer 1. Conversely, interneurons
with cell bodies within layer 1 receive inputs from and send outputs to cells whose cell
bodies are both within and outside layer 1. If the functional input/output relationship of
cells can be entirely independent of the layer in which their cell body resides, what is the

purpose of the nomenclature designating cells to certain layers? Of course, the answer
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is likely mostly historical. We record from cell bodies, therefore categorize them
accordingly. But, as others have proposed (Larkum et al., 2018), this somato-centric
perspective is limiting, as it doesn’t consider the multiple input and output
“‘compartments” that may contribute to the behavior of a single neuron. As our
understanding of cortical circuits evolves, | expect that perspectives regarding intra- and
interlaminar (as well as intra- and inter-areal) influences may be expanded by these
semantic considerations.
What role do inhibitory interneurons with cell bodies in layer 1 play in sensory
processing and unconsciousness during anesthesia?
Layer 1 is characterized by a paucity of cell bodies compared to the cortical layers
below. The only cell bodies that reside in cortical layer 1 are those of a select population
of inhibitory interneurons, 93% of which express the 5HT3a serotonin receptor (Rudy et
al., 2011). These layer 1 interneurons can be further broken down into three non-
overlapping populations with variable molecular, electrophysiological, and
morphological properties (Schuman et al., 2019). For example, the axons of layer 1
interneurons expressing vasointestinal peptide branch very little and target the deep
cortical layers. Alternatively, approximately 70% of layer 1 interneurons are
neurogliaform cells, which have extensive axonal arborizations — often spanning
multiple cortical columns — that are contained almost exclusively within layer 1 (Kubota,
2014; Tremblay et al., 2016; Schuman et al., 2019).

The connectivity of layer 1 interneurons highly complex and sophisticated, as
layer 1 interneuron populations are involved in feedforward inhibition of excitatory cells,

disinhibition of local interneurons, and extrasynaptic regulation via tonic GABA release
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(Wozny and Williams, 2011; Cruikshank et al., 2012; Schuman et al., 2019). Via these
networks, interneurons with cell bodies in layer 1 are positioned to regulate swaths of
pyramidal cell dendrites (Olah et al., 2009) or other interconnected interneuron circuits
(Jiang et al., 2013), often from a distance, though the specifics of these interactions are
beyond the scope of this thesis.

Still, the functional roles of layer 1 interneurons remain relatively unexplored.
Layer 1 interneurons receive direct input from thalamocortical and corticocortical
targets; given their connectedness with local circuits, they are therefore likely to play a
role in mediating and/or modulating intracortical and thalamocortical inputs. Future
studies, especially those in vivo, should manipulate activity in layer 1 interneurons, and
explore the extent to which they play a role in sensory processing or in anesthetic-

induced loss of consciousness.

How does isoflurane affect intracortical connections within the cortical column?
Processing of sensory signals is an iterative process that involves message passing
between cortical areas, but information is also coded in spiking patterns generated in
local recurrent interlaminar connections. For example, work from our lab and others has
shown that activation of thalamocortical afferents can evoke robust spiking activity in L5
that may include the superficial layers with a sufficient stimulus (Sakata and Hatrris,
2009; Constantinople and Bruno, 2013; Krause et al., 2014). This recurrent network
activity propagates by way of intra- and inter-laminar connections, an “internally-
generated non-linear amplification process” that has implications for the state-

dependence of perception and the coding of sensory information. Our lab has shown
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that these network events are highly sensitive to isoflurane, despite early responses
being relatively unaffected(Hentschke et al., 2017; Murphy et al., 2017).

In Chapter 3, | demonstrate that afferents to layer 1 target the apical dendrites of
pyramidal cells and interneurons in a pathway-dependent manner, and | suggest that
the input-output relationship of the cortical column is likely predicated upon the
interactions among underlying cell populations. In Chapter 5, | provide evidence that
integration and propagation of both feedback and feedforward signals may be disrupted
by isoflurane. Inputs to layer 4 cells, which play a key role in mediating feedforward
responses, were suppressed by isoflurane; corticocortical feedback inputs to layer 5
pyramidal cells and somatostatin-positive interneurons were also suppressed,
presenting a possible mechanism by which feedback-mediated information integration is
perturbed during anesthesia.

Together with results from previous studies, these conclusions suggest that both
inputs and outputs of the column are impacted by isoflurane. Yet, it is unclear by what
mechanisms the input/output relationship is disrupted. Thus, further investigations
should explore the effects of isoflurane on connected cell within a cortical column. For
example, if connections between L5 pyramidal cells are suppressed by isoflurane, their
failure to participate in generating and propagating network activity is likely to be

compounded.

How do synaptic effects of isoflurane interact with effects on signaling in dendritic
compartments?

Because inputs to layer 1 target only interneurons and the distal dendrites of excitatory

cells, their influence over cortical output is ostensibly limited. However, activation of
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distal dendrites of pyramidal cells can activate calcium-dependent potentials in the
apical dendrite (Larkum et al., 2004; Murayama et al., 2009; Larkum, 2013 ; Takahashi
et al., 2016), amplifying the relative influence of layer 1 inputs. A recent set of
experiments by Mototaka Suzuki and Matthew Larkum showed that isoflurane,
ketamine/xylazine, and urethane each independently decoupled signaling in the apical
dendrites of layer 5 pyramidal cells (Suzuki and Larkum, 2020), thereby disrupting the
intrinsic input/output function of these cells. During control conditions, direct activation of
channelrhodopsin expressed in the distal dendrites resulted in spike output at the cell
body, which was suppressed during anesthesia even upon controlling for input
amplitudes. The authors provide evidence that that this decoupling of inputs from
outputs may be mediated by anesthetic effects on muscarinic acetylcholine receptors
and metabotropic glutamate receptors.

In the experiments described in this thesis, synaptic effects of isoflurane were
examined by optogenetically activating pre-synaptic cells. The experiments described
by Suzuki and Larkum circumvent the pre-synaptic effects of isoflurane by directly
eliciting depolarizing potentials in the distal dendrites of pyramidal cells. Synaptic
transmission is affected by anesthetics in a pathway-dependent manner (Chapters 4
and 5); dendritic integration is affected independent of afferent pathway. Further
investigation of the interplay between these results should explore whether the synaptic
and dendritic effects of anesthetics are distinct and possibly cooperative. Such studies
may unify theories implicating thalamus and cortex in the neural correlates of

consciousness.
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In what ways will in vivo manipulations substantiate and build upon the findings in these
chapters?

Ex vivo brain slices facilitate the study of individual components that operate
simultaneously in the brain. However, while reduced preparations confer certain
benefits, it is difficult to draw sweeping conclusions about cortical circuits or to make
causal inferences without further study in in vivo systems. The act of harvesting tissue
itself is traumatic and maintaining the appropriate conditions for the duration of data
collection can be difficult. Because long-range projections tend to be excitatory, slices
may have excitation/inhibition ratios that do not represent those found in vivo
(Stepanyants et al., 2009). Moreover, slice preparations lack state-dependent
neuromodulatory input that modulates typical physiological activity (Gil et al., 1997; Lam
and Sherman, 2018); especially because anesthetics may influence the actions of
neuromodulatory input (Suzuki and Larkum, 2020), conclusions drawn from ex vivo
preparations should always be interpreted with these caveats.

First, the data and the conclusions | draw from it in this thesis should be
substantiated in vivo. Does activation of intracortical feedback versus higher order
thalamocortical afferents differentially activate populations of post-synaptic cells? Are
these synaptic responses preferentially attenuated during isoflurane anesthesia? Next,
manipulations of distinct projections or cell types may provide insight into the roles of
each. How do synaptic and network responses change if distinct layer 1 afferents or
activity of underlying cell types are disabled? Does this affect sensory perception?
Consciousness? Can the behavioral phenotypes of anesthetics be recapitulated by
disrupting discrete components of cortical circuits? Chemogenetic and optogenetic

manipulations may be targeted to specific cell types for select activation or inactivation
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of independent cell populations to further validate the conclusions draw in these
chapters. For example, to explore the influence of the relative resistance of PV+
interneurons to isoflurane, investigators might selectively suppress only PV+
interneurons in an anesthetized animal. And lastly, causal roles may be elucidated by
reinstating the activity of specifically affected components of the cortical mesocircuit
during anesthesia (Redinbaugh et al., 2020). For example, can an animal be aroused
from anesthesia if the synaptic effects of anesthetics are rescued, or if the cell type-
specific effects of anesthetics are reversed? These causal investigations not only help
us understand and improve clinical practices, but will contribute to our understanding of

consciousness itself.

What advances in optogenetic technology would improve the conclusions draw in these
chapters?

Prior investigations of layer 1 afferents used electrical stimuli to elicit post-synaptic
responses (Larkum et al., 1999; Raz et al., 2014; Hentschke et al., 2017). As both
intracortical and thalamocortical axons traverse layer 1, electrical activation of cortical
layer 1 does not discriminate between afferents with distinct origins. Moreover, the
probability of activation of local neurons is dependent upon their unique axonal
arborization patterns and myelination profiles, suggesting that direct electrical activation
of layer 1 may inappropriately engage certain local cell populations over others
(Komarov et al., 2019). With the development of optogenetic constructs, however,
afferent pathways may be independently activated by expressing viral constructs in

specific projections and not others.
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The experiments described in this thesis are the first to compare synaptic
responses to two distinct afferent pathways overlapping in cortical layer 1. However,
due to the limitations of the opsins that are currently available, channelrhodopsin was
expressed in a single area (either thalamus or cortex) only. As such, response
properties could not be compared within a single slice experiment, nor simultaneously
activated. As optogenetic technology advances, the results | present in Chapter 3
should be examined using paired samples by expressing two different opsins with non-
overlapping excitation spectra and similar kinetics, to compare thalamocortical and
corticocortical inputs within a single cell recording. Additionally, responses to
simultaneous activation of thalamocortical and corticocortical inputs should be assayed.

Evidence suggests that responses evoked by concurrent activation of afferent
pathways may greater than the sum of responses evoked by each pathway
independently (Banks et al., 2011; Hentschke et al., 2017). Coincident activation of
pyramidal cells by thalamocortical and corticocortical inputs has been proposed as a
cellular mechanism by which ascending and descending processing streams are
integrated during sensory processing (Larkum, 2013; Suzuki and Larkum, 2020). By
expressing unigue opsins in distinct areas, independent afferent pathways may be
isolated in the same slice. This will allow independent or concurrent activation of
afferents and will provide insight into how thalamocortical and corticocortical inputs

(including overlapping inputs to layer 1) may contribute to information processing.
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