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Abstract

Although inhibitory cortical interneurons play a critical role in regulating brain
excitability and function, the effects of stroke on these neurons is poorly understood. In
particular, interneurons expressing vasoactive intestinal peptide (VIP) specialize in
inhibiting other classes of inhibitory neurons, and thus serve to modulate cortical sensory
processing. To understand how stroke affects this circuit, we imaged VIP neuron
responses (using GCaMP6s) to low and high intensity forepaw stimulation, both before
and after focal stroke in somatosensory cortex. Our data show that the fraction of
forelimb responsive VIP interneurons and their response fidelity (defined as a cell’s
number of responsive trials out of eight trials at a certain imaging week) was significantly
reduced in the first week after stroke, especially when lower intensity forepaw
stimulation was employed. The loss of responsiveness was most evident in highly active
VIP neurons (defined by their level of responsiveness before stroke), whereas less active
neurons were minimally affected. Of note, a small fraction of VIP neurons that were
minimally active before stroke, became responsive afterwards suggesting that stroke may
unmask sensory responses in some neurons. Although VIP responses to forepaw
stimulation generally improved from 2-5 weeks recovery, the variance in response
fidelity after stroke was comparatively high and therefore less predictable than that
observed before stroke. Lastly, stroke related changes in response properties were
restricted to within 400pum of the infarct border. These findings reveal the dynamic and
resilient nature of VIP neurons and suggest that a sub-population of these cells are more
apt to lose sensory responsiveness during the initial phase of stroke, whereas some

minimally responsive cells are progressively recruited into the forelimb sensory circuit.



Y,
Furthermore, stroke appears to disrupt the predictability of sensory-evoked responses in

these cortical interneurons which could have important consequences for sensory

perception.
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1 Introduction

1.1 Stroke in the real world

Stroke is a condition in which the blood supply to the brain is disturbed and gives
rise to cell death. Interruptions to blood flow that occur as a result of a blockage or clot in
a vessel are referred to as ischemic strokes. Ischemic strokes account for the vast majority
of strokes (>80 %). Disturbance in brain blood flow can also be the result of leakage or
the rupture of a vessel, a phenomenon referred to as a hemorrhagic stroke (Heart and
Stroke Foundation). Stroke is estimated to affect ~17 million people (first stroke) every
year worldwide (Feigin et al., 2014). Over the past few decades, there have been
considerable improvements in hyperacute and acute care (care within hours to days after
stroke, respectively) provided to stroke patients which has led to a decrease in the
prevalence of fatality associated with the incident (Lackland et al., 2014; Ward, 2017).
Decreased mortality translates to an increase in the survival of the patients following
stroke which means that, depending on the severity and the location, stroke related
damage causes survivors to suffer long-term mild to severe impairments of sensory,
motor and cognitive functions. These functional impairments in most cases lead to
chronic disabilities and render stroke survivors dependent on others for their daily
activities. Not only does this dependence lowers patients’ quality of life, but it also
creates a substantial economical burden on society (Ward, 2017). Following stroke,
patients may experience varying degrees of spontaneous recovery that involve partial
restoration of impaired functions and the development of new compensatory behaviours

that result in enhanced sensory and motor performance. Spontaneous recovery is



2
observed from days to months following the initial insult and could be further facilitated

by limited available therapeutic options like rehabilitative physical therapies (Dancause et
al., 2005; Veerbeek et al., 2014). Unfortunately, in most cases, neither the spontaneous
recovery nor physical therapeutic techniques guarantee the full recovery of patients,
thereby demonstrating why stroke is one of the chief causes of long term disability
(Veerbeek et al., 2014).

Despite considerable advances in stroke research, a mechanistic understanding of
how neural circuits change when recovering from an ischemic event, is still not well
understood. Accordingly, research focused on discovering the underlying mechanisms
involved in stroke recovery is critical to the development of effective therapeutic

interventions.

1.2 Behavioural, structural and functional adaptations following

experimental cortical stroke

1.2.1 Modelling stroke in experimental animals

Development of animal models that mimic the pathophysiological features of
stroke in humans has provided a means for researchers to study the mechanisms involved
in brain recovery and to assess the efficacy of different treatment strategies. Currently,
the most commonly used models for the study of stroke include the occlusion of major
arteries, photothrombosis, and injection of vasoconstrictors (such as endothelin-1) into
the parenchymal region of interest. Although occlusion of major arteries (especially
middle cerebral artery or MCA and its branches) best mimics the pathological

consequences of the most prevalent type of ischemic stroke in humans, it has its
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limitations as an experimental model (Carmichael, 2005; Gerrow and Brown, 2017).

Occlusion of major arteries normally involves invasive surgical procedures and exhibits
high mortality rates. Additionally, differences in brain vascular networks across
individual animals, reduce spatial control over the precise size and location of brain
damage in these models, which in turn, increases the variability of behavioral deficits
(Gonzalez and Kolb, 2003; Carmichael, 2005).

In 1985, Watson and his colleagues developed the photothrombotic model of
stroke (Watson et al., 1985). This technique is a reliable model for inducing focal
ischemic injury in discretely defined cortical regions using photoactivation of a light
sensitive dye that was systematically injected into animals. This phenomenon results in
an aggregation of platelets and the induction of thrombosis, which subsequently, gives
rise to the occlusion of cortical vessels and an interruption of local blood circulation
(Watson et al., 1985). The important advantage of the photothrombotic model over other
stroke models is that it allows precise control over the size and location of the damage
and results in predictable functional deficits (Carmichael, 2005). Additionally the
induction of photothrombotic damage does not require invasive surgery and could be
achieved by illuminating the cortical surface through the skull or a cranial window. These
characteristics make this model ideal for precise assessments of stroke-induced structural

and functional changes in brain networks (Jablonka et al., 2010).

1.2.2 Behavioural changes

Similar to humans, rodents that are subjected to an ischemic stroke show
profound changes in their behaviour. In order to study the behavioural effects of stroke,

most studies have examined sensory-motor changes in the rodent forepaw after focal
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ischemic stroke in the sensory or motor cortex. In the first week after stroke, rodents

show major deficits in their ability to grasp pellets, walk across a balance beam or take
proper steps across a horizontal ladder. These deficits also include a seeming loss of (or
reduction in) awareness of the stroke affected paw as shown when rats and mice ignore
pieces of tape stuck to their paw. Interestingly, most behavioural studies report
improvements in paw function within the first month of stroke recovery which usually
levels off thereafter. Even though physical rehabilitation and other stroke therapies can
improve the rate and magnitude of recovery (Clark, et al., 2019), most rodents will show

some degree of improvement without any intervention at all.

1.2.3 Evidence for structural rewiring

Brain tissue adjacent to the infarct region, termed the peri-infarct area, has shown
to play an important role in post stroke recovery. For example, disrupting the peri-infarct
region with protein-synthesis inhibitors (Kim et al., 2018) or removing a portion of it
(Castro-Alamanacos and Borrell, 1995) can reinstate a deficit in a behaviour that showed
some degree of recovery. Based on these findings, it is thought that the recovery of
sensation or movement is mediated through adaptive plasticity mechanisms in
functionally related brain regions adjacent to the stroke (Carmichael et al., 2003;
Dancause et al., 2005; Brown et al., 2007; Winship and Murphy, 2009).

The surviving peri-infarct neuronal networks reconstruct lost and/or damaged
connections and partially assume the sensory or motor processing functions of damaged
tissue (Winship and Murphy, 2009). This remodeling is manifested by structural rewiring
of neuronal components that include the growth or retraction of dendritic arbors, axonal

sprouting or synaptogenesis (Dancause et al., 2005; Brown et al., 2008). For example,
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longitudinal in-vivo imaging of dendritic branches in ischemic sensorimotor cortex of

mouse models has revealed that apical dendritic arbors of fully mature cortical pyramidal
neurons can grow or retract dendritic tips, especially within the first two weeks after
ischemic damage (Brown et al., 2010). Due to the important role of dendritic arbors in the
integration of synaptic inputs (Spruston, 2008; Brown et al., 2010) this extensive
remodeling could be the basis for stroke induced changes in neuronal receptive fields
(Winship and Murphy, 2009) that are required for assumption of new processing
functions.

Post ischemic structural rewiring has been reported in various cortical regions in
different animal models of stroke. Tract tracing of ventral pre-motor (PMv) cortical
connections in primate models of stroke revealed an atypical emergence of a large
number of labeled terminals in forelimb somatosensory cortex (FLS1), especially in areas
1/2 of FLS1, months after cortical damage to the forelimb primary motor cortex (FLM1).
The appearance of these new terminals was accompanied by changes in trajectory and
orientation of PMv axonal fibers in the peri-infarct area, such that fibers that were
initially directed toward FLM1 changed their trajectory towards FLS1 cortical area.
These data suggest that axons from spared regions of motor cortex sprout axons towards
related areas of the somatosensory cortex as a potential compensatory mechanism
underlying functional recovery from a cortical injury (Dancause et al., 2005). It is
important to note that structural changes after stroke are not necessarily limited to
neuronal processes. Previous studies have demonstrated significant changes in other

cortical components such as pericytes, astrocytes, and vascular endothelium in the peri
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infarct tissue which may affect both acute and chronic stages of recovery from stroke

(Nahirney et al., 2016).

1.2.4 Evidence for functional recovery

Post-stroke structural rewiring of cortical networks is associated with concomitant
functional changes. Voltage sensitive dyes (VSD) are a tool commonly used to directly
assess the spatiotemporal dynamics of cortical sensory processing with high temporal
fidelity (Shoham et al., 1999; Brown et al., 2009). VSD imaging of mouse FLS1 cortex
showed that brief stimulation of animal forepaw gave rise to a robust depolarization in
the contralateral FL somatosensory areas. Sensory-evoked depolarization emanates from
the center of the FLS1 shortly after stimulation, spreads to adjacent cortical areas, and
decays to baseline levels within 100 ms. Brown and colleagues, documented that this
pattern of cortical depolarization is mostly lost one week after a photothrombotic stroke
to the FLS1 cortex, which coincided with maximal sensorimotor deficits. They further
reported that after eight weeks of recovery from stroke, a new pattern of stimulus-evoked
cortical activation emerged. This response pattern involved an initial depolarization in the
surviving portion of FLS1, which subsequently spread to the peri-infarct area, and peaked
in posterior and medial regions corresponding to M1 and HL somatosensory cortex.
Similarly, assessments of sensory driven hemodynamic responses of cortex collected
using Intrinsic Optical Signal (I0S) imaging in mouse models showed that forepaw
induced cortical responses are almost abolished one week after a targeted

photothrombotic stroke in the FL somatosensory cortex. 10S imaging also substantiated
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the progressive involvement of peri-infarct tissue in processing of forelimb sensory

information over weeks following stroke (Brown et al., 2009). Importantly, this
functional remapping of cortical areas has been shown to be accompanied with partial
restoration of lost sensorimotor functions of the forepaw (Brown et al., 2009).

Other studies using different techniques have provided additional supporting
evidence of functional changes after stroke. A study by Dijkhuizen et al., (2001) used
magnetic resonance imaging (MRI) to image forepaw touch induced changes of relative
cerebral blood volume (rCBV) in the forelimb region of the primary somatosensory
cortex after middle cerebral artery (MCA) occlusion (Dijkhuizen et al., 2001). Three days
after inducing a stroke, stimulation induced changes of rCBV were lost concomitant with
a decline in forepaw functions. Fourteen days after the stroke, however, animals showed
improvements in their impaired forepaw functions concurrent with the appearance of
significant cortical responses in the regions surrounding the infarct (Dijkhuizen et al.,
2001). Collectively, these data suggest that limb dysfunction is related to post-stroke loss
of brain activation and that the restitution of sensorimotor functions is associated with the
emergence of a new pattern of cortical activity in the surviving perilesional tissue
(Dijkhuizen et al., 2001; Brown et al., 2009; Winship and Murphy, 2009).

Thus far, most studies of stroke-related changes in brain function are limited to
macroscopic remapping of cortical representations. Although these studies have
significantly contributed to the understanding of stroke-induced changes in aggregate
neuronal activity, they do not provide clear explanations of how these changes occur at
the level of individual neurons. In 2008, Winship et al., used in-vivo two-photon calcium

imaging in order to characterize changes in the response properties of neurons within the
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forelimb and hindlimb cortical representations during a 2-8 week recovery period after

ischemic damage to FLS1. Imaging of sensory-evoked calcium transients of layer 2/3
neuronal somata across primary HL and FL cortical representations in healthy mice
showed that individual neurons in each somatosensory region are highly selective for
processing sensory information from the corresponding limb. This specificity was
disrupted after stroke, such that neurons in the FL and HL areas became responsive to
sensory stimulation from different limbs, including ones ipsilateral to where neurons
were imaged. This reduced neuronal selectivity was most evident in the border regions
between FLS1 and HLS1 and was thought to be a transitory period preceding the
development of new functional roles for these cells (Winship et al., 2008).

Despite extensive research on both functional and structural underpinnings of
stroke recovery, there has yet to be a longitudinal within-subject analysis of stroke
induced plasticity of neuronal activity. By longitudinally imaging and tracking the
activity patterns of the exact same population of neurons in this study, our results will
provide useful insights into how neuronal functionality changes in response to ischemic

damage.

1.3 Role of inhibition in adult cortical plasticity

Synaptic inhibition in the cortex is predominantly induced by interneurons that
release the neurotransmitter gamma-aminobutyric acid (GABA). Although cortical
GABAergic neurons comprise approximately 20 % of the neuronal population, their

highly ramified cellular processes and their extensive reciprocal connections with
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neighbouring principal excitatory neurons allow them to exhibit precise spatiotemporal

control of local excitatory networks. Based on differences including, but not limited to,
morphology, electrophysiological properties, molecular features, and patterns of
connectivity, GABAergic neurons are considered to be a heterogeneous population. The
heterogeneity demonstrated by cortical inhibitory interneurons qualifies them to carry out
a wide range of functional roles such as the maintenance of excitatory/inhibitory balance,
modulation of experience-dependent plasticity, context-dependent modulation of cortical
activity, and the synchronization and generation of cortical rhythms (Kato et al., 1991;
Kirkwood and Bear, 1994; Fu et al., 2014, 2015; Chen et al., 2015).

Previous studies suggested that maturation of intracortical inhibition is crucial for
both the onset and the closure of critical period for cortical plasticity (Huang et al., 1999;
Fagiolini and Hensch, 2000; Hensch, 2005). In-vitro recordings from cortical slices of
adult rat visual cortex showed that tetanic stimulation of the granular layer reliably
elicited LTP in layer Il neurons. In contrast, delivery of tetanic stimulation to white
matter failed to elicit LTP in the same cortical area unless in the presence of bicuculline
methiodide (a GABAAa antagonist). This observation suggested a role of intracortical
inhibitory circuits referred to as “plasticity gates” in constraining the neuronal activity
levels required for synaptic potentiation (Kirkwood and Bear, 1994). According to this
viewpoint, many studies have attributed the maximal cortical plasticity in early postnatal
periods to the immaturity of inhibitory circuits (Komatsu, 1983; Kato et al., 1991;
Kirkwood and Bear, 1994).

In keeping up with these observations, Harauvoz et al., showed that reducing

GABA transmission by inhibiting the activity of GABA synthetic enzyme GAD
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(glutamic acid decarboxylase) or by antagonizing GABAAa receptors, induced a

significant ocular dominance shift in favor of the non-deprived eye which persisted even
after the end of the treatment (Harauzov et al., 2010). Similarly, it was shown by
Vetencourt and colleagues that chronic treatment of adult amblyopic rats with fluoxetine
(an antidepressant medication) promoted the recovery of visual functions by reinstating
ocular dominance plasticity (Vetencourt et al., 2008). Fluoxetine treatment led to reduced
levels of GABA in visual cortex, which enabled the induction of LTP in cortical layer
[1/111 by stimulation of white matter, a phenomenon that is normally absent in adult brain.
Interestingly, intracortical infusion of benzodiazepine agonist, diazepam, prevented
changes in ocular dominance in fluoxetine treated rats, suggesting the crucial role of
GABA inhibition in the occurrence of adult cortical plasticity in the visual cortex
(Vetencourt et al., 2008).

In recent years, there has been substantial research examining the role of
inhibition in cortical plasticity during development and adulthood. These studies have
approached inhibitory circuits from different angles by characterizing neurotransmitter
release, receptor expression, the role of different subpopulations of inhibitory neurons
and concluded that GABAergic inhibition plays an important role in the regulation of
cortical plasticity (Vetencourt et al., 2008; Harauvoz et al., 2010; Fu et al., 2015;
Takesian et al., 2018). Similarities between the mechanisms involved in experience
dependent plasticity in the healthy brain and adaptive plasticity mechanisms that occur in
the chronic stage of recovery from stroke motivated further examination of the role of

inhibitory signalling in the stroke affected brain.
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1.4 Role of inhibition in post-stroke cortical rewiring

Accumulating evidence suggests that inhibitory signaling is critical to the post
stroke remapping of sensorimotor representations that are required for functional
recovery. Ischemic damage in the cortex is accompanied by an increase in tonic
GABAergic synaptic transmission in the peri-infarct region. Increased tonic inhibition
mediated by extrasynaptic GABAA, receptors is thought to suppress the typical recovery
of cortical excitability and responsiveness after stroke. Supressing tonic inhibition by
blocking a5-subunit-containing GABAA, receptors or genetically reducing the number of
a5- or 8-subunit-containing GABAA receptors which are involved in tonic inhibition has
been shown to be beneficial to the recovery of motor functions after stroke in mice
(Clarkson et al., 2010). Likewise, rats with focal ischemia that received a chronic low
dosage of L-655,708 a GABAA inverse agonist with high affinity to a5 subunit,
demonstrated a progressive reduction in the volumes of the necrotic core and perilesional
tissue, coincident with improvements in animals performance in skilled reaching tasks
(Lake et al., 2015). These studies suggest the reducing post-stroke tonic inhibition may
function as a chronic treatment strategy for improving the recovery of sensorimotor
functions.

On the other hand, some human case studies have documented that the treatment
of stroke patients with zolpidem, a GABAAa positive allosteric modulator, promotes the
recovery of language, cognitive and motor functions (Crestani et al., 2000). Further, an
experimental study reported that low doses of zolpidem from 3 to 28 days after MCAo0 or
photothrombotic stroke has beneficial effects on recovery of sensory and motor abilities

(Hiu et al., 2016). While a mechanistic explanation for this effect was not clear, the
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authors showed that zolpidem further increases inhibitory GABA-ergic currents on layer

5 sensorimotor pyramidal neurons (Hiu et al., 2016). However, due to the complex effect
of zolpidem on GABA receptors, including both tonic and phasic inhibition, these
observations only imply an influential role of inhibition in post stroke recovery and do
not allow for an interpretation of the underlying mechanisms.

In addition to changes in synaptic and extrasynaptic inhibition, stroke causes
alterations in the expression levels of GABA receptors in the core and surroundings of
the infarct region. Quantitative receptor autoradiography of brains after photothrombotic
infarction revealed a long-lasting reduction of GABAA receptors in widespread brain
areas ipsilateral to the lesion (Schiene, 1996). In contrast to GABAA receptors, GABAs
receptors are upregulated in the perilesional and distal cortical areas of both hemispheres
(Que et al., 1999). Quantitative competitive reverse transcription-polymerase chain
reaction (CRT-PCR) and semi-quantitative Western blot analysis of brain tissue showed
that GABAa receptor al-subunit mRNA levels were decreased ipsilateral and
contralateral to the infarct at 7 days, but were increased bilaterally at 30 days following
photothrombotic brain damage in rats (Kharlamov et al., 2008). Although general
consensus has not been reached regarding how the expression of GABA receptors
changes following stroke, downregulation of GABA receptors could be proposed to be a
homeostatic compensatory response to excessive tonic signalling after stroke.

Collectively, these studies highlight the role of inhibition in modulating brain
repair and recovery from stroke. It can be concluded that recovery from stroke is
accompanied by changes in neuronal excitability in the perilesional tissue and that

upregulating cortical excitability (or decreasing inhibitory transmission) may facilitate
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certain mechanisms underlying network plasticity that are required for the restitution of

lost sensorimotor functions. In agreement with this idea, there has been supporting
clinical evidence indicating that enhancing cortical excitability by external stimulation of
the perilesional brain tissue may have beneficial effects on post-stroke functional
recovery. Kim et al, reported that high-frequency repetitive transcranial magnetic
stimulation (rTMS) of the ipsilesional motor cortex in chronic stroke patients, enhanced
the excitability of corticomotor circuits and resulted in improvements in functionality of
the paretic hand in a series of finger motor tasks (Kim et al., 2006). Similarly, non-
invasive transcranial direct current stimulation (tDCS) of the brain has been shown to
enhance the beneficial effects of rehabilitative training on brain plasticity (Nitsche et al.,
2003; Butefisch et al., 2004). In 2005, Hummel and colleagues reported that delivery of
tDCS to the motor cortex of the stroke affected hemisphere in patients with chronic
stroke deficits resulted in functional improvements in the motor performance of every
subject tested in the study. Although the exact cellular or molecular mechanisms through
which cortical stimulation promotes neuroplasticity are not well understood, it has been
proposed that the enhanced cortical excitability facilitates LTP-like processes required for
the strengthening and maintenance of new synaptic connections after stroke (Kim et al.,

2006; Fritsch et al., 2010).
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1.5 Role of VIP interneurons in cortical plasticity

Although studying the role of different neuronal subpopulations in the cortex is
difficult, advances in genetic tools in the past decade have allowed targeted labeling,
recording, and perturbation (via optogenetics or pharmagenetics) of the in-vivo activity of
distinct subtypes of neurons and facilitated the examination of cortical circuits including
inhibitory components (Luo et al., 2018). In particular, there has been extensive recent
research on the functional and anatomical characterization of cortical GABAergic
neurons. This population of inhibitory neurons is comprised of three non-overlapping
subpopulations that express specific markers, namely parvalbumin (PV)-, somatostatin
(SOM)- and vasoactive intestinal peptide (VIP). These distinct populations of
interneurons have been shown to exhibit specific structural and functional features, and
play unique roles in brain circuitry.

In the context of this study, inhibitory interneurons that express vasoactive
intestinal peptide are thought to play a critical role in regulating cortical excitability by
suppressing the firing of other inhibitory neurons i.e. PV- and SOM-expressing subtypes
that directly synapse onto peri-somatic and dendritic branches of excitatory cells,
respectively (Gentet et al., 2012; Pfefferet al., 2013). VIP-expressing neurons have been
reported to comprise approximately 13% of GABAergic neurons in the barrel cortex
(Pronneke et al., 2015). Like other GABAergic neurons, these cells express the inhibitory
marker glutamate decarboxylase (GAD). In contrast, it has been shown that they do not
express, PV, SOM, or the excitatory marker vesicular glutamate transporter 1 (vGlutl)
(Pronneke et al., 2015). VIP neurons mostly exhibit a bipolar morphology and are

distributed across the cortex in a layer dependent manner, such that the majority of them
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(~60%) are located in layer II/111 with the remaining 40% of population being distributed

across all other cortical layers. These neurons also show differences in their
morphological and electrophysiological properties. Layer 11/111 VIP neurons project their
dendritic branches to Layers | and Il/111 and their axons span all cortical layers, whereas
layer 1V-VI VIP neurons extend their dendritic branches throughout all cortical layers
with their axons mostly restricted to layer VV and VI (Pronneke et al., 2015). In particular,
the axon terminals of layer 1I/111 VIP neurons are mostly local, situated in layer I1/111 or
layer Va/b where most of other inhibitory neurons (PV and SOM) reside (Xu et al., 2010;
Pronneke et al., 2015). Electrophysiological recording from layer Il/1I1 VIP neurons in
the barrel cortex showed that they exhibit great variability in their firing pattern, however
the majority of these cells showed either continuous adapting (67.6%), irregular spiking
(14.7 %) or bursting (11.8 %) firing patterns when depolarized (Karagiannis et al., 2009;

Pronneke et al., 2015).
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Figure 1. Schematic representation of dis-inhibitory circuit

VIP-expressing neurons project their inputs to other subtypes of inhibitory neurons. PV-
and SOM-expressing subtypes synapse onto peri-somatic and dendritic branches of
excitatory neurons, respectively. Essentially, activation of VIP neurons releases
excitatory neurons from inhibition by PV- and SOM- expressing neurons, thereby

enhancing their excitability.

VIP neurons have been shown to receive inputs from multiple sources including
local excitatory neurons (Porter et al., 1998; Wall et al., 2016), thalamocortical
projections from the ventral posteromedial nucleus (Staiger et al., 1996), the nucleus of
the diagonal band of Broca (NDB) - a cholinergic center in basal forebrain (Fu et al.,
2014) and long-range inputs from other cortical regions (Lee et al., 2013). Accordingly

VIP neurons are well-designed to integrate widespread inputs from various sources,
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allowing the precise regulation of functions in local excitatory networks (Wall et al.,

2016).

There is now considerable evidence, from multiple cortical regions that support
the idea that VIP neurons act as a dis-inhibitory circuit (Pfeffer et al., 2013; Pi et al.,
2013; Lee et al., 2013; Fu et al., 2014, 2015; Jackson et al., 2016). Synchronized photo-
activation of a sparse population of VIP interneurons using channelrhodopsin-2 in awake
mice, resulted in significant increase in the firing rate of ~20% of cortical neurons for
tens to hundreds of millisecond in the auditory and medial prefrontal cortex (Pi et al.,
2013). Activation of VIP cells was followed by immediate monosynaptic inhibition of a
group of neurons with spike shape and firing patterns similar to other inhibitory neurons,
as well as longer latency increases in the firing rates of cells with electrophysiological
features similar to excitatory cells (Pi et al., 2013). Furthermore, immunohistochemical
analysis of brain tissue showed that the expression level of the neuronal activity marker
“c-Fos” was significantly increased in excitatory neurons subsequent to photostimulation
of VIP neurons (Pi et al., 2013).

Dis-inhibitory cortical circuits have also been shown to play an important role in
sensory information processing by modulating sensory-evoked responses in a behavioural
state dependent manner. Using two-photon calcium imaging of freely moving head-fixed
mice, Fu et al., showed that the activity of VIP neurons in the mouse visual area (V1) is
closely correlated with locomotion, and that locomotion or artificial activation of VIP
neurons using optogenetics gave rise to a significant increase in sensory-evoked visual
responses. Consistent with this data, they showed that photolytic damage of VIP neurons

abolishes the enhancement of cortical responses by locomotion (Fu et al., 2014). A more



18
recent study from Jackson et al., (2016) found that both spontaneous activity in VIP

neurons during resting periods or under anesthesia were highly correlated with the local
increases in the activity of excitatory pyramidal neurons. Similar to the Fu et al, study,
pharmacogenetic silencing of VIP neuron activity using inhibitory “Designer Receptor
Exclusively Activated by Designer Drugs” (DREADDs-hM4Di) induced a reduction in
local cortical activity levels during locomotion, immobility, anesthesia, and during
periods of visual stimulation.

A dis-inhibitory role for VIP circuits has also been described in non-visual
cortical areas. For example, it has been shown during mouse whisking, long range
projections from the motor cortex synapse directly onto VIP neurons in barrel cortex
which leads to a concomitant decrease in SOM interneuron activity (Lee et al, 2013).
This is consistent with previous in-vivo observations that, VIP neurons tend to be more
active during movement related behavioural states (i.e. whisking or running) that leads to
the suppression of SOM expressing interneuron activity (Lee et al.,, 2013). The
behaviourally relevant modulatory role of dis-inhibition is also reported in the
enhancement of auditory cortical responses during an auditory discrimination task. In this
task, VIP neurons are activated in response to reinforcement feedback signals such as
reward or punishment, which then enhances the recruitment of excitatory principal
neurons in the auditory response (Pi et al., 2013). Collectively, these findings show that
VIP neurons are highly active during sensory-motor or sensory discrimination tasks and
likely contribute to improvements in task performance by facilitating the activity of

principle neurons through dis-inhibition.
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More importantly, Michael Stryker and colleagues have revealed an important

function of the VIP dis-inhibitory circuit in regulating adult ocular dominance plasticity.
Based on their previous work showing that locomotion enhances the return of neural
activity in visual cortex after monocular eye closure (and subsequent opening), they
hypothesized that this enhancing effect was mediated through VIP-SOM circuit.
Repeated measurements of visual responses in the binocular zone of V1 showed that
silencing synaptic transmission of VIP neurons abolished the locomotion induced return
of visual responses after a prolonged period of monocular deprivation. It was also shown
that optogenetic activation of VIP neurons gave rise to dramatic potentiation of the visual
cortical responses from the open eye after only a short 5-day period of monocular
deprivation in adult mice (Fu et al., 2015). Collectively, these studies outline the
influential role of VIP-expressing neurons on adult cortical plasticity and the means by
which they govern the activity levels, both sensory-evoked and spontaneous, of local

excitatory networks in a diverse range of brain and behavioural context.
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Figure 2. Distribution of fluorescently labeled somata of VIP-expressing neurons in FLS1

(a) Fluorescent image of a 50 um thick coronal section through FLS1 of a transgenic
mouse in which a Vip-IRES-cre line was crossed with an Ai9 (RCL-tdT) line (Jackson
laboratory No. 007909). The Ai9 line of mice express robust tdTomato fluorescence
following Cre-mediated recombination. (b) The distribution of Cre-expressing VIP
neurons as a percentage of cells in the corresponding bins in (a) is shown on the bar
graph. Cell bodies were counted in 100 um wide bins ranging from the pial surface (0
um) to the white matter border. Note that VIP interneurons are most populated in

superficial layers.
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1.6 Research rationale and objectives
Recovery from stroke requires functional and structural remapping of lost or

damaged sensorimotor circuits in the surviving peri-infarct tissue. Previous studies have
demonstrated that ischemic brain damage leads to decreased cortical responsiveness to
sensory stimuli in the stroke affected hemisphere. Lack of cortical responsiveness
(defined at both a cellular and regional level), especially with one week after the stroke,
coincides with the period of maximal sensorimotor deficits. Ongoing recovery after
stroke is accompanied by the return of cortical responsiveness to sensory stimuli in the
surviving peri-infarct regions, and that correlates with improvements in sensorimotor
performance. Based on the existing literature, it is conceivable that stroke related changes
in cortical excitability may be governed by concomitant changes in the activity of
inhibitory circuits. Dis-inhibitory VIP interneurons govern the activity of local excitatory
networks by supressing the activity of other inhibitory neurons (i.e. PV- and SOM-
expressing subtypes that directly synapse onto peri-somatic and dendritic branches of
excitatory cells respectively). VIP neurons have also been shown to play important roles
in sensory processing as they enhance the amplitude of sensory-evoked cortical responses
in excitatory neurons (Pfeffer et al., 2013; Pi et al., 2013; Lee et al., 2013; Fu et al., 2014;
Jackson et al., 2016). Accordingly, it is conceivable that stroke related changes to VIP
neuron activity/excitability in somatosensory cortex could help explain why cortical
network excitability is suppressed after stroke. Unfortunately, there has not been a single
study that has characterized the activity or excitability of VIP neurons after stroke.
Therefore, | explored the consequences of ischemic damage to the functionality of these

interneurons in a mouse model of stroke. | performed longitudinal two-photon calcium
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imaging and followed the activity of the exact same population of VIP neurons before,

and until 4-5 weeks after, a photothrombotic insult to the cortex in-vivo.

Investigating the functionality of different subtypes of neurons is important not
only for obtaining a clearer understanding of how the brain processes information
following stroke, but also for providing potential therapeutic target sites for artificial
modulation of cortical activity.

1.7 Imaging VIP neuron activity using GCaMP6s

GCaMPés is a genetically encoded calcium indicator (GECI) created by fusion of
circularly permuted green fluorescent protein, the calcium-binding protein calmodulin
and Calmodulin-interacting M13 peptide (Chen et al., 2013). This protein can be
delivered to specific cell types or subcellular compartments and used as a sensor for
monitoring intracellular calcium dynamics. Essentially, binding of calcium ions to the
calmodulin domain of GCaMP6s results in a conformational change in calmodulin and
subsequently M13 domains. These calcium-dependent conformational changes, includes
modulation of solvent access and the pKa of the chromophore, which leads to an increase
in the brightness of cpGFP (Chen et al., 2013). Importantly, due to the tight coupling of
neuronal activity and changes in intercellular free calcium, GECIs including GCaMP6s
are powerful means to monitor and image the activity of designated neuronal populations

in a minimally invasive manner.
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2 _Methods

2.1 Animals
Two- to five-month-old male VIP-cre mice (Vip-IRES-cre, obtained from Jackson

Laboratory, stock no. 010908) were used in this study. Mice were housed in groups of 2-
5 under a 12 hours light/dark cycle and given access to ad libitum water and food. All
experiments were conducted in accordance with the guidelines laid out by the Canadian
Council of Animal Care and approved by the University of Victoria Animal Care
Committee.
2.2 AAVinjections and cranial window surgery

Mice were anesthetized with isoflurane (2% induction, 1.5% maintenance) mixed
in medical air and fitted into a custom-made surgical stage. An ophthalmic liquid gel was
applied on the eyes to avoid dryness. During the procedure, animals were kept on a
heating pad and their body temperature was maintained at 37°C, using a rectal thermo-
probe and a temperature feedback regulator. Animals received 0.03 ml injection of
dexamethasone subcutaneously to reduce any surgery-induced inflammation during and
after the procedure. A magnetic metal ring (outer diameter 11.3 mm, inner 7.0 mm,
height 1.5 mm) was secured to the skull (cyanoacrylate glue) centered on the FL
somatosensory cortex (2.5 mm lateral to bregma). Using a high speed drill, a small hole
was drilled through the skull for AAV injections. 600 nl volume of virus solution
containing 1:30 dilution of AAV.Syn.Flex.GCaMP6s (University of Pennsylvania Vector
Core) was injected to the cortex. Injections were done using a glass micropipette with the

tip diameter of ~30-50 pum connected to a Hamilton syringe.
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Following AAV injection, a 4 mm diameter craniotomy was drilled in the center

of metal ring. Cold HEPES-buffered artificial cerebrospinal fluid (ACSF) was
intermittently applied to the skull during the drilling procedure to keep the brain moist
and cool. The thinned portion of skull bone was removed (leaving the dura intact) and
was covered with a circular glass coverslip (no.1 thickness). The coverslip was affixed to
the skull using cyanoacrylate glue and dental cement. Following AAV injection and
cranial window implantation, mice were allowed to recover from anesthesia under a heat
lamp and transferred to their home cage. After four weeks of recovery from the surgery,
the quality of imaging windows was examined and windows with a significant loss of

clarity were excluded from the study.

2.3 Intrinsic optical signal (I0S) imaging
IOS imaging was performed four weeks after cranial window implantation to map

cortical areas corresponding to FL and HL somatosensory cortex. The cortical surface of
lightly anesthetized mice (1% isoflurane) was illuminated by a red LED (635 nm).
Sensory-evoked changes in the reflectance of red light (attributable to changes in the
levels of deoxy-hemoglobin and presumably neuronal activity) were collected with a
MiCAMO02 CCD camera (SciMedia) mounted on an upright microscope through a 2X
objective. Of note that, throughout imaging, the objective plane of focus was set just
below brain’s surface to minimize the contribution of hemodynamic signals from large
surface vessels. In order to evoke cortical responses, 1 s of vibro-tactile stimulation (5 ms
bi-phasic pulses vibrating at 100 Hz) was applied to the contralateral FL or HL through a

pencil lead connected to a piezo-electric element. Each imaging session consisted of
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twelve stimulation/no stimulation trials with a 10 s interval between each trial. In each

trial, intrinsic signals from the cortical surface were recorded over 3 s (1 s of pre-and 2 s
post-stimulation) at 100 Hz, with 10ms exposure time. Twelve trials were then mean
filtered (3 pixels radius) and averaged together to generate an average stack. Relative
changes in reflectance of red light resulting from the stimulation (AR/Ro) were then
calculated by normalizing all images to an average intensity projection of pre-stimulus
images. Subsequently, an average intensity projection of images during the post-stimulus
response (0.5-2 s post-stimulus) was taken. This average response image was then
thresholded (at 75% of maximum intensity) and used to superimpose the 10S map of FL

and HL somatosensory areas on an image of the cortical surface vasculature.

2.4  Targeted stroke in forelimb somatosensory cortex
One day after the final pre-stroke 2-photon imaging session, a unilateral

photothrombotic stroke was targeted to the forelimb somatosensory cortex in the right
hemisphere through the cranial window (Watson et al., 1985). Briefly, mice were
anesthetized using isoflurane (2% induction; 1.5% maintenance) mixed with medical air
and placed under an Olympus BX51WI microscope. Body temperature was maintained at
37°C. Animals received an i.p injection of 1% Rose Bengal solution (100 mg/kg in
HEPES-buffered ACSF). A ~1mm diameter area of the FL somatosensory cortex (using
maps acquired from 10S imaging) was illuminated with a green LED (~20mW) through a
10x objective lens for 15-20 min until surface vessels had clearly stopped flowing. The
infarct region was positioned in close proximity (~100 - 200 pm) to previously defined

pre-stroke imaging areas. Sham stroke control mice received either Rose Bengal injection
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(without illumination of green light) or illumination of green light (without the injection

of photosensitive dye).

2.5 Laser speckle imaging
The cortical surface of anesthetized mice was illuminated with a 785 nm elliptical

laser beam 2.4*3.4 mm coupled to a 3X beam expander (ThorLabs Inc; 1-3 mW output
power). Twelve-bit images were collected with a CCD camera mounted on an Olympus
microscope through a 2X objective (696*520 pixel). Imaging was performed one week
post stroke. Each imaging trial consisted of 100 consecutive frames of laser speckle
images (exposure time T=10 ms) of the cortical surface. Imaging trials (sequence of
images) were saved as a TIFF file for further assessments.

Analysis of spatial speckle contrast was done using Imagej software. Sequence of
images in each trial was averaged in order to create an average image of raw speckles.
The original stack of raw speckle images were processed with a two-dimensional
variance filter (3 * 3 radius) to create images of variance. Subsequently, images of
standard deviation were created by taking the square root of images of variance. Images
of standard deviation in each stack were averaged together and divided by the average
image of raw speckles (AVG SD/AVG Mean) in order to create a speckle contrast image.
This image provides a visual representation of relative blood perfusion over the brain
surface where speckle contrast is inversely related to blood flow (lower pixel values
corresponding to higher blood flow and higher pixel values corresponding to lower blood
flow). Speckle contrast images were thresholded to 80% of maximum intensity in the

infarct region. The infarct region was subsequently enclosed by a circular ROI and
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mapped onto an image of the cortical surface. The distance of each area relative to the

infarct border was calculated as a straight line segment from the center of area to the

infarct’s circular border.

2.6 Two photon in-vivo imaging
One week after mapping cortical representations of FL and HL somatosensory

cortex using 10S images, we started pre-stroke two-photon imaging sessions to examine
the response properties of GCaMP6s-expressing VIP cells. Mice were lightly
anesthetized with isoflurane (2% induction, 1.0% maintenance) mixed in medical air and
fitted into a custom-made imaging stage that allowed the head to be fixed under the
objective. During imaging, mice were kept on a heating pad and their body temperature
was maintained at 37°C. Two photon images of fluorescently labeled VIP neurons were
acquired through the cranial window using an Olympus FV1000MPE laser scanning
microscope equipped with a mode locked Ti:sapphire laser. Images were collected
through a 20x Olympus XLUPIlanFI water-immersion objective lens (NA = 0.95) at a
zoom of 2x covering a 317.331 x 317.331 um field of view ( 512 x 512 pixels, 0.619 pum
/ pixel) using Olympus Fluoview FV10-ASW software. Calcium imaging of GCaMP6s-
labeled cells was performed at 4Hz with the laser tuned at a wavelength of 940 nm. Laser
power delivered ranged from 20 to 60 mW at the back aperture depending on imaging
depth. Emitted light was separated by a dichroic filter (552 nm) and then directed through
a band pass filter (495-540nm).

Responsiveness of VIP neurons was assessed by imaging sensory-evoked calcium

transients of GCaMP6s expressing cell bodies in response to 1.5 s of vibro-tactile
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stimulation. Simulation was delivered to the dorsal surface of contralateral forepaw

through a pencil lead connected to a piezoelectric bending actuator (Piezo Systems,
Q220-A4-203YB; B300 mm deflection). “Low-intensity” or “high-intensity” vibro-tactile
stimuli were delivered at 100 Hz (5 ms pulse width and 10 ms interpulse interval), which
equated to providing sensory stimulation with Imm or 4mm of lateral deflection of the
stimulating element (tip of the vibrating pencil lead while not connected to the limb),
respectively. Sensory-evoked calcium responses were recorded for 8 low or high intensity
stimulation trials for each imaging area (trials were recorded iteratively with one minute
interval between them). Images for each trial were collected at 4Hz with 5 s of pre-
stimulus and 7 s of post-stimulus data acquisition.

Imaging of spontaneous activity patterns in VIP neurons within each imaging area
(same cells as above) was also performed. Spontaneous calcium transients from
individual cell bodies in each area were recorded at 4Hz over a 75 s period of time in the

absence of any sensory stimulation.

2.7 Imaging analysis

2.7.1 Analysis of sensory-evoked responses
Individual trials were corrected for misalignments in x-y plane (possible drifts in

brain position that occur during in-vivo imaging) using automated plug-ins StackReg and
TurboReg in ImageJ software (Thevenaz et al., 1998). All images were registered to the
first imaging trial. In order to define cell bodies for analysis, eight low or high intensity
stimulus trials were averaged together for each imaging area. GCaMP6s expressing cell
bodies were identified from an average intensity projection of the average stack. Regions

of interests (ROIs) were manually drawn around each cell body in each imaging trial and
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raw calcium signals were extracted by averaging all the pixels within each ROI. Raw

calcium transients were adjusted for potential signal contamination emanating from
labeled neuropil. The neuropil signal Fneuropil (t) surrounding each cell was measured by
averaging the signal of all pixels within a circular doughnut-shaped band, 10 um wide,
around the cell body excluding its processes and neighboring cells. The fluorescence
signal of a cell body was estimated as Fcell-true (t) = Fcell-measured (t) — r X Fneuropil (t) where
t is time and r is the contamination ratio estimated as 0.7 for 0.95 numerical aperture
(Kerlin et al., 2010; Chen et al., 2013; Dana et al., 2014; Velez et al., 2017). Neuropil
corrected forelimb-evoked calcium transients in each trial (Fcell-true or “F”) were
subtracted and normalized to their pre-stimulus signal (“Fo”) to generate a AF/Fo {(F-
Fo)/Fo} where Fo was the median value of fluorescent signal over 5 s before stimulation.
Calcium transients for each trial were identified to be forepaw responsive if they
demonstrated both: a) significant stimulus related changes in fluorescence based on a 2-
tailed student t-test assuming unequal variances comparing 2.5 s following stimulus to
2.5 s preceding stimulus and b) that were at least 10% greater than pre-stimulus values
(AF/Fo > 0.1 within 2.5s after stim). Forepaw responsive cells were subsequently defined
as cells with more than one responsive trial. Given the longitudinal nature of this imaging
study, cells that were not identifiable over weeks were eliminated from the analysis.
Additionally, cell bodies that were not at least 5% brighter than their neuropil (based on
median value of soma vs surround neuropil) were not included in the analysis. Neuronal
responsiveness was evaluated by comparing the fraction of responsive cells, fraction of

responsive trials and average response amplitude (AF/Fo).
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2.7.2 Analysis of spontaneous activity
Similar to the analysis of sensory-evoked responses, spontaneous calcium traces

were extracted from each cell body and corrected for potential neuropil contamination.
AF/Fo was calculated for each calcium trace where Fo was set to be the 30™" percentile
value of each individual trace. The standard deviation of all data points smaller than the
30" percentile value of each trace was calculated (SDnot-event-related). In each calcium
trace, data points that exceeded 10% of Fo value and were significantly different from
not-event-related data points (> FO+2SDnot-event-related) Were considered a spontaneous
calcium event. Only data points that persisted to meet the aforementioned criteria for at
least six imaging frames (1.5 s), given the slow decay of GCaMP6s signals, were
considered to be event related. Otherwise, they were assumed to be noise-like signal
fluctuations. Subsequently, the total number of individual events and the total time
associated with all calcium events in each recording were calculated and used as a
measure of spontaneous activity.
2.7.3 Skewness index

In order to quantify changes in the fidelity of VIP neuron responses to sensory
stimulation over time, a Skewness Index (SI) was calculated as Sl : [(FO-F8) + 0.75 x
(F1-F7) + 0.5 x (F2-F6) + 0.25 x (F3-F5) + N] / (2xN) where N was the total number of
cells and Fx was the number of cells corresponding to X number of responsive trials
(Sugiyama et al., 2008).
2.7.4 Variances of response fidelity

In order to acquire an estimate for the robustness of response fidelity between
weekly imaging sessions, variances in the number of responsive trials over four post-

stroke imaging sessions (PS1-PS4) were calculated for each individual cell and these
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values were compared with those of the control group (weekl-week4). Additionally,

predictability of response fidelity was examined by calculating the squared differences of
the number of responsive trials during each week’s imaging session from those values
collected during the preceding week’s imaging session for each individual cell. These
squared differences were then compared between stroke and control groups (PS1-PS5 for

stroke group; week1-week4 for control group).

2.8  Statistics
Statistical analysis of the data was conducted using GraphPad Prism 8 software.

Data presented in graphs are means + standard error of the mean S.E.M. In graphs, where
a comparison between groups (stroke vs control) over time was needed, a repeated
measures two-way analysis of variances (ANOVA) was used to identify significant
differences between groups, over time and group by time interactions. The analysis was
followed up by post-hoc t-tests (Bonferroni's multiple comparisons test) to identify group
differences at each time points. In cases where comparison between different time-points
of one group were needed, a repeated measures one-way ANOVA and post-hoc t-tests
(Dunnett's multiple comparisons test) were used to test significance. In cases where a
comparison between two groups (stroke vs control) was needed, an unpaired student t-
test was used to identify significant differences. P-values <0.05 were considered
significant for all tests. * indicates significant comparisons (* P<0.05; ** P<0.01; ***

P<0.001).
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3 _Result

3.1 VIP - expressing neurons are less responsive following stroke

The first goal in our study was to understand how the responses of VIP-
expressing neurons changed following a targeted ischemic insult to the forelimb (FL)
somatosensory (S1) cortex. To answer this question we performed longitudinal in-vivo
two-photon calcium imaging and assessed sensory-evoked responses in these neurons.
Figure 3a shows the experimental timeline used for these experiments. Seven weeks
before stroke induction, VIP-IRES-Cre mice were injected with a Cre-dependant AAV to
drive GCaMP6s expression (AAV1.synapsin.FLEX.GCaMP6s) in VIP neurons directly
within and adjacent to the FL somatosensory cortex. At the time of AAV injection,
animals were implanted with cranial windows over the right somatosensory cortex. Post-
mortem examination of mice confirmed robust expression of GCaMP6s in VIP neurons,
primarily in superficial cortical layers (layer I, 11). As a guide for stroke and calcium
imaging experiments, we mapped the macroscopic functional representations of FL and
hindlimb (HL) somatosensory cortex, by imaging sensory-evoked intrinsic optical signals
(10S) from the brain surface. Mechanical stimulation of the contralateral FL or HL
resulted in lower reflectance of red light from a specific region of the brain surface (Fig.
3c). This decreased reflectance is indicative of a local increase in the levels of deoxy-
hemoglobin which absorb red light and presumably, demonstrates enhanced neuronal
activity in that region of the brain (Frostig et al., 1990). Given the importance of the peri-
infarct cortical region in assuming functional roles disrupted by ischemia, imaging of
GCaMP6s in VIP neurons was mostly restricted to regions in close proximity to the

infarct region (<400 um; Fig. 3d, Fig. 6a, b).
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(a) Experimental timeline of viral injection, 10S imaging, stroke induction and two-
photon imaging. (b) Left, example image showing the expression of GCaMP6s in VIP
neurons (no stroke) — scale bar 250 um. Right, magnified image of the area enclosed with
white box — scale bar 100 pum. (c) I0S imaging was used to map the cortical
representations of HL (left) and FL (right) areas as a guide for stroke and calcium
imaging experiments - scale bar 1mm. (d) Bright-field images of cortical surface before
and one week after photothrombotic ischemic damage. Maps of FL and HL cortical
representations from 10S imaging are delineated by green and blue lines, respectively.
Size and location of one example imaging area is presented by a purple square - scale bar
Imm.
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Two-photon imaging was performed weekly which allowed us to follow

functional changes of the exact same population of cells before, and up to five weeks
after ischemia. We imaged somatic calcium transients in response to eight trials of vibro-
tactile stimulation (1.5s duration at a frequency of 100 Hz) of the contralateral forelimb
(Fig 4a). The FL was stimulated using a “high” and “low” intensity vibrotactile stimulus,
which equated to a 1 or 4 mm deflection of the stimulating piezo element, respectively.
We reasoned that different stimulation intensities would enhance our ability to detect
stroke related deficits in the response properties of VIP neurons. As shown in Figure 4b-
d, sensory-evoked calcium transients were reliably detected on a trial by trial basis in a
fraction of VIP neurons. Before the induction of stroke, approximately 50-60% of VIP
neurons were responsive to both low and high intensity FL stimulation (see “pre-stroke”
in Fig 4d,e and 5a,b-left panel), with a detectable somatic calcium transient occurring in
~50% of trials (Fig. 5a,b-middle panel). One week after stroke, there was a significant
reduction in the percentage of FL responsive cells (Fig. 4d,e and 5a,b) with a ~60%
reduction in the low-intensity stimulation group verses ~30% in the high-intensity group.
The percentage of responsive trials (~38% in the low-intensity group; ~25% in the high-
intensity group), and average response amplitude (Fig 5a,b-right panel) was also reduced
in the first week after stroke. The stroke related decrease in VIP neuron responsiveness
(fraction of responsive cells or trials) was more evident when animals received lower,
rather than higher-intensity sensory stimulation (compare data in Fig. 5a vs. 5b). From 1
to 2 weeks recovery, the % of responsive cells and trials increased, but did not undergo
further improvement in the ensuing weeks (Fig. 5a,b). It is worth noting that the fraction

of responsive cells and trials were generally stable over the entire imaging period for
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sham stroke control animals (Fig. 5a,b), thereby ruling out the possibility that degradation

of imaging conditions over time could explain these stroke related effects on VIP neuron
responsiveness. Furthermore, given the possibility that a systematic increase in
normalized pre-stimulation (“resting”) somatic calcium fluorescence (Fo) could influence
the amplitude of sensory evoked responses and responsive trials, we compared Fo values
in stroke and sham conditions, as well as correlated response amplitudes with Fo values.
As shown in Figure 5c, stroke led to a reduction in Fo values that was evident at 1 week
but not at later weeks. However, there was no systematic relationship between resting Fo
calcium levels and the amplitude of evoked responses (Fig. 5d) or fraction of responsive
trials (Fig. 5e), arguing against the idea that reduction in neural responsiveness after
stroke is an artifact of changes in resting calcium levels. Collectively, these experiments
and analysis indicate that stroke disrupts the responsiveness of VIP neurons to sensory

stimulation.
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Figure 4. Sensory-evoked calcium (GCaMP6s) responses of VIP neurons before and after
stroke

(a) Graphical summary of stimulus paradigm for each imaging trial. Somatic calcium
transients in response to eight trials of vibro-tactile stimulation (1.5s duration at a
frequency of 100 Hz) of the contralateral forelimb were recorded for each area (b)
Example of individual forelimb-evoked traces (AF/Fo %) for three cells in (a). (c) Images
showing the exact same population of GCaMP6s-expressing VIP neurons (numbered 1-6)
in an example imaging area before stroke and at different time-points afterwards;
Magnified images of Cell6 and its surrounding neuropil is displayed on top corner of
each image (white box). (d) Colour montages show forelimb-evoked changes (averaged
over 8 trials) in GCaMP6s fluorescence (AF/Fo) for neurons in (c) before stroke and 1-4
weeks later. Scale bar, 20 um. (e) Changes in GCaMP6s fluorescence (AF/Fo %) from
each cell body in (d) is plotted over time.
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Figure 5. VIP neurons are less responsive to limb stimulation after stroke

(a) Assessment of sensory-evoked neuronal responses to “Low-intensity” stimulation of
the contralateral limb. Top, the percentage of responsive cells, trials, and average
response amplitude AF/F0% plotted as a function of time after stroke (154 cells in 6
stroke mice; 116 cells in 4 control mice). Bottom, data in top (a) normalized to their pre-
stroke levels. (b) Assessment of sensory-evoked neuronal responses to “High-intensity”
stimulation of contralateral limb. Top, the percentage of limb responsive cells, trials and
average response amplitude AF/Fo% plotted as a function of time after stroke (154 cells
in 6 stroke mice; 116 cells in 4 control mice). Bottom, data in top (b) normalized to their
pre-stroke levels. (c-e) Normalized GCaMP6s fluorescence (Fo) in neuronal cell bodies
over time (154 cells in 6 stroke mice; 116 cells in 4 control mice). No correlation was
determined between Fo values and response amplitude AF/Fo % (d) or the number of
responsive trials (e) across the population of cells. Data are means £ S.E.M. All cells
analyzed were in close proximity to the infarct region (<400 pm). * P<0.05; ** P<0.01;
*** P<0.001 based on two-way ANOVA comparing stroke versus control at each time-
point. # P<0.05; ## P<0.01; ### P<0.001 based on one-way ANOVA comparing post-
stroke time-points in each graph relative to pre-stroke values.
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3.2 Reduction in sensory-evoked responsiveness is correlated with
distance from the infarct

Although most of our imaging was collected within the peri-infarct region
(<400pum from infarct), more distant areas were also sampled thereby allowing us to
examine how VIP neuron responses change as a function of distance from the infarct
border. Therefore, we utilized laser speckle contrast imaging (LSCI) to map the
distribution of flowing blood vessels on the cortical surface and calculated the distance
from the center of each imaged area to the border of infarction (Fig. 6a). Changes in
responsiveness of VIP neurons in each area were quantified as the fraction of responsive
cells/trials at one week post-stroke relative to the fraction of responsive cells/trials at pre-
stroke imaging session. These relative changes were subsequently plotted against the
distance of the corresponding area from the infarct border. As is shown in Figure 6b,
there is a significant correlation between the levels of post-ischemic sensory-evoked
neuronal responsiveness and the distance from the infarct region. Specifically, the stroke-
related decrease in neuronal response properties is primarily restricted to areas located
within a close proximity to the infarct border (~400 pum). It should be noted that, these
findings are consistent, and possibly associated, with other distance-related changes in
synaptic structures e.g. axonal sprouting/retraction, synaptogenesis and changes in
dendritic spines/bouton turnover rates that have been observed within a close proximity
to the infarct border (Stroemer et al., 1995; Xerri et al., 1998; Biernaskie and Corbett,
2001; Carmichael et al., 2001; Carmichael, 2003; Gonzalez and Kolb, 2003; Brown et al.,

2007).
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Figure 6. Reduction in sensory-evoked responsiveness is correlated with distance from the

infarct border

(a) Left, an example bright field image of the brain surface showing the location of
imaging areas relative to infarct boundaries (distance of each area relative to the infarct
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border was measured as the length of the line segment initiating from the center of area
and terminating perpendicular to the infarct’s circular border). Red circle, blue boxes, and
white dashed line show the infarct region, calcium imaging areas, and the relative
location of FLS1, respectively. Right, laser speckle contrast image at one week post-
stroke show disruption of blood flow in the infarct area (pixel values closer to O reflect
increased blood flow). (b-c) Percentage of responsive cells (left) and percentage of
responsive trials (right) at one week post-stroke (normalized to pre-stroke values) are
shown for each imaging area and plotted against the distance of that area from the infarct
boundaries. Data in (b) and (c) correspond to sensory-evoked responses to “Low-
intensity” and “High-intensity” stimulation, respectively.

3.3 Effect of stroke on VIP neuron response fidelity

Given that we recorded calcium transients across eight low and high intensity
stimulus trials for each peri-infarct neuron, we next asked whether stroke influences the
fidelity of sensory evoked-responses (defined as a cell’s number of responsive trials out
of eight trials at a certain imaging week) over time. Figure 7a and b shows the frequency
distribution of VIP neurons (peri-infarct area, <400um) plotted against the corresponding
number of responsive trials at different imaging time-points. At pre-stroke for both low
and high intensity stimulation (Fig. 7a and b, respectively), the frequency distribution
appears Gaussian with a median of 4 responsive trials and mean of 3.6 and 3.8 for low
and high intensity stimulation respectively. Within one week after stroke, this distribution
shifted left-ward, indicating that the majority of neurons were responsive to fewer
stimulation trials (Fig. 7a,b). Over the ensuing weeks of stroke recovery, the frequency
distribution shifted slightly to the right indicative of more neurons with a higher response
fidelity. In order to quantify these shifts in frequency distribution, we calculated a

“Skewness Index” typically used to estimate ocular dominance changes (Sugiyama, et al.
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2008) (see methods). Based on this metric (Fig. 7c, d), VIP neuron response fidelity is

significantly skewed to a lower fidelity one week after stroke that shows some, albeit

minor reduction in skewness from weeks 2-5 post-stroke.
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Figure 7. Frequency distribution of VIP-neurons response fidelity

(a-b) The fraction of sampled neurons (< 400 um from infarct border) is plotted against
their response fidelity (number of responsive trials out of 8 trials) at pre- and post-stroke
imaging time-points for responses to low- and high-intensity stimulations, respectively.
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(c-d) “Skewness Index” for graphs in (a) and (b) is calculated and plotted over time. Data
are means + S.E.M. * P<0.05; ** P<0.01; *** P<0.001 based on repeated measures one-
way ANOVA and post-hoc t-tests comparing post-stroke time points relative to pre-
stroke.

Our data has revealed at the population level, that there is an overall reduction in
sensory-evoked responsiveness of peri-infarct neurons that is particularly robust one
week after stroke. However, given that individual neurons inherently exhibit different
levels of activity and response fidelity, we sought to determine if the overall reduction in
responsiveness after stroke was the result of a uniform decrease in the whole population
or comprised of different sub-populations of cells reacting variably to ischemic damage.
Accordingly, we classified peri-infarct neurons into three distinct groups based on their
pre-stroke levels of responsiveness and followed the fate of each group independently.
Classification of cells was done based on the number of their responsive trials at pre-
stroke such that cells with 0, 1, 2 responsive trials, cells with 3, 4, 5 responsive trials,
and cells with 6, 7, 8 responsive trials were grouped as “Minimally responsive” (stroke,
n=48; control, n=44), “Moderately responsive” (stroke, n=70; control, n=31) and “Highly
responsive” (stroke, n=36; control, n=41), respectively. Interestingly 33% of highly
responsive neurons, became minimally responsive after one week recovery from stroke
(note black shaded bars in top row of Fig. 8a and 9a) which was not found in sham stroke
controls. During the remaining recovery period, the fraction of these now minimally
responsive neurons was progressively reduced, particularly by 5 weeks. Moderately
responsive neurons appeared equally as likely to become highly or minimally responsive

during the recovery period (middle row in Fig. 8a and 9a). While most minimally
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responsive neurons remained in the same category over 5 weeks recovery, we were

surprised to note that a fraction of these neurons became more responsive, some even
highly responsive after stroke (bottom row of Figure 8a and 9a). A minimally responsive
neuron that switches to a highly responsive one after stroke is exemplified in Figure 8b.
In order to quantify these categorical changes over time, we calculated the mean number
of responsive trials from 1 to 3 weeks post-stroke in each of the 3 categories of VIP
neurons and then normalized that to the baseline/pre-stroke values both in sham control
or stroke affected mice (Fig. 8¢ and 9b). Our analysis indicates that highly responsive
neurons respond to significantly fewer stimulation trials after stroke (see left panel in Fig.
8c and 9b for both low and high intensity stimulation) whereas moderately responsive
cells are less affected by stroke. Second, minimally responsive neurons are more likely to
become responsive to stimulation trials after stroke, especially if the stimulation intensity
is high (see right panels in Fig. 8c and 9b). These observations suggest that stroke
differentially affects the response fidelity of these 3 categories of neurons. Furthermore,
our data suggest the possibility that stroke can, in some cases, flip the polarity of VIP

neuron responsiveness (On vs OFF) in sensory cortex.
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Figure 8. Stroke unmasks sensory responsiveness in some neurons and silences others. Low

intensity stimulation

(a) The population of sampled neurons (< 400 um from infarct border) was classified into
three groups based on their response fidelity at pre-stroke imaging session. Cells with 0,
1, 2 responsive trials, cells with 3, 4, 5 responsive trials, and cells with 6, 7, 8 responsive
trials were grouped as “Minimally responsive” (stroke, n=48; control, n=44),
“Moderately responsive” (stroke, n=70; control, n=31), and “Highly responsive” (stroke;
n=36; control, n=41), respectively. Bar graphs display functional changes in each group
for stroke (left) and sham stroke control (right) group. (b) Forelimb-evoked calcium
responses of an example cell (averaged over 8 trials) that switches from minimally
responsive to highly responsive. Scale bar, 20 um. (c) Bar graphs indicate the average
number of responsive trials (norm to pre-stroke) for each group of cells over three post-
stroke weeks for stroke group and three weeks (week 2-4) for the sham stroke control
group. Data are means + S.E.M. * P<0.05; ** P<0.01; *** P<0.001 based on unpaired t-
tests comparing stroke versus control group.
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Figure 9. Stroke unmasks sensory responsiveness in some neurons and silences others. High

intensity stimulation

(a) The population of sampled neurons (< 400 um from infarct border) was classified into
three groups based on their response fidelity at pre-stroke imaging session. Cells with 0,
1, 2 responsive trials, cells with 3, 4, 5 responsive trials, and cells with 6, 7, 8 responsive
trials were grouped as “Minimally responsive” (stroke, n=48; control, n=44),
“Moderately responsive” (stroke, n=70; control, n=31), and “Highly responsive” (stroke;
n=36; control, n=41), respectively. Bar graphs display functional changes in each group
for stroke (left) and sham stroke control (right) group. (b) Bar graphs indicate the average
number of responsive trials (norm to pre-stroke) for each group of cells over three post-
stroke weeks for stroke group and three weeks (week 2-4) for the sham stroke control
group. Data are means + S.E.M. * P<0.05; ** P<0.01; *** P<0.001 based on unpaired t-
tests comparing stroke versus control group.



49
3.4  Stroke disrupts the predictability of sensory-evoked responses

Analysis of sensory-evoked responses in control animals suggested that VIP
interneurons maintain a relatively reliable response fidelity (defined as a cell’s number of
responsive trials in an imaging session) over weeks. On the account of this observation,
we sought to investigate whether this predictable neuronal response fidelity was
preserved following ischemia. As illustrated in Figure 10a,b the pre-stroke fidelity of low
and high intensity driven responses for individual neurons (peri-infarct area, <400um)
was determined (neurons were divided into nine groups representing zero to eight
responsive trials at baseline/pre-stroke) and then followed for 4-5 weeks. The heat map in
Figure 10a, visually illustrates the extent to which the response fidelity of each group of
neurons deviates from their pre-stroke values over weeks. It also color codes the fraction
of cells that underwent deviations in their response fidelity during each weekly imaging
sessions. As one can note from this graph, the % of neurons that remain close to their
baseline/pre-stroke response fidelity is higher in the sham stroke controls than the stroke
group (note warmer colors at week 1 or 2 in controls versus stroke). By contrast, the
spread of the population over time is much greater in the stroke group (note the wide
spread of cool colors at each post-stroke week). This spread in response fidelity after
stroke was reflected in a significant increase in the variance of responses pooled over 4
weeks (Fig. 10c,left and Fig.10d, left) or week to week variance (Fig. 10c,right and Fig.
10d,right). Collectively, these findings demonstrate a comparatively higher variance and
decreased predictability of sensory-evoked neuronal responses after stroke, which may

have important consequences for sensory perception and motor functions.
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Figure 10. Stroke disrupts the predictability of sensory responses

(a,b) The population of sampled neurons (< 400 um from infarct border) was classified
into nine groups based on their baseline/pre-stroke response fidelity. Heat-maps displays
changes in response fidelity of the exact same population of cells in each group over
weeks. The fraction of cells that underwent deviations in their response fidelity is color
coded; Colder and warmer colours represent lower and higher fractions of cells,
respectively. Data in (a) and (b) correspond to analysis of responses to low and high
intensity stimulation. (c,d) Left, average variances in response fidelity over four weeks
after stroke (post-stroke week1-4, n = 154 cells) compared to similar values over four
weeks in the sham stroke control group (n = 116). Right, the average of squared
differences in response fidelity between subsequent weeks was calculated. Bar graphs
comparing these values over five weeks after stroke (post-stroke week1-5, n = 154) and
four weeks in sham stroke control group (n = 116). Data in (c) and (d) correspond to
analysis of responses to low and high intensity stimulation. Data are means = S.E.M. *
P<0.05; ** P<0.01; *** P<0.001 based on an unpaired t-test comparing stroke versus
control group.
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3.5 Stroke leads to lower levels of spontaneous activity in VIP neurons

To supplement our analysis of sensory-evoked VIP neuron activity, we examined
the spontaneous activity of neurons (same cells as in the analysis of sensory-evoked
responses) before and until five weeks after stroke. Calcium transients were recorded
over a 75 s period with no stimulation in each imaging area (Fig. 11a). Similar to the
analysis of sensory-evoked responses, spontaneous calcium traces were extracted from
each cell body and corrected for potential neuropil contamination. AF/Fo was calculated
for each calcium trace where Fo was set to be the 30th percentile value of each individual
trace. Subsequently, parts of each trace that were associated with a calcium event was
identified (see methods). We used the total number of events “Number of events” and the
total time associated with all events “Active time” in each trace as two measures of
spontaneous activity (Figure 11b). As is shown in Figure 11c, there was a reduction in the
spontaneous activity of VIP neurons one week after the stroke. However levels of
spontaneous activity thereafter appeared to recover and were statistically
indistinguishable from pre-stroke levels. These results show that stroke has a very

transient effect on spontaneous activity levels.
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Figure 11. Stroke leads to lower levels of spontaneous activity

(a) Colour montages show spontaneous changes in GCaMP6s fluorescence (AF/Fo) of
neurons in an example area over 70 s imaging period. Changes in GCaMP6s fluorescence
is shown in 5 s intervals. Note that, some cells exhibit more spontaneous activity,
indicated by arrowheads. Scale bar, 20 um. (b) Calcium traces extracted from cell 1 and
cell 3 in (a) before and at different time-points after stroke. Gray areas on each trace
show the period of time when signal is identified as active (calcium event). (c) “Active
time” (left) and “Number of events” (right) for the population of sampled neurons (< 400
pm from infarct border) are plotted against time after stroke (n = 6 stroke mice; n = 4
control mice). (d) Graphs show the relationship between spontaneous activity (Active
time, left; number of spontaneous events, right) and sensory evoked activity (number of
responsive trials) at pre-stroke imaging session. There was no correlation between
sensory responsiveness and the level of spontaneous activity. Data are means + S.E.M. *
P<0.05; ** P<0.01; *** P<0.001 based on two-way ANOVA comparing stroke versus
control at each time-point. # P<0.05; ## P<0.01; ### P<0.001 based on one-way
ANOVA comparing post-stroke time-points in each graph relative to pre-stroke values.
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4 Discussion

41 Overview
Previous examination of sensory-evoked cortical hemodynamic responses and

aggregate neuronal activity (using VSD) demonstrated that sensory-evoked cortical
responses in the stroke-affected hemisphere are significantly diminished in the first 1-2
weeks after the insult. Moreover, the lack of cortical responsiveness to tactile sensory
stimulation coincides with maximal sensorimotor deficits (Dijkhuizen et al., 2001; Brown
et al., 2009; Winship and Murphy, 2009). Consistent with this evidence, our imaging
experiments revealed that one week after the stroke, there was a significant reduction in
the percentage of VIP neurons that were responsive to FL touch (Fig. 4d,e and 5a,b). The
reduction depended, in part, on the strength of the stimulation intensity since there was a
~60% reduction in the low-intensity stimulation group verses ~30% in the high-intensity
group. The percentage of FL responsive trials (~38% in the low-intensity group; ~25% in
the high-intensity group), and average response amplitude were also reduced in the first
week after stroke (Fig 5a,b).

Diminished cortical responsiveness can be attributed to both functional and
structural alterations in the post-ischemic brain. Following ischemic damage, neurons in
the surviving peri-infarct tissue lose many of their local connections from neurons within
the necrotic core. In addition, since the stroke usually extends down to the corpus
callosum, axons from the thalamus or other distant cortical regions that traverse through
the corpus callosum (en route the somatosensory cortex), can be disrupted. Carmichael
and colleagues showed that a small cortical stroke in the barrel cortex of rats can result in

hypometabolism, reflecting a reduction in neuronal activity, in cortical regions both
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distant (i.e. several millimeters from the infarct) and adjacent to necrotic ischemic core

(Carmichael et al., 2004). They attributed this far reaching cortical hypometabolism to
the disruption of neural connections. Therefore, partial loss of neural activity from the
cortical infarct region could decrease cortical responsiveness in peri-infarct regions at one
week after the stroke. Additionally, structural analysis of neuronal processes in
perilesional cortical tissue has demonstrated that stroke gives rise to significant
reductions in the number of synaptic structures, such as dendritic spines, axon terminals
and synaptic vesicles, during the first 1-2 weeks following the insult (Corbett et al., 2006;
Ito et al., 2006; Brown et al., 2007, 2009; Mostany et al., 2010). Accordingly, decreased
sensory responsiveness that we observed during the first week after stroke could be
explained by reductions in the number of functional synapses, diminished afferent drive
from the infarct region or other stroke-related functional changes like excessive tonic
GABAEergic inhibition (Clarkson et al., 2010).

The return of cortical responses to sensory stimulation after stroke requires the
establishment of new synaptic connections that enable routing of sensory signals to the
surviving cortical regions. In agreement with this notion, ongoing recovery from stroke
has been shown to be accompanied by heightened rates of synaptic turnover, as revealed
by in-vivo imaging of dendritic spines (Ito et al., 2006; Brown et al., 2007; Mostany et al.,
2010; Clark et al., 2019). Similar to the mechanisms involved in cortical plasticity in the
developing or adult healthy brain, sensory experience plays a critical role in shaping
newly formed compensatory circuits after stroke. Experience-dependent synaptic
plasticity after stroke may involve long-term potentiation like changes in the synaptic

strength of existing synapses, pruning of old synapses and stabilization of new synapses.
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Similarities in the time course of post-stroke changes in synaptic structures and

changes in neuronal responsiveness suggest that these phenomena may be directly related
to each other (Brown et al., 2007; Mostany et al., 2010; Clark et al., 2019). Additionally,
our data revealed that the reduction in the responsiveness of VIP neurons during the first
week following stroke was primarily restricted to areas located within close proximity
(<400 pm) to the infarct border (Fig. 6b,c). Consistent with our findings, changes in
synaptic turnover rates have been reported to be mostly limited to areas within 500um
from the infarct core in a photothrombotic model of stroke in mice (Brown et al., 2007).
Although the extent of functional and structural changes reported in different studies is
largely dependent on the size, location and the model of stroke, most studies have
reported the largest effect of stroke on synaptic functions and structures to be limited to
areas within a couple of hundred micrometers from the ischemic border (Stroemer et al.,
1995; Xerri et al.,, 1998; Cramer and Chopp, 2000; Biernaskie and Corbett, 2001;
Carmichael et al., 2001; Carmichael, 2003; Gonzalez and Kolb, 2003; Brown et al.,
2007).

To the best of our knowledge, our study is the first to longitudinally image and
characterize sensory-driven responses in an inhibitory neural population over several
weeks. Our imaging revealed that the fidelity of sensory-evoked responses in VIP
neurons were heterogeneous and could change over time. Accordingly, we classified VIP
neurons into three functional groups (highly, moderately and minimally responsive) and
followed the fate of each group independently. In sham stroke control mice, we found
that the response fidelity in these populations was relatively stable over five weeks of

imaging. Stability in the fidelity of sensory-driven responses (over the span of 1 week) in
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healthy mice has also been reported in excitatory somatosensory cortical neurons

(Margolis et al., 2012). However, until conducting this study, it was unknown if stroke
could lead to significant changes in the response fidelity of VIP neurons, let alone any
neural population. In the present study, it was found that a large portion of highly
responsive neurons (33%), became minimally responsive after one week recovery from
stroke (Fig. 8a and 9a). During the remaining recovery period, many of these neurons
remained minimally responsive although it should be noted that small fraction shifted
back into the moderately or highly responsive fraction by 5 weeks recovery. Moderately
responsive neurons were equally likely to become highly or minimally responsive during
the recovery period (Fig. 8a and 9a). While most minimally responsive neurons remained
in the same category over 5 weeks of recovery, surprisingly a small fraction of these
neurons became responsive to FL stimulation (Figure 8a and 9a). These observations
suggest that stroke can, in some cases, flip the polarity of VIP neuron responsiveness (On
vs Off) in sensory cortex, by recruiting minimally active neurons, either through the
sprouting of new synaptic connections or by unmasking previously silent VIP circuits.
Recruitment of inactive, ‘silent’ neurons has previously been proposed as a mechanism
involved in shifting cortical receptive field maps after sensory deprivation or injury
(Brecht et al., 2005; Shoham et al., 2006; Margolis et al., 2012).

The reported changes in the response fidelity of VIP neurons in my study parallels
those from a recent in-vivo longitudinal calcium imaging study in layer 2/3 barrel cortex
neurons. The Helmchen group showed that trimming of all but one whisker resulted in
differential changes in neuronal responsiveness across functionally distinct

subpopulations of putative excitatory neurons. Specifically, they reported that neurons
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classified as “highly responsive” to whisker stimulation, were most likely to be disrupted
by whisker trimming and show the largest decrease in response amplitude. Conversely,
neurons classified as “low” responders to whisker stimulation were most likely to become
“responsive” neurons in the spared/un-deprived cortical region. Based on these
observations they came up with a ‘reduce and distribute’ model of plasticity where a
convergent redistribution of activity engaged a larger fraction of neurons in the sensory
task without a dramatic change in overall population activity (Margolis et al., 2012).
Although drawing an analogy between plasticity mechanisms in a healthy and stroke-
affected brain is tenuous, it is conceivable that stroke induced changes in sensory maps in
peri-infarct tissue may follow the same basic model of activity redistribution (toward the
middle from both high and low responsive cells).

While no previous study has repeatedly imaged the same population of neurons
before and after a stroke, an in-vivo calcium imaging study from the Murphy lab
examined sensory-evoked responses in cortical neurons at single time-points after focal
stroke in forelimb somatosensory cortex. Similar to our study, they showed that 2 weeks
after stroke, neurons in the surviving portion of the FL cortex became unresponsive to FL
stimulation. However at 1 and 2 months recovery, peri-infarct neurons became
responsive to stimulation of multiple limbs and therefore were less selective for a
preferred limb (Winship et al., 2008). This reduction in neuronal selectivity was most
evident in the border regions between FLS1 and HLS1 and was thought to be a transitory
period preceding the development of new functional roles (Winship et al., 2008). While
our study did not characterize response selectivity to different limbs, it is possible that the

observed reduction in VIP neuron response fidelity to FL stimulation could be related to
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the possibility that these neurons are now responsive to other sensory inputs. One

mechanism suggested to explain decreased peri-infarct response selectivity during this
period is that stroke-induced disruptions in inhibitory circuits may unmask the synaptic
inputs from other limbs. In this scenario, sensory inputs that previously elicited only
subthreshold changes in membrane potential now lead to suprathreshold firing after
stroke.

An interesting and potentially significant finding in our study was that stroke led
to more variable and therefore less predictable sensory-evoked neuronal responses in VIP
neurons (Fig. 10 a,b). It should be noted that comparable levels of spontaneous activity
across weeks in stroke vs control mice rule out the possibility that increased variances in
response fidelity are simply a consequence of increased spontaneous activity. Decreased
response predictability may have important consequences for the perception of sensory
inputs and motor functions after stroke. Analysis of neuronal responses in later time-
points (> 5 weeks) is required to test whether robust response fidelity is eventually
restored after stroke. If response fidelity is never restored, it could conceivably limit any
further recovery in somatosensory function. Future studies that seek to improve stroke
recovery should consider variances in sensory response fidelity, or at the very least
measure and report it if possible. From a mechanistic viewpoint, the causes of VIP
neuron response uncertainty are speculative in nature. For example, the destabilization of
synaptic structures and proliferation of synapses on VIP neurons in the first few weeks
after stroke (unpublished observations from Brown lab) may also be a reason for the
emergence of aberrant and non-predictable sensory responses in peri-infarct VIP neurons

(Brown et al.,, 2007; Mostany et al., 2010; Fu et al., 2012; Clark et al., 2019).
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Alternatively, it could be suggested that heightened variances of VIP responses after

stroke are a consequence of extrinsic factors, such as neuromodulatory circuits
(cholinergic, noradrenergic, dopaminergic neurotransmission, etc) that influence the
activity and synchrony of sensory cortical neurons. Future studies will be needed to
address these specific hypotheses.
4.2 Diminished VIP release

In addition to GABA mediated dis-inhibitory functions of VIP neurons, these
neurons have been shown to be involved in an array of cortical functions by releasing
neuromodulators such as VIP (White et al., 2010). VIP is a peptide hormone that
demonstrates important vasodilatory roles in the brain. Previous studies have shown that
VIP neurons can transmute neuronal signals into vascular response by secreting VIP
(Cauli et al., 2004). Reductions in the activity levels of VIP neurons after stroke may shift
the probability of VIP release that requires high frequency neuronal activity. Decreased
VIP release, in turn, may lead to long-term reductions in peri-infarct blood perfusion
which has been reported to be crucial for synaptic plasticity and functional recovery after
stroke (Mostany et al., 2010). Accordingly, it is yet to be investigated to what extent the
disruption in VIP neurons activity observed in this study may influence VIP vs GABA

transmission.

4.3 Limitations

4.3.1 Inferring neuronal activity from calcium-dependent changes in GCaMP6s
fluorescence

Calcium imaging is a powerful approach for non-invasive recording of the in-vivo

activity of identified cells (including cortical neurons) over chronic timescales (Chen et

al., 2013). One limitation associated with this technique is that cellular activity is inferred
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indirectly from changes in free intracellular calcium levels. Therefore, alterations in the

dynamics of calcium transients may distort measurements of neuronal activity. More
importantly, the non-linear relationship between spiking activity and changes in the
fluorescence of calcium indicator, complicates the interpretation of imaging results.
Binarizing calcium signals into ‘responsive’ or ‘not responsive’ as we did for each trial
and cell, can minimize the effects of nonlinearity associated with calcium imaging. In this
approach, activity levels are examined by the presence of events in response to sensory
stimulation rather than their size. In the present study, we made use of the calcium
indicator GCaMP6s in order to assess VIP neurons activity. Although GCaMP6s
demonstrates high detection rates for single action potentials (~ 99% at 1% false positive
rate), it has relatively slow kinetics compared to other GECIs such as GCaMP6f (Chen et
al.,, 2013). Due to the slow kinetics of GCaMP6s, resolving individual spikes is
impossible if the time interval between spikes are short (<150 ms). In this case, the
spiking activity is only inferred from the amplitude of fluorescent response which is non
linearly correlated to firing rate.
4.3.2 Anesthesia

We collected our imaging data under light anesthesia using isoflurane. Depending
on the type and the concentration of the drug, anesthesia may disrupt aspects of neuronal
communications (Richards, 1983; Seto et al.,, 2014). Isoflurane in particular, has
previously been shown to be capable of modulating excitatory and inhibitory synaptic
transmission and thereby altering both baseline and stimulus-evoked neuronal activity
(De Sousa et al.,, 2000; Aksenov et al., 2015). Especially, the activity levels of VIP

neurons is shown to be modulated by attention and arousal during periods of behavioural
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engagement (Pi et al., 2013; Fu et al., 2014; Kuchibhotla et al., 2017). Accordingly, it

could be conceivable that sensory response properties of VIP neurons may be different
between periods of anesthesia and wakefulness.
4.3.3 Passive stimulation

In this study, we examined sensory-evoked transients in response to a passive FL
stimulation (vibrating stimulus). However, the perception of tactile sensory experience
involves an active sensory component related to self-movement of the limb on an object
(Gibson, 1962). Accordingly, stroke-related changes in response properties of neurons to
the passive stimulation of FL may not demonstrate the influence of stroke on tactile
sensation. Additionally, since animals in our study were not tested behaviourally, the
relationship between alterations in sensory-driven response properties and sensorimotor
functions is yet to be revealed.
4.3.4 Layer-dependent differences

Imaging of VIP neuron activity in our study was mostly restricted to superficial
layers. Although the majority of VIP neurons (~60%) are distributed in layer (11/111),
previous studies have shown that VIP neurons exhibit layer-dependent differences in
their morphological and electrophysiological properties. Layer 1I/111 VIP neurons project
their dendritic branches to Layers | and 1I/l1l and their axons span all cortical layers,
whereas layer 1VV-VI1 VIP neurons extend their dendritic branches throughout all cortical
layers with their axons mostly restricted to layer V and VI (Pronneke et al., 2015).
Additionally, VIP neurons show layer-dependent variability in their firing patterns and

resting membrane potentials (Pronneke et al., 2015). Given these differences, our



64
imaging data from superficial layers may not be representative of stroke-related changes

in the whole population of VIP neurons across different cortical layers.

4.4 Future directions

There has been accumulating evidence that increased levels of GABAergic
synaptic transmission in the peri-infarct region impedes mechanisms involved in
experience-dependent rewiring of peri-infarct cortical tissue and limits recovery of limb
function. Therefore, decreasing inhibitory transmission (upregulating cortical
excitability) after stroke may facilitate network plasticity and improve the recovery of
lost sensorimotor functions. In keeping with this idea, clinical studies demonstrated that
upregulating cortical excitability by direct or external stimulation of the perilesional brain
tissue using rTMS or tDCS enhanced the beneficial effects of rehabilitative training on
brain plasticity (Nitsche et al., 2003; Butefisch et al., 2004; Hummel et al., 2005; Kim et
al., 2006; Fritsch et al., 2010). Additionally, it has been shown that suppressing
GABAergic transmission by pharmacological blockage of GABA receptors significantly
enhances sensorimotor performance after stroke both in human and animal models
(Clarkson et al., 2010; Lake et al., 2015; Alia et al., 2016). Although pharmacological
downregulation of GABAergic signalling is a promising intervention, due to the
ubiquitous influence of GABA in brain functions and the lack of spatial control over drug
delivery, these strategies are often either accompanied by undesired side effects (e.g.

epilepsy), or by only partial improvements in behavioural performance. Therefore,
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developing new methods for controlling inhibition in a more systematically restricted

manner is required.

Based on the existing literature, it is conceivable that stroke-related changes in
cortical excitability may be governed by concomitant changes in the activity of inhibitory
circuits. Examining stroke-related changes in distinct classes of inhibitory neurons is,
therefore, critical for achieving a better understanding of the mechanisms involved in
post-stroke alterations in cortical excitability. In particular, due to their important roles in
regulating cortical excitability, sensory modulation, and adult plasticity, examination of
dis-inhibitory components could be of paramount importance. It has been shown that
activity levels in VIP neurons are correlated with the activity level of local excitatory
networks. Accordingly, it is conceivable that decreased activity in VIP neurons (observed
in our study) over weeks after stroke may further contribute to the suppression of cortical
network excitability in the peri-infarct regions. Based on these observations, one could
hypothesize that enhancing the activity of VIP neurons may promote the recovery of
functions after stroke by reducing excessive GABAergic transmission by other inhibitory
neurons, and thereby upregulating the excitability of cortical networks. Fortunately,
advances in chemogenetic and optogenetic techniques has enabled testing of these ideas
by allowing targeted modulation of neural activity levels in-vivo, in defined neuronal
subtypes (including VIP neurons) within defined regions of the brain. Considering the
restricted effect of dis-inhibitory circuits on local excitatory networks, targeted
modulation of VIP neurons in the peri-infarct regions (where rewiring happens), will
likely be a better method for manipulating post-stroke inhibition without systematic side-

effects of other methods.
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Appendix

Table 1. Summary of statistical tests used in Figure 5 (repeated measures two-way ANOVA)

Low-intensity

Two-way repeated measures ANOVA Two-way repeated measures ANOVA Two-way repeated measures ANOVA

Time X Condition (3, 24) = 4.015 P=0.0190 Time X Condition (3, 24) = 3.694 P=0.0257 Time X Condition (3, 24) = 2.876 P=0.0571
Time F (1.921,15.37) = 3.590 P=0.0541 Time F (1.813, 14.50) = 3.992 P=0.0449 Time F (1.687, 13.49) = 4.411 P=0.0387
Condition F (1, 8) = 5.964 P=0.0404 Condition F (1, 8) = 4.605 P=0.0642 Condition F(1,8)=7.162 P=0.0281

Multiple comparisons tests (Stroke-cantrol) Multiple comparisons tests (Stroke-control) Multiple comparisons tests (Stroke-control)

Responsive cells %

Responsive trials %

Response amplitude dFo/Fo %

Pre-stroke  0.4409 >0.9999 Pre-stroke  0.1716 >0.9999 Pre-stroke  0,8258 >0.9999
Weekl 4.414 0.0205 Weekl 3.470 0.0675 Week1l 2.841 0.1789
week2 1.926 0.3665 week2 3.092 0.0619 week2 2.447 0.1625
week3 2.187 0.2425 week3 2.265 0.2255 week3 2.821 0.1622

Low-intensity-normalized

Two-way repeated measures ANOVA Two-way repeated measures ANOVA

Two-way repeated measures ANOVA

Time X Condition  F (3, 24) = 3.736 P=0.0247 Time X Condition ' (3, 24) = 3,775 P=0.0238 Time X Condition | (3, 24) = 3,381 P=0.0347
Time F (1.941, 15.53) = 3.333 P=0.0636 Time F (1.800, 14.40) = 3.523 P=0.0607 Time F (1.667, 13.34) = 4.641 P=0.0346
Condition F(1,8)=12.28 P=0.0080 Condition F(1,8)=13.13 P=0.0067 Condition F(1,8)=10.24 P=0.0126

Multiple comparisons tests (Stroke-control) Multiple comparisons tests (Stroke-control) Multiple comparisons tests (Stroke-control)

=®
2
@
o
]
2
]
c
(=]
(-3
n
[
-4

Responsive trials %

Response amplitude dFo/Fo %

Pre-stroke Pre-stroke Pre-stroke

Weekl 7.051 0.0006 Weekl 4.766 0.0061 Week1 6.328 0.0018
week2 1.472 0.7588 week2 2.842 0.1321 week2 0.7689 >0.9999
week3 2.526 0.1935 week3 1.830 0.4975 week3 2.735 0.1031

High-intensity

Two-way repeated measures ANOVA

Two-way repeated measures ANOVA Two-way repeated measures ANOVA

Time X Condition £ (3, 24) = 1,447 P=0.2539 Time X Condition (3, 24) = 1,803 P=0.1736 Time X Condition £ (3, 24) = 0.9220 P=0.4452
Time F (1.765, 14.12) = 1.022 P=0.3759 Time F (1.997,15.98) = 1.348 P=0.2878 Time F (1.503, 12.03) = 1.147 P=0.3332
Condition F (1, 8) = 0.1860 P=0.6776 Condition F (1, 8) = 2.049 P=0.1902 Condition F (1, 8) = 0.04691 P=0.8340

Multiple comparisons tests (Stroke-control) Multiple comparisons tests (Stroke-control) Multiple comparisons tests (Stroke-control)

Responsive cells %
Responsive trials %

Response amplitude dFo/Fo %

Pre-stroke 0.8753 >0.9999 Pre-stroke 0.4286 >0.9999 Pre-stroke 0.2611 >0.9999
Week1 2.014 0.3574 Week1 3.878 0.0695 Weekl 3.621 0.0941
week2 0.4624 >0.9999 week2 1.286 0.9422 week2 0.3178 >0.9999
week3 0.2245 >0.9999 week3 0.6508 >0.9999 week3 0.03443 >0.9999
High-intensity-normalized

Time X Condition (3, 24) = 1.248 P=0.3142 Time X Condition £ (3, 24) = 1.741 P=0.1853 Time X Condition  F (3, 24) = 1.560 P=0.2249
Time F (1.918, 15.34) = 0.873 P=0.4333 Time F (2.322, 18.57) = 1.377 P=0.2790 Time F (2.216,17.73) = 0.887 P=0.4391
Condition F(1,8) =3.324 P=0.1057 Condition F(1,8)=1.825 P=0.2137 Condition F (1,8)=1.103 P=0.3244

Multiple comparisans tests (Stroke-control) Multiple comparisons tests (Stroke-control) Multiple comparisons tests (Stroke-contral)

Responsive cells %
Responsive trials %

Response amplitude dFo/Fo %

Pre-stroke Pre-stroke Pre-stroke

Week1 2.935 0.0903 Week1 2.751 0.1001 Week1 2.094 0.2961
week2 0.9635 >0.9999 week2 0.5995 >0.9999 week2 0.04146 >0.9999
week3 1.275 0.9544 week3 0.7628 >0.9999 week3 1.175 >0.9999
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Table 2. Summary of statistical tests used in Figure 5 (repeated measures one-way ANOVA)

Low-intensity

One-way repeated measures ANOVA One-way repeated measures ANOVA One-way repeated measures ANOVA

Time F (2.520,12.10) = 4.505 0.0284 Time F (2.456, 11.79) = 4.226 0.0354

Multiple comparisons tests

Time F (2.393, 11.49) = 4.950 0.0240

Multiple comparisons tests

Multiple comparisons tests

Responsive cells %

Responsive trials %
Response amplitude (dF/Fo) %

Pre-stroke Vs. PS1 9,548 0.0007 Pre-stroke Vs. PS1 6,144 0.0058 Pre-stroke Vs. PS1 5,498 0.0094
Pre-stroke Vis. PS2 1,615 0.4453 Pre-stroke Vs. PS2 2 850 0.1130 Pre-stroke Vs. PS2 1 584 0.4601
Pre-stroke Vs. PS3 2,449 0.1766 Pre-stroke Vs. PS3 2,461 0.1743 Pre-stroke Vs. PS3 3,382 0.0639
Pre-stroke Vs. PS4 3 968 0.0355 Pre-stroke Vs. PS4 3 358 0.0655 Pre-stroke Vs. PS4 2 555 0.1567
Pre-stroke Vs. PS5 4,153 0.0444 Pre-stroke Vs. PS5 3,062 0.1126 Pre-stroke Vs. PS5 3,229 0.0967

Low-intensity-normalized

One-way repeated measures ANOVA One-way repeated measures ANOVA One-way repeated measures ANOVA

ES
g
® F (2.390, 11.47) = 4.221 0.0371 f F (2.413, 11.58) = 4.0400.0410 E‘ Time F (2.501, 12.01) = 4.750 0.0247
;: Multiple comparisons tests E Multiple comparisons tests E’ Multiple comparisons tests
] = 'g
E H =
E Pre-stroke Vs. PS1 7777 0.0020 g Pre-stroke Vs. PS1 5349 0.0105 I3 Pre-stroke Vs. PS1  7.610 0.0022
(]
ﬁ' Pre-stroke Vs. PS2 4,272 0.6242 g Pre-stroke Vs. PS2 3,252 0.0732 [ Pre-stroke Vs. PS2 1,560 0.4713
c
= Pre-stroke Vs. PS3 2,423 0.1818 Bl Pre-stroke Vs, PS3 2.415 0.1835 | Pre-stroke Vs. PS3 4,001 0.0344
Pre-stroke Vis. PS4 3 975 0.0353 Pre-stroke Vs. PS4 3 623 0.0499 E Pre-stroke Vs. PS4 2 867 0.1109
Pre-stroke Vs. PS5 4,704 0.0293 Pre-stroke Vs. PS5  2.298 0.2349 Pre-stroke Vs. PS5 3,185 0.1005

High-intensity

One-way repeated measures ANOVA

One-way repeated measures ANOVA One-way repeated measures ANOVA

Time F (2.768, 13.29) = 1.506 0.2587

Multiple comparisons tests

Time F (2.377,11.41) = 1.872 0.1955

Multiple comparisons tests

Time F (1.408, 6.759) = 1.174 0.3417

Multiple comparisons tests

Pre-stroke Vs. PS1 2 616 0.1464 Pre-stroke Vs. PS1 2,800 0.1194

Responsive cells %

Responsive trials %
Response amplitude (dF/Fo) %

Pre-stroke Vs. PS2  1.068 0.7404 Pre-stroke Vs. PS2 4,028 0.7629 Pre-stroke Vs. PS1 1,649 0.4297
Pre-stroke Vs. PS3 4,019 0.7679 Pre-stroke Vs. PS3  4_105 0.7196 Pre-stroke Vs. P52 0.8533 0.8555
Pre-stroke Vs. PS4 1,346 0.5830 Pre-stroke Vs. PS4 0.7709 0.8934 Pre-stroke Vs. PS3 2,397 0.1873
Pre-stroke Vs. PS5 0.8019 0.8777 Pre-stroke Vs. PS5 0.8484 0.8563 Pre-stroke Vs. PS4 1.021 0.7672
High-intensity-normalized Pre-stroke Vs. PS5 (0.8135 0.8725

One-way repeated measures ANOVA One-way repeated measures ANOVA One-way repeated measures ANOVA

F (2.803, 13.45) = 1.234 0.3339

Multiple comparisons tests

F (2.682,12.87) = 1.896 0.1835

Multiple comparisons tests

F (2.720, 13.06) = 1.416 0.2820

Multiple comparisons tests

Pre-stroke Vs. PS1 2 868 0.1107
Pre-stroke Vs. PS2  0.7010 0.9214
Pre-stroke Vs. PS3  0.9602 0.8004
Pre-stroke Vs, PS4 1,227 0.6494
Pre-stroke Vs. PS5 0,7951 0.8808

Pre-stroke Vs. PS1 3,329 0.0676
Pre-stroke Vs. PS2  0.7627 0.8970
Pre-stroke Vs. PS3  1.204 0.6628
Pre-stroke Vs. PS4 .5458 0.9679
Pre-stroke Vs. PS5 0,6250 0.9450

Pre-stroke Vs. PS1 2912 0.1056
Pre-stroke Vs. PS2  0.5957 0.9555
Pre-stroke Vs. PS3 1,845 0.3478
Pre-stroke Vs, PS4 0,7348 0.9084
Pre-stroke Vs. PS5 1.193 0.6745

Responsive cells %
Responsive trials %

Response amplitude (dF/Fo) %




