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SUMMARY
The sensorythalamus controls the transmission of information from the periphery to the
cortex and shapes our sensory percepts. While the thalamus receives prominent afferent
projections from the sensory periphery via tiiainstem, thalamic activity is also shaped
through diverse modulatory inputs that influence a range of thalamic state properties
including the timevarying baseline thalamic polarization. Although many neurological
disorders including schizophrenia, anentral pain syndrome are linked to thalamic
dysfunction, basic information about ongoing thalamic processing is still unknown.
Specifically, it is unclear how ongoing changes in membrane polarization (i.e. state) alter

the transmission of information to@ifrom the cortex.

The goal of this thesis was to develop novel techniques to measure entire cortical regions
and to determine the role of thalamic state on tactile thalamocortical processing. In order
to measure spatiotemporal cortical responses, welagsd the techniques for recording
thegenetically expresseagbltage indicators (GEVIs) for widefield imaging of the primary
sensory cortex. We then utilized optogenetics to adjust the ongoing thalamic activity, and
measured the sensory evoked corticgpomse using GEVIs in the vibrissa pathway of the
anesthetized and awake mouse. We found thastprellus modulations of thalamic
polarization greatly impacted the thalamic spontaneous activity and evoked response to
punctate sensory stimuli. In particylave observed that ptimulus hyperpolarization
controlled the level of thalamic bursting that occurred either spontaneously or was evoked
by sensory inputs. Regardless of changes in the thalamus, we found that the overall neural
state (anesthetized @wake) dictated the downstream cortical response to changes in

thalamic polarization.

XVi



These results highlight the dynamic nature of thalamocortical processing and suggest an
important role of ongoing thalamic polarization for the encoding of sensowydsaf aken

even further, our work suggests that s@¢pendent processing may play a predominate
role in neural circuitry that extends beyond even thalamocortical circuits. By better
understanding how thalamic state controls function ohiglely complex thalamocortical

circuit, it will be possible talevelop better treatment options for neurological disorders.
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CHAPTER |: INTRODUCTION

1.1 General Motivation

The major sensory systerng audition,somatosensatigrand vision alshare a common
architecture ad route a vast amount of sensory information through the thalamus to the
primary sensory corticésn addition to sensory signals, thalamic nuclei are critical for the
implemenation of motor commandgsnd for the maintenance of short termemory.
Thereforethe thalamus is central forming sensory percepts as well as processing and
modulating behaviorBoth the tlalamus$ and cortef ® have been shown to be vital for
even the most basic sensory detection taB&gond the primarynputs to the thalamus
originating from sensory organhe vast majority of inputs to the thalamus (~90%re
modulatory signalsanging from neuromodulatory inputs to cortical feedb&aspite the
importance of the thalamua sensory transmissi®f motor contro®!?, vigilancé? 5,

and neurological disordéers-1%7 Jittle is knownabouthow ongoing thalamic activity

shapes sensory transmiss@nd sensory percepts.

The objective of this thesis is fil this gap in knowledge, and to develop a better
framework forhow thalamic statesnodulatesensory encoding across thalamocortical
structures.Thalamic nuclei receive inhibitory and excitatanputs thatcombine to
modulate the thalamic polarizatiowhich dictatesthe ongoing thalamic firing rate,
modulate thalamic synchrony, analctivates dynamic thalamic firing modes (see Chapter
1.3). Here, we utilize advances meuroscience methods shift the ongoing thalamic
polarization and apply reversible changes in ongoing thalamic polarizatvbiie

measuring spatial and temporal responses in the cortex



To accomplishthesegoak, | have developed three specific aimly: Develop novel
procedues and analytical tools to measure spatiotemporal cortical dynamics in the mouse
cortex using genetically expressedoltage indicators Ghapter 2) 2) Identify how
thalamocortical states alter the transformation of sensory information in the anesthetized
mouse(Chapter 3) and 3) Determine how thalamipolarizationalters thalamocortical
sensory representatiam awakecircuits (Chapter 4) The general outline is shown below

in Figure 1.1.

System Inputs System Outputs
Thalamic State Modulation Cortical Layer 2/3 Population Responses

. 10ms 15ms 25ms
Optogenetic Input - - (Chapters 2-4)

Cortical Layer 2/3 Local Field Potential

Halorhodopsin- Hyperpolarize Thalamus

Anesthetized (Iso) or Awake
(Chapter 3) (Chapter 4)

Figure 1.1.Geneal Project Overview.

In each chapter we explore how the system inputs (thalamic state, and sensory inputs) alter
the system outputs (downstream cortical response). In Chapter 2, we develop the
techniques to measure cortical spatiotemporal responsesapteCt3, we use thalamic

state modulation to determine changes in the cortical response of sensory inputs. In Chapter
4, we usethe same methods from Chapteta3investigate the awake thalamocortical
circuit.

While | focussdmy work on the tade sensoy pathway in rodentshe results of the work
are general, and expand beyond this specific pathiveymajor senses of vision, audition,
and somatosensation all shaimilar thalamocortical circuitry Therefore,these results

will inform how statedepenént processingontrok information acrosssystems and



circuits for a generalizable medl of neural functionStated below are several sections

highlighting key information for thanderstandingf this thesis.

1.2 The Thalamus: a Critical Component of Processing

This thesisfocuses on the thalamus as a critical component of processing sensory
information. The primary sensory thalamic structures (VPm, LGn, MGn, terthed
lemniscal pathway) receiveadirect sensory infenation from second order nucleand
projects almost exclusively to primary sensory cortical layers IV and V (S1,V18x%)
Single thalamic neurons themselves contelatively simple receptive fields, representing
specific aspects of sensory stimuli (i.e. Cartesian space, intensity, frequency esiggjie
andtypically encode two dimensionsych agosition andntensity.For example, in the
somatosensory systenthalamic single units correspond to somatotopically mapped
regions (i.e. face, arms, legs) that correlate to the intensity or velocity of displacements of
hairs or skinHowever, recent work has found increasingly complex thalamic receptive
fields suggeting that feature extraction and higher order processes begin very early in
neuralcircuits’’. The corticalinput layers (primarily Layer IV/¥) pool the inputs across
multiple thalamic neura) which convert simple receptive fields to highly specific
encoding of complex features of textures and objé&aetam thalamic inputs into cortical
layers, sensory information istegratedacross cortical spacand sent tospecialized
cortical regions foadditionalhigher order processiffyy Therefore, thesensorythalamus

is a gaté”?* that controlswhat and howinformation isencoded to downstream cortical

neuras.

While additional streams of sensory information do exist beyond the traditional lemniscal

pathway(primary sensory thalamus projections to layer IV cortical regionsjuding the
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paralemniscalextralemniscalas well asubcorticakircuits, thesgathways are believed

to supplement the lensgal tract through additional sensory informati&f® and to
correct for seHmotior?®. These secondary thalamic nuclei project to different layers of the
primary sensory cortices, angsually to higher order structur¢S2"2°\v2/VT33L A1
Ventral Caudal Bet?). The Pulvinar (visuaparaleminscal thalamus), for example, has
shown to correlate witselfmotion saccades in the visual systéend modiateattention
effects across the cort&@* Previous work, including lesion experimeiithias shown that

the lemniscalthalamuss pivotal for behavioral sensory detection tasWsereas secondary
pathways only marginally effect behavioral performande majority of secondary
paralemniscalstructues are only now ding explored; andherefore, paralemniscal
systems may play a more extensive role in sensory procdbsingurrently statedzor

this thesis, we will limit our investigation and manipulation to the lemniscal pathway and,
unless otherwise stated, willfee to the thalamic lemniscal systesmclusivelyas the

thalamus.

1.3 Thalamocortical Responses Arénfluenced by Ongoing Thalamic State

Historically, the thalamus wasonsideredto represent a simple sensory relay station
however, this theory of thalamfanction has been largely rebuked due to the complex and
nonlinear transformationthat occur in thalamic nucféi?®2®3¢ The thalamus receives
synaptic inputs (Post Synaptic PotentialsPSPs) thaimpact the oveall membrane
potentialwhich controlsthe spikingoutputof the neuronin general, atheexcitatoryPSPs
(EPSPs) depolarize the neurtme likelihood of a spiking event increases as the cell moves
closer to spiking thresholth the spike initiation zone Conversely, other inputs can

hyperpolarize theell (inhibitory PSP®r IPSP$, moving the membrane potential farther



from threshold. The combination of EPSPs and IP&®s1s the overall thalamic

polarizationthatdictates the state of the thalanaumiwill determine the outpub cortex

The awake halamus is in constant flux and receives tens of synaptic events a
second’. While some of these inputs are driven from sensory events, other inputs are not
correlated with sensoriypputsand arelikely internally driverd’. Therefore, in a typical
neuron, a more depolarized cell will have an increased response to sensory inputs,
compared to a more hyperpolarized cell which will have aedesed response to sensory
inputs However, thalamic neurons have nonlinear dynamics which dramatically alter this
typical inputoutput relationshipln particular, the membrane polarization watipactthe
thalamic firing mode, the state thfe thalamocotical synapse, and the synchronization of

thalamic inputs which wilall determine how information is transmitted downstream.

In Section 1.4 we will investigate some of the origins of these modulatory inputs; however,
first, in this section, we will expre how chages in thalamic activity altéhalamocortical
state and the implications for the processing of sensory features. This will give context for

the different modulatory inputs discussed in the next section.

1.3.1 Thalamic Polarization Controls Thalamic Burst and Tonic Firing Modes

Thalamic neurondave distinct firing modé? (i.e. tonic and brst). In tonic firing a
thalamic neuron is abr above resting ptential wherea small depolarizing input causes
linear spiking outputHowever, after long periods of hyperpolarization (1003sns),
thalamic neuronsrger a burst mode, where small depolarizing inputs calbiserage of
action potentialsvithin a shot (10 m9 time frame®. In the thalamushyperpolarization
deiinactivates lav thresholdT-type Ca 2+ channef§, which enable bursting thrgh slow

waves of calcium influxin response to a depolarizing inputhese bursts of don
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potentials are usually of high frequency-480Hz, see review?); however, in vivo
recording have shown thalamiansts with interspikeintervab s as |lmstt as
Thalamic T-type channels (Cav3.1) undergo a conformation change during periods of
hyperpolarization that is dependent on the period and strength of hyperpolaffzation
Typically, thalamocorticaheurons must be hyperpolarized for a period of at least 100ms
to form bursting behaviohjowever the deinactivation ofT-type channelss a continuous
process and can produce sizeableculrents 70ms under extreme levels of
hyperpolarization. Adtionaly, the strength of th@-type calcium current has temporal
dynamics and reaches a peak current 500msthétezhannels have bedainactivaed®.

While thalamic bursts (2 or more tam pdentials) are a hallmark feature ®ftype
currents, thalamic neurons do not always burst. Instead the effective threshold during
hyperpolarization is reduced, and-type channels create lowoltage spikes to
depolarizing input¥. T-type currents have been shown to play dynamic roles in the
ongoing and spontaneous firing in the awake mouse, even beyond the formation of
thalamic burst®. While the biophysical dynamics of the thalarbiastingarebecoming

more understood, the exact role of thalamic bursting in sensory processing remains a

mystery.

1.3.2 Thalamic Burstingi Regulating Sleep or Enhancindstimulus Detectior?

Currently, there are two main competing theoriesh@ importance fothalamic bursting.
Endogenously driven thalamic bursts have been historically associdatedl®ep states
characterizedy the emergence of slow wave signad the cortex (4 Hz, Delta). These
prolonged periods of bursting are highly reproducible sughest that thalamic bursting
represerda decrease in the vigilance of the animal, adécreasén the transmission of
sensory information associated with ski&p conditionsPrevious studies have found that

cortical neural responses are reducedhi visual systefi during behavioral states of
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known bursting. Often, when the thalamus is in a pradpgriod of bursting, the animal
appears drowsy, or nonalert®. However, to the best of our knowledge, therertyet
been a causal link between an increase in burst firing with a change in ceghealy

evokedresponses.

Alternatively, sensor driven thalamic bursts have been theorized to act as a powerful
fiwake d°po the adrtéx, providing strong sengdnput to downstream cortical
targets. Awakspontaneoubursting is substantially lower than during sfe€f however,

a majority of these studies either do not provide sensory stimuli, or do not have single
neuron recordings to determine firingatterns during behavior. Stimulus evoked
bursting” %54 appears to be more commityan spontaneous burstirfeurthermore,@cent

work suggestthat sensory driven bursts in the visual thalaratsr@l geniculate nucleus,
LGN) correlde with an increase ithe detectability of visual stimuli in monkéys

suggesting that thalamic bursting may play a rokeninancing information flow

Spontaneouthalamic bursting increases the probability of evoking a downstream cortical
response in paired recordifi§®>>¢ however, it is unclear how thalarmrstsinfluence
behavioral detectability and cortical resige of sensory driven activity. Thalamic neurons
form strongsynapses with cortical inhibitory populatiGhthat controlspatial integration
(such as lateral inhibition), levels of overall excitability, anddows of opportunityln
particular, due to thestrong facilitation of postsynaptic potentials (PSPs) onto
somatostatin positive (SOM) interneurons, synchroniiealamic burstscould cause
activations of the SOM netwotk Activation of the SOM interneuron network could have
dramatic effects on the excitatory and inhibitory balance and the cortical activity as a
whole. SOM interneurons have extremdiyerserolesincluding providing widespread

corticalhyperpolarizatio? °, inhibiting ather subtypes of interneurons,synchronizing
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network inhibitior?. Furthermore, work in theur lab suggests that an important variable
is not just themagnitudeof thalamic bursting, but the corresponding levesyfichrony

(i.e. coordinated firing across the neural population) offtaamic burstingy.

While many of these studies have shown dynamic effects of thalamic bursting, they are
largely limited to eithein vitro or in anesthetized preparations which are not representative
of the awake behaving circtit Thalamic state and thalamic bursting appear to play
critical role in both ongoing vigilance and sensory feaegmeoding butmay represent
context and brakstate dependent functions. Through this thesis, | specifically explore how
different bursting states alter the transformation of sensory informattbe anesthetized
(Chapter 3) and awake (Chapter 4) animal in order to determine how these two theories of

thalamic bursting may relate to each other.

1.3.3 Thalamic Activity and Synchrony Shapdhe Thalamocortical Synapse

While the most obvious effects dfianges to thalamic polarization are on the neuron,itself
changes iractivity can have dramatic implications on downstream transmissiguts
into the thalamusnodulatethe membranepolarizationand dictatethe overall spiking
output and neurotransret release at thhalamocortical TC) synapse.As stated above,

a more depolarizedeuronwill generally increase the response and likelihood of evoking
aspiketo inputs. Alternatively, a more hyperpolarizeguronwould (typically) decrease
the likelihood ofevoking a response to synapinputs Therefore, the overall thalamic
polarization will determine the ongoing thalanfiing rate, andthe overall signal sent

downstream to the cortex through the TC synapse.

The TC synapse plays an integral rolshaping sensory evoked cortical responses though

numerous diffuseconnectionsand significantsynaptic depression. Aingle thalamic
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synapseonto a cortical neurofLayer IV) produces veryweak (<1mV)excitatory post
synaptic potentials (EPSP¥°. Therefore,evoking a downstream cortical spikequires
numerous and synchronous evefats propagation of sensory signits® The synaptic

input onto a single cortical neuron is quitead whereit is estimatd that85 thalamic
neurons project onta single cortical celf. Thesenumerous butveak thalamocortical
connectionsncrease e impact of thalamic stateugh as thalamic synchrony, bursting,

and overallevokedrate on theencoding of sensory stimulDue to the small evoked
responses of a EPSP onto cortical neurons, it is theorized that highly synchronous events
and thalamic brsts are required to drive downstream cortical actiitfhalamicalso

synchrony has been found to be critical for neurahpheena, such as adaptafi$,f?.

In addition to being relatively weak, thalamocortical synapses are continuously modulated
by the lewel of preceding activity ttough synaptic depression of the TC synapse. In
particular, the thalamocortical synapse decreases evoked responses with even moderate
pre-stimulusfiring rates (>2Hz)” 2. Due to the high firing rates of awake animaissivo
thalamocortical synapses ateorized to bat some level of synaptic depressiomwith
significant modulatios of thalamic evoked rpsnses lasting f@econd®. The amount of
synaptic depression can be quiefound(up to 75% of peak respse) and is highly
dependent on the magnitude and frequency of preceding spiking reshoHsesever,

one important caveat is that these studies have often been conducted in the anesthetized
animal, where neuromodulatory effects and overall firing rates are mitetedt than the

awake brainTherefore, the temporal pattern of preceding activity is extremely important

in shaping the magnitude of the evoked response, and presumably the level of detectability

of sensory signals.



1.4 Ongoing Thalamic Polarization and Sate is Controlled Through Modulatory
Inputs

Although the thalamus is predominantly responsible for transmittingpiseimgormation

to the cortex, the vast majorivf the synaptic inputs on thalamieurons are modulatory

in naturé. For example, only-80% of the synaptic inputs into the visual thalamus (LGN)
are from the retina (the primawsual sensory orgari}. Modulatorand driver gnapses

are part of a model of thalamic inputs proposed to distinguish the overall functional role of
synapses and the organization of priynand highorder thalamic structuré®. Driver

inputs formlarge synapsesnto postsynapticionotropic receptor&nd originate from
second order nuclei that contain direct sensory information detdrmine theoverall
thalamic receptive fielgFigure 1.2)Modul at ory synapses i ffer
the smaller physicakize of he actual synapse, smaller peghapticpotential (PSP),
synaptic location on the more distal dendrite, aedreased likelihoodf producing
spiking output Modulatory synapses can produegher direct effects on the ongoing
thalamic membrane potential througkcatorySPS(EPSPsandinhibitory PSPKIPSP$
through ionotropic receptors or more comphexlinearnteractions through metabotropic
receptors(typically g-coupled proteins) Ultimately, it is the accumulationof inputs,

includingEPSPSndIPSPSthat determinethe ongoing thalamic polaation (i.e state).
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Figure 1.2.Thalamic Polarization is Controlled by Modulatory and Sensory Inputs.

A. Cartoon outline of the most common inputs into thalamic neurons thattiefaP SPs

and IPSPs thatlimately combine to impact the overall thalamic baseline polarizaiion.

Left. Cartoon description of thalamic inputs that control the overall actiBityRight.
Thalamocortical circuit diagram showing the projections from the thalamus into the
inhibitory and excitatory cortex networker the somatosensory whisker pathwary
addition to modulatory and sensory inputs, the thalamus is part of a more complex and
interconnected thalamocortical circuit.
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Although awake thalamic firing is highly correldteith sensory inputs, there are distinct
states of activity that armdependent from sensory inptitsThe thalamus receives a
diverserangeof modulatoryinputsfrom top-down sensory feedbackoin the corte¥ ard
thalamicreticular nucleu®’" to widespread neuromodulatory contfia@m the reticular
formation many of these processes ati#l beingfully discovereé. In primary sensory
thalamic nucleithe vas majority of modulatory inputs come froortical Layer VI and
acetylcholine (ACh) centers with only minor contributions from other neuromodulators
These modulatory inputs can alter thalapdtarization across many temporal scdles
(minutes to hours) that form a highly dynamic amde-varying system. In addition to
direct manipulations of thalamic state, the thalamus can be modulated through igottom

mechanisms such as sensory adapttion

Taken together, ongoing thalamic activity is in constant flux as it receives modulatory
inputs thatmteract with the sensory inputs to shape the downstream processing of sensory
information. While many studies have identified thalamic inputs that alter ongoing activity,

it is fairly uncertain how different levels of thalamic polarization shape sensory
transmission across thalamic and cortical structudese we explore a sirlg axis of
thalamic state with thexamination ohow hyperpolarized states alter the transmission of
sensory informationin this nextsubsectionwe explore the major inputs toetithalamus,
andtheimpact of ongoinghalamicstateson boththalamocortical sensory representations

and thalamic firing modet® develop a framework for thalamic function.
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1.4.1 Manipulation of Thalamic Activity Through Thalamic Reticular Nucleus and

Cortical Layer VI Inputs

The thalamus is sinde partin an interconnectedxcitatory and inhibitory networthat
includesthalamic reticular nucleus (TRN)ndcorticallayer VI input These twaregions
provide the primary neurotransmitter (GABA and Glutamat@ntrol of thalamic
polarization With this work, we examine the relationship between ongoing thalamic firing
and induced hyperpolarizing states on sensory encodimgh could represemtaturally

occurring modulationsf thalamic activityfrom the TRN ad throughcortical feedback.

The primary GABAergic (IPSP) inpumto thesensorythalamus is from th@RN, a thin

shell region thasurrounds the thalam®r review se€’8Y). GABA binds towith chloride
channels to provide hyperpolarizing inputghialamic neurons, which have a profoundly
low reversal chloride potential1mV)®2. The TRN receives bottomp input from the
primary sensory thalamusnée top down control from layer VI of topograptpcimary
sensorycortices as well as other long range cortical projectibtmgorm multisensory
receptve field$3 The TRN is spontaneoushighly active and therefore, is constantly
shaping the ongoing thalamic polarizafib¥. While TRN excitation is theorizeid inhibit
thalamic activity, very few studies have directly modulated TRN activity while measuring
thalamic response3he TRN itself contains a network of electrically coupled cells and
inhibitory circuits that add further complication to the netwoilhe majority of tudies
have optogenetically excited tli&N to attempt to silence thalamic respasi€é&®. In order

to shut down thalaroiresponses, these studies have used very high levels of optogenetic
i nput (100 9§ sesuldng invandhgnevels ofsucces.588 In fact, published
work®” and personal communicatitvavefound the thalamus to be particularly resistant to

silencing due tdl-type calcium channe|swvhich enable lowvoltage spiking activity and
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bursting states. Often, after short time periods of TRN excitation, thalansaciibegin

to fire with increased levels of thalamic burstihg

These complex inputs from thalamiwdacortical sources into the TRN create multisensory
receptive fields that have led researchers to investigate the TRN as a central component of
basic sensory attention and filterjngrmed thefi s e a r cHypothegi®.tindleed, the

TRN is differentially controlled through visual and auditory spatial attention tasks if’mice

and monkey? which suggest that the TRd&n be controlled in a task dependent manner

to control ongoing thalamic &eity. In addition to controlling levels of cognition and
sensory saliencd,RN activity has also beamplicated incontrolling sleepnvave cycles
through increased thalamic bursting and cortical spiftfiiésHowever, due to the
limitations of traditional electrical and chemical manipulation techniques, TRN research

hasbeenlimited

In addition to TRN inputcortical layer Vlinputsare sent to the thalamug bifurcating
axonal projections from the cortex that also excite TRN and sensory thalamic 1#&¢fjons
usually across topographically aligned cortical ard@&s bifurcating axonal projections
have been found to have complex temporal dynamics that can edlisea net
depolarization or hyperpolarizatiam thalamusbased on the frequency of stimulafi®??
Gross modulation and removal of cortical activity bagn shown thave a net increase
in thalamicresponseso visual sensory stimufi® however, opposing effects have been
seen across diffent sensory modaliti&s Layer VI cortical inputs haveden shown to be
linked to metabbr opi ¢ gl utamate receptors, whi ch o
ms), anchavean important role in changing thalamic burst andctomode$® (see Chapter
1.3.2). Layer Vlactivity issparse in the awake bréfnand are only now being thoroughly

investigated as a major component of thalamocortical processing ety developed
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targeted genetic toolkr summary, the thalamus receiviectinputs from eithethe TRN

or through corticateedback whikh can controbngoingthalamic polarization.

1.4.2 Neuromodulatory Control of Ongoing Thalamic Activity

While this work does not directly utilize neuromodulatarserall levels of thalamic
activity and state are influenced hguromodulatorynetworks Neuromalulatory inputs
shape spontaneous thalamic activityough direct changego the baseline thalamic
polarization (ionotropic receptorspnd additional effects of metabotropiceceptor®,
Metabotropic neuromodulatory effects can even modulate the synapses themsatees to
the transmission of synaptic sigridlsThalamic neurons receive a wide range of
neuromodulatory inputs includingcetylcholine norepinephring dopamine,histamine,

and ohers for review sed.

Primary sensoryhalamic neurons have been shown to be very sensitiagetglcholine
(ACh). Roughly 50% of the modulatory inputs origiadtom ACh centersin particular

the pedunculopontine tegmental nuclegBPT) and the basal forebrain complex
Acetylcholine has been foun predominantly depolarizéhe thalamus, anavith a
pronounced effect on the baselirfging rate. Electrical simulation d the reticular
formation(including the PPYhas shown to increase thalamic baseline activity, and prevent
effects of sensory adaptation to repetitive frequency stimutdfidhi. Thus ACh may play
arole in thalamic gatg. Acetylcholinehas recently been found to be continually regulated
in the awake brain during states of attentiémnd pupil dilation'°%and thereforemay

represent a globaleural state.

In addition to direct modulation of thalamic polarization, neurormatdrd have been found

to impact the thalamocorticatetwork with differential effects. Fomstance, while
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acetylcholine depolarizes the thalamBA§h hyperpolarizeshe reticular thalamusucleus
(TRN), which diminishes the overalbABAergic input into sensory regions. Other
neuromodulators (includingorepinephrine) will selectively enhanceRN activity®®,
suggesting dynamic control of the thalamus throwigase of neuromodulators across the
thalamocorticatircuit. Taken togetheneuromodulatory inputs are constantly shaping the

thalamic state through direct and indirect mechanisms.

1.4.3 Sensorylnputs and SelfMotion Alter Ongoing Thalamic Sate

On top of any internally modulated thalamic states, it is important to also consider the
thalamocortical circuit in relation tthe sensory organ itself. In the awake animal, the
sensory organ of the eyesdéor skin is actively involved in sensing either through
saccades or rhythmic tou¢b scan the environmenh rodents, active sensation in the
vibrissal pathway is driven by rhythmic movements of the whiskers, termed whisking, and
occurs during periodsf exploration, navigation, and general movem@ative sensing

has been found taot only change tha n i mexter@akrepresentation of the stimulus, but
also the underlying internal stass the animal becomes engaged in the. taskhe
thalamus, thesactive states habeenfound to have a profouraffecton thalamic activity,

either precedingr during active sensatidfor during behavioral task®revious work in

the Stanley laboratoryas found that ongoing sensory inputs themselves can dramatically
alter the encoding of sensory information through changes in evoked thalamic responses
and thalamic synchrof$®81%, Wwhile external sensory induced changes to thalamic
activity goes beyond théocus of thework presented herghese effects of setfriven

activity becomeespeciallyimportant when investigating the awakeimal (Chapter 4

16



1.4.4 Thalamic State Coupledto Cortical State

Due b the anatomical and functior@nnectivityof the thalamus and cortethe thalamic
and cortical statare innately coupled. Thalamic neurons drive cortical respowbese
recurrent connectiordirectly (Layer VI feedbackpr indirectly (TRN) modulate thalamic
state®®1%” However, the etent of how the thalamus can regulate, and be regubgtéiae
cortex is still relatively unknownTherefore while experimentation throughout this thesis
focuses onmanipulation ofthalamic state, were not simply modulatinghe firing
properties of théhalamicpopulation(i.e., tonic or burstsynchrony, and overall firing rate)
but also theongoing cortical stat€® Additionally, thalamic neurons synapse onto both
excitatory and inhibitorycortical neuron$’, with very strong connectits to inhibitory
circuit®, Modulation of thalamistateshas been shown to drive the cortex into various
different corticd regimes’ 1% Additionally, ongoingcortical sta¢s (including UP and
DOWN as well aslesynchronized and synchronized) have sewn to influencehe
sensory representation in anesthetiZeand awake animal®1! although tle influence

on behavioral percepts is still unclEarRelatively few studies have directly manipulated
and/or controkd thalamic state and observed the influence on downstream cortical
responses. By dynamically controlling ttealamic stateywe will be able to examine how

thalamic state modulates ongoing cortical activity and ongoing cortical network

1.5 Dysfunction of Thalamic Activity: Insights from disease

Thalamicdysunctionhas been associated with a number of clinical neurological diseases
in humans including centraain'*>14 epilepsy!>!18 schizophreni&'!’, and tremor®

which highlight the importance of proper thalamic functidmor instance, thalamic
dysfunction has been highlighted as an important center for regulating muscle control for

tremor in Parkinsa® DiseaseThe first Dep Brain Stimulation (DBS) treatment option
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for tremor was approved by the FDA for stimulation in the ventral intermedial (VIM)
thalamus'®. Often, in neurological disorders, thalamic dysfunction is one of many neural
centers affected bsysalsoaadmpahiedswitransdespread ehanges n's o 1
in neurologic function inclding loss of sensory perceptidh as well as dramatioss of
dopaminergic regions in the braifherefore, it can be difficult to correlate thalamic

dysfunction with particular symptoms.

While rare, specificsomaticsensory thalani neural lesions do occim people which
cause a significant loss of sensory perceptiomtfalateral hemianesthesandcomplete

loss of temperature and paansationWhereas corticdesionscan result in specific loss

of high level function, or péicular sensations, thalamic lesions are distinct in the loss of
all aspects operceptionPartialthalamiclesions or damagdrom stroke can cause strong
feelings of pain, which often accompany changesgoing thalamic activity with a noted
changen thalamic bursting3%4 Central orthalamic pain is very difficult to treat using
common pharmacologic agents duette changes in the encoding of sensory information
itself. Additionally, in morecomplicated neurologic diseasagolving changes to sensory
perception(such as schizophreniand bipolar disordgr evidence is now emerging of
dysfunctions in talamocotical control circuis, particularly inTRN2%, Taken togethethe
sensorthalamus plays a particulargportant rolein perception of sensg information;
therefore, by determining how thalamic systems communicate undepatiomlogic
conditions we gain deeper insights into neural disease that will aid in the development of

novel treatments.

1.6 GEVIs for Measuring Thalamocortical Modulation acrossBehaviorally
Relevant Cortical Regions
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In the thalamocortical sensory circuit, sensory inputs diverge across multiple cortical
regiong??representing a complex spatial netwdrkese inputs are often subthreshold and
historically have only been measured using meticulous intracellular recdrdifggnsory
information travels through the thalamus and activates the primadysecondary
somatosensory corticg4 and motor corticés>?°through long range projections at high
tempor al speeds (106s of milliseconds). T a
and thalamic sensory encadican dramatically alter neurological function across large
regions of the cortex at high temporal speeds. Beyond sensory procésgirey orer

functions including decisiemaking and working memory have been shown to incorporate
acrossthe cortex?”128 However, due to the limitations of technoyjpgxperiments with

high spatial (mi I 1 i met er snilliseconds) dcress [amge a | r

cortical regions havkeeenhistoricallydifficult.

Neuronshave a weakaturalfunctional fluorescene (Flavoproteis'?9), and therefore
additional contrast agents are needed for imaging of neural aclixiitionally, voltage
sensitive indiators were organic dyes (#-4-ANEPPS®°, RH1553%, RH1691%) that
required staining of the neural membrandewever,voltage sensitive dyesave many
limitations which have hindered their use in tAeake behaving anirhancluding,
phototoxicity, pharmacological effe2*’, and invasive staining procedut&sWithin the
past decade, novel voltage indicators henabled large scale imaging of neural circuits
with increased temporal dynamics and fluorescent respoia®tically expressed
voltage indicatorsGEVIs) are voltage sensitive fluorescent proteins that allow for direct
measurement of membrane potential changes through changes in fluorescence. These
GEVIs (including ArcLight®® Butterfly 1.2%* Quasari®, and mNeosAce'®®) have
shown incredible promise to record neural responses (for ré¥iéw}. However GEVIs

hawe yet to be fully characterizedhich haslimitedtheir overall use and adoption in the
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field. Through this thesis work, wmpe to bridge this gap by thoroughly evaluating the
use of these optical recording techniques, and by applying these techniqudsrstand

complex scientific questions of thalamocortical processing during behavior.

1.6.1 Widefield Imaging of GEVIs for Measuring Voltage over Large Cortical

Regions

Single photon widdield imaging of GEVIs allows for large scale corticatordingwith
moderate temporal (10s of ms) and spatial resolution (10s of um) of the superficial cortical
layers. Currently, due to limitations of GEVIs and imaging techniques, fast (>10 Hz) single
cell resolution imaging over large spatial scales (millimeters) remdiffisult (see
Appendix A.1). As with every recording modality there is a dynamic tradeoff between
spatial and temporal resolution as well as overall scale of recordings. Whole cell
intracellular recordings are the current gold standard with high satéltemporal
resolution; however, these recordings are severely limited in scale. Other techniques
including multichannel extracellular recordingdlow for increased scale (100s of um);
however, physically implantettaditional probes severely degrade esvtime (days to
monthg. Therefore, widefield imaging of GEVI signals enables the measurement of large
cortical structures with high spatial and temporal resolution that can be recorded

chronically.

1.7 General Experimental Design for Controlling Thalamic Sate and Measuring
Effects on Thalamocortical Processing

The primary goal of thishesisis to determine how different thalamic states modulate

sensory spatiotemporal encoding in the thalamus and ctwtparticular, this work aims
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not to simply invesgate correlative relationships between thalartatesbut to causally
link different thalamic states tthanges irsensory processingn order to achieve these
goals, we utilizedh simple experimental desigand recent advances in optogenetios
control ongoingthalamic state ypapplying a constant offset to the membrane polarization

while providing simple sensory inputs

1.7.1 Optogenetics as a tool for manipulating thalamocortical states

Optogenetics is a novedcombinant DNAechnique where we use adeas in genetics to
insert a plasmid intthe cellular genome for the expressiofhproteins for the modulation

of neural activityOptogenetic constructs are light sensitivembrane bound proteitisat
control the influx of ionsnto the cell where eactconstruct is activated at particular
wavelength®f light for dynamic control of the neural membrane poteitsieé review®).

Due to the fast temporal dynamics of tpogeneticconstrucs, we achieve millisecond
resolution whose level of polagtton can be modulated across the neuron thrawehall

light intensity (mW/mn¥). Instead of driving o silencing neural responses, we used
optogenetics to provide a modulatory effect, by using various levels of light intensity to
adjust the overall magnituad polarizing statesThroughout this manuscript, we utilcte

a viral vector or genetic breeditgexpress optogenetic constructs into thalamic structures

for optogenetiananipulation of thalamic activity.

Here, we alter one aspect of thalamic state through modulation by providing brief periods
of hyperpolarizing input into the thalamic populatigsing the optogenetic chloride pump
halorhodopsin (eNrph3.0Based on known thalamic research (see Chaptet.3)2the
thalamus experiences various alterations in state, from complextdicstelationships

to dramatic changes in ongoing firing ratéhile thalamic state encompasses all variations

of different thalamic activity, at the crux, most general changes to thalamic state arise from
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shiftsin baseline polarizatigrthrough eithedirect circuit input (IPSCs and EPSs) or
neuromodulatory inputBy using halorhodopsin, we are able to explore how changes in
relatively hyperpolarizedhalorhodopsinon) statesdiffer from relatively depolarized
(halorhodopsimff, control)statesn the anesthetized and awake circAdditionally, with
halorhodopsi, we canspecifically activate bursting properties of the thalamus to

determine hovburstand tonic modedirectlyimpact thalamic and cortical processing.

1.7.2 Rodent vibrissal pathway as an ideal model of thalamocortical circuits
Throughouthisthesis wok, we used the rodent vibrissal pathway as an ideal model system
for studying the effects of different thalamic states on thalamocortical procesing
Rodentsare the most widely used model system for studying thalamocortical sensory
processing and therefore there is a rich research history to caimpareobserved results.
Rodents are primarily nocturnal creatures tledy heavily on their whiskers to explore
their surroundings. Therefore, the vibrissal system has large dedicated areas of neural
processing in the thalamic nucleus and in the Primary Somatosensory (S1) (Geetex
review-2%14, Thesedistinct areas of processing combined with the discrete nature of the
whisker systemare ideal for testing sensory processingdditionally, rodents can be
trained to respond to simple detection tasks with whisker stimutéiidhi4? and
therefore, allow the neural data to be coupled with the behavioral output. Finally, the
genetic variants of rodergow for tightly controlledgenetic expression to specific neural
regions*3 (such as the specific thalamic nuclei, i.e. the VRamichmakes these animals

highly suited for this project.
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1.7.3 ArcLight GEVI for Recording Cortical Layer Il/lll Activity

Here,we developed the techniques and tools for uski)VIs to measure fast timescale
changes in membrane voltage acrassical systemsAlthough several investigators have
demonstrated the capabilities GEVIs, most of these studies have reportegponses

throughin vitro modelg?®:133144.145prgsophild?® 149, or themouse olfactorgystem?9:133

In thisthesis, we utilizedhe novel voltage indicator ArcLight as a spatial measurement of
supraficial cortical membrane potentiaArcLight, a modified GFP proteinhas fast
temporal resolution (~10 ms) with relatively large changes in fluorescence in response to
membrane fluctuationsThere ae many reasonwe selectedArcLight as the voltage
indicator for this particulawork, including the high photostability, felemporal dynamics,

and relatively large corresponding changes in fluorescehdditionally, in order to
optically stimulate and record neural activity, we nepdctralseparation between our
sensor (ArcLight) and our actuator (Halorhopdopsin, eNph3.0ther Fluorescence
Resonance Energy Transf@fRET) based sensors, such as Butterfly ,1a®fer better
signatto-noise ratidn vivo, but require more spectral operating space, which makes paired
optogenetiaecording difficult. Currently, there is no fect GEVI for measuringn vivo

responses.

1.8 Organization of Thesis

This thesis has been organized in a particular manner to best present the results in a logical
and clear fashion. In Chapter 1 (Introductiomg have outlined the central conceptsttha

will be discussed throughout ame have identified majogaps in knowledgéat will be
investigated further throughout each chapter. This chapter is meant to @ireach

overview of the thalamocortical circuit aheghlight gapsin knowledgethat will be filled
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through this research. Chapter 1 is not a definitive review of every aspect of thalamocortical
function, but its purpose is to give the daader enough knowledge to understand and

judge this body of work.

In Chapters 23, and 4, wehave focged on a particular area of research that was pivotal
for answering the central questions and progression of the thesis. Chaftensd2l are
written to stand alone as individual contributions to the scientific community; however,
they each form diffemt components of the overall narrative of understanding the impact
of thalamic states on cortical processiimgChapter 2ye develop a central novel imaging
technique that was developed to measure specgecssof neural function that grevotal

for the remaining chapters. In Chapter \Be utilized this novel imaging technique in
combination with additional techniques to manipulate thalamocortical function in a
controlled manner. Heraye further develop tools, techniques, and a framework of
thalamoortical function while investigating a controlled thalamic and cortical
environmentIn Chapter 4ywe combine allof theseechniquego alter the thalamocortical
processingn the awake circuit, ancbmpare these resuttsthemorecontrolled settingf
Chapter 3Chapter 4 represents the pinnami¢he experimental methodology to probe the
awake and highly dynamic neural circiiinally, in Chapter 5we presentthe ultimate
findings of my graduate work with predictions for the oveiralplications ofchanges in

thalamic activity alongvith a road map for future studies.
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CHAPTER Il : ARCLIGHT FOR IMAGING LARGE SCALE CORTICA L
ACTIVITY IN THE ANES THETIZED AND AWAKE M OUSE

The following chapter has been presentederalconference$®1%2 and is currenyl in
print as:Borden, P. Y. et al. Genetically expressed voltage sensor ArcLight for imaging
large scale cortical activity in the anesthetized and awake mouse. Neurophotonics 4,

031212 (2017).

2.1 Introduction

With the recent breakthrough in geneticadlypressed voltage indicators (GEVIS), there
has been a tremendous demand to quantify the capabilities of these sensars\Novel
voltage sensitive fluorescent proteins allow for direct measurement of membrane potential
changes through changes in flescence. These GEVIs, including ArcLighf VSFP
2.34 Butterfly 1.2%%3 Quasar®®, and mNeorAce 126 have shown incredible promise

to record neural respons&€¥13® However, these approaches have not yet been widely
applied in scientific studies in the mammalian nervous system (for réfie). Although
recent calcium probes have greatly increased the understanding of complabsgstems,

they still offer only moderate temporal resolution -BIms) !> and report only on
byproducts of supthreshold neural spiking activity through calcium responses.
Additionally, many studies try to deconvolve the calcium signal to glean information about
ongoing membrane potential with mixed success (for révRwin contrast, voltage
sensors allow for fast temporal information (imilliseconds) and have the potential to

report even subtbshold information.

We present an investigation into the functional capabilities of ArcLight, one of the sensors
available as an iivo probe of widefield cortical signals. ArcLight®® a modified GFP
protein, has fast temporal resolution (~10 ms) with relatively largegesan fluorescence
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in response to membrane fluctuations. Although several investigators have demonstrated
the capabilities of ArcLighimost of these studies have reported responses thirougio
models'#4145 Drosophilg 146:148:149.15158 or in the mouse olfactory systet#?'14¢ Other
sensors, including VSFP 223 and Butterfly 1.%° have been previously shown to be
successful fon vivocortical sensory recordings (for revig®). In this work however, we

are the first, to our knowledge, to demonstrate the use of ArcLight in cortical structures in

the awake and anesthetized mammalian brain.

Here, we demonstrate that ArcLight produces a robust and reliable sensory evoked
fluorescent reponse in the S1 barrel cortex to sensory stimulation. We found that in the S1
barrel cortex the spectral overlap with the hemodynamic activity was substantial in its raw
form and required long imaging experiments and trial averaging to reduce noisgenn or

to address this large hemodynamic signal, we subtracted a scale@Odignal to remove
ongoing noise. Although this method dramatically removes the hemodynamic response,
there are several assumptions and concerns which limits the widespread bse of t
technique. Using thipost hocsubtraction method, we found that the evoked response
matched the fast temporal dynamics of other voltage indicators including voltage sensitive
dye RH169111126.160.161\/SEP 2 3%1and Butterfly 1.2°3 Arclight showed clear stimulus
evoked fluorescence for stimuli with frequency content up to 20 Hz with high fidelity. By
using paired local field potential recordings, we determined a high correlation between the
average LFP and ArcLight signals in response tosgrssimuli; however, on a single trial

the two signals showed weak correlation. Finally, we were able to resolve sensory evoked
fluorescence in awake mice. Based on these results, we conclude that Arclight has a
capacity to measure chronircvivocorticd responses. ArcLight would be suited fiowvivo
experiments where a single fluorophore sensor is desired, in particular experiments that

require long bouts of continuous imaging
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2.2 Methods
All procedures were approved by the Georgia Institute of Technahsgiutional Animal

Care and Use Committee and followed guidelines established by the National Institutes of

Health.

2.2.1 AAV Delivery

At least four weeks prior to experimentation, six week old female mice (C57BL/6, Jackson
Laboratories) were anesthetizedngslsoflurane, 3% in a small induction chamber, and
maintained at -B% Isoflurane. Following anesthetization2lsmall craniotomies were
created over the barrel field of the primary somatosensory cortex (S1) according to
stereotaxianeasurements takdérom the bregma (3.5mm x 1.5 mm, and 2.5mm x 3 mm).
The virus was loaded into a Hamiltewinge (70iN). A custom ~35um pulled
borosilicate glaspipette filled with a silicone gel and secured onto the tip of the Hamilton
syringe to increase taper andremluce damage to the cortex caused during the injection.
The injection pipette wasitially lowered to the target depth below the pia surface
(500um) using a 10um resolution stereotaxic arm (Kopf, Ltd). Following a 1 minute delay
to allow for tissue relaation, each animal was injected with 1uL of AAM$ynt
ArcLight-D-WPRESV40 (UPenn Viral Vector Core, A¥-36857P) at a flow rate of
0.1pL/minute (0.5uL each for two injections). After injection, pipetteremainedn

place for an additional 5 minutes foee slowly being removed from the brairhe
craniotomies were then filled with bone wax, or left to close naturally. In all cases, the skull
was sealed by clamping the skin using wound clips. During the injection, mice were kept
warm using a water heagnsystem to maintain body temperature. Throughout the

experiment, sterile techniques were used to keep the injection area clean and free from
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infection. Additionally, no antibiotics were given to prevent infection. All mice survived

this minor procedure.

2.2.2 Headplate and Prep

After at least four weeks post injection, we secured a metal l¢adp the skull for
fixation in order to reduce vibration and allow headfixation during imaging experiments.
The custom metal headplate (titanium) formed a ring (indius 5mm) around the entire
cortex and contained flaredshape projections (~10mm) for attachment to a custom vice
to reduce vibration. Mice weigitially anesthetized using isoflurane-§%6) and then
placed on a heatgudatform (FHC, Inc) with a stei@axicnose cone to maintain anesthesia.

A large indgsion was made over the skull.Theconnective tissue and
musclessurroundinghe skull were removed using a figealpelblade (Henry Schein
#10). A headplate was attached using a three stage dental,adetabond (Parkell, Inc.).

The Metabond was chilled using ice, slowly applied to the surface of the skull, and allowed
to cure for 510 minutes. After securing the headplate, the skull was left either exposed or
was lightly thinned using a dental dridhd covered with a thin layer of clear adhesive
(LockTight 401, ULine, Inc.). We found that the Metabond dental acrylic alone was able
to firmly adhere to the animal 6s skull anc
adhered bone. During preparatiar histological validation, the headplate could not be
separated from the attached skull and the brain was extracted by removing the lower jaw.
The final headplate and dental acrylic structure additionally created a well for saline which
helped maintain skl transparency for imaging during the intact skull preparation. The
headplate was then transferrecatfiexiblearm to align the camera for imaging of the
cortex. The nose cone was realigned to allowctmtinuousdelivery of isoflurane while
having acess to the whiskers. After surgery, the isoflurane levels were dropped to ~1%

for alll i maging and el ectrophysiological e
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rate, blood oxygenation, and tpench responses were constantly measured for anesthesia
depth. Isoflurane levels were adjusted to maintain a constant level of light anesthetization,

monitored by heart rate, respiration rate, and functional cortical response.

2.2.3 Whisker Stimulator

All single whiskers were stimulated by a galvanometer syste&dampridge
Technologiesjo yield highfidelity sensory stimuli. The galvanometer stimulator has a
15mm extension to target single whiskers. The galvanometer system was controlled using
a custom developed hardware/software system (Matlab Realtime SinMhtiworks).

The realtime system controls the stimulus using two computers, a target and a host. The
target computer ran a proprietary Linux kernel that was controlled by the host computer.
The entire system was updated at a 1 kHz sampling rate, wittoacdsveloped algorithm

to output voltage commands using an analog output card (National Instruments). The
galvanometer system was positioned ~10mm from the mouse whisker pad and delivered
deflections on the single whisker in the rostraldal plane. Ungs otherwise noted we

used a simple exponential sawtooth (rise and fall time = 8ms) for punctate whisker
deflections®. The reported waveform stimulus velocity was determined as the peak
velocity during the waveform (1200 Deg/s). All stimulus waveforms were delivered in a
pseudorandom order with at least 4 seconds betweds twi reduce potential confounds.

Due to the fast rising edge of the sawtooth, all latencies were defined relative to stimulus

onset.

2.2.4 Cortical ArcLight and Intrinsic Imaging
ArcLight transfected mice were imaged through either intact or thinnedusid a wide

field fluorescence imaging system to measure cortical spatial activity (MiCamO2HR
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Scimedia, Ltd). During all imaging experiments, isoflurane anesthesia levels were lowered
to approximately 1%. The headplate was used as a saline well to kdemthsurface wet
during imaging, which dramatically increases transparency of the mouse's skull. Some
animals were chronically imaged through either intact or thinned skull covered with a glass
coverslip and/or Cyanoacrylate glue. The cortex was imagiag & 184x123 pixel CCD
Camera (Scimedia MiCam2 HR Camera) at 200 Hz. In all experiments, we had a field of
view of 4x3mm with a total of a 1.6 Magnification (48 pixels/mm). The particular optical
system used in this work has an optical resolution of Zi2%Numerical Aperture =0.141,
optical resolution = 0.618a/ NA). The camer a
resolution of ~20um per pixel; however, this resolution does not consider the scattering of
the light in the tissue. During experimenitalaging, the illumination excitation light was

left continuously on. The entire cortical area was illuminated at 465nm with a 400rAW/cm
LED system (Scimedia, Ltd) to excite the ArcLight fluorophore. The excitation light was
further filtered (Cutoff: 47230nm bandpass filter, Semrock, Inc) and projected onto the
cortical surface using a dichroic mirror (Cutoff: 495nm, Semrock, Inc). Collected light was
filtered with a bandpass emission filter between wavelengths of 520/35 nm (Semrock, Inc).
The imaging sytem was focused at approximately 300um below the cortical surface to
target cortical layer 2/3. The procedures for mapping and recording sensory responses in
the barrel cortex with the ArcLight voltage sensor is outlined below. For intrinsic imaging
of the hemodynamic response, the cortical surface was illuminated by a 625nm red LED
(ThorLabs), and imaged with the same camera system as above, at a temporal resolution
of 10Hz. During intrinsic imaging, no emission filters were used. In order to evoke a

cortical intrinsic response, the whisker was repetitively stimulated at 10Hz for 6 seconds.
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2.2.5

The mouse's whisker system was first mapped by imaging the rapid response to a high
velocity (1200 Deg/s) sensory stimulus to at least three whiskers. We used three criteria to
localize and isolate the barrel cortex: stereotaxic localization, relative evoked temporal
response, and topographic mapping of cortical activation. All imaging experimergs
centered on standard stereotaxic location of S1 (~3mm laterdl,rBn caudal from
bregma). The resulting whisker responses were averaged over 20 trials. The response was
determined to likely be from the barrel cortex if the average evoked flemesat the

onset of the evoked response (20 to 25 ms after stimulation) was spatially limited to
approximately a 250 um x 250 um area. Additionally, another criterion for functionally
identifying S1 barrel cortex was through topographic mappiifgthe center of mass

of activation across whiskers moveadnsistentlywith theposthoc histologically
identified barrels, activity was attributed to the barrel cortex. In some cases, S2 activation
was detected in response to whisker deflection and was rejested dn an extreme lateral
response (~3:54mm from midline) and lack of a clear topographic representation of the
whisker barrels. Once the barrel field was appropriately mapped, we selected a single

whisker to be deflected for the entire experiment.

2.2.6 Simultaneous BloodOxygenation Measurements with Custom Monitor

During experiments where the combination of blood oxygenation and blood flow was
simultaneously captured, a small LED senso
specific sensor (Easy PulSensor v1.1, Embedded Lab) was modified to have frequency
filtering within the typical rodent heart beat (Analog Lowpass Filter Cutoff: 15 Hz). The
recorded value measures the changes in the absorption of infrared light (~940nm) to
measure changes in blboxygenation (and blood flow) over time. The reported values of

the heartbeat generated from the custom oxygenation sensor were cross validated with
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blood flow recordings of the commercially available physiological suite (Kent Scientific).
Paired blood [bw recordings and imaging was achieved using the simultaneous analog

inputs in to the camera system at 4 kHz (MiCamO2HR, Scimedia, Ltd.).

2.2.7 Simultaneous Local Field Potential Recordings and Analysis

In a subset of experiments, we simultaneously recotidedocal field potential (LFP)
along with the ArcLight imaging, using a similar prep as described above (see section,
Cortical ArcLight Imaging). After mapping the mouse cortical barrels, we removed a small
portion of the bone over the selected barrel.&imm x 1.5mm area) to have access to the
underlying cortical surface. We lowered a low impedance tungsten electrode (<500kOhms,
FHC Inc.) using a micromanipulator (Luigs & Neumann) to 300 um below the cortical
surface to approximately layer 2/3. We idiedtl the principle whisker through repetitive
manual stimulation of different single whiskers. Once we localized the principle whisker,
we attached the whisker stimulator and applied the sensory stimulus (above). We recorded
electrophysiological data ugira 128 Channel Cerebus system (Blackrock Microsystem
LLC.) continuously sampled at 2k Hz. All LFP signals were notch filtered at 60 Hz to
remove any electrical noise. Furthermore, we normalized LFP signals ontay-igll

basis by subtracting the aage 200ms prstimulus activity. In all cases, a zepbase

filter approach was utilized using custom Matlab (Mathworks) scripts.

2.2.8 Chronic Multiday Imaging Under Anesthesia

Three mice were first injected with the AAV construct and were outfitted witlhseoim

developed headplate device to maintain stable recordings (see above). In order to increase
the fluorescence recorded, the mouseds skt

original thickness (or until transparent) using a surgical drill overirifexted region
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(roughly 3mm x 3mm). After thinning, the m
(Loctite 401 Adhesive, Uline). During skull thinning, the ArcLight fluorescent responses

were briefly mapped to identify and localize the barrel cordter implantation, mice

were left to recover for at least 1 week before imaging again. Day 1 corresponds to the first
imaging experiment after 1 week of recovery post headplate implantation. The same mouse
whisker (A1) was imaged over the course of 28sgapecifically on days 1, 3, 5, 7, 14, 21,

28. Isoflurane anesthesia was held to similar levels across imaging experiment by
maintaining heart rate between50@ 0 bpm from t he ani mal 6s pa
Isoflurane). During imaging the mouse coali responses were mapped with at least two
whiskers to identify the correct region, and presented with a velocity stimulus (described
above). The entire imaging experiment lasted approximat@yhurs each day. After

imaging, the cortical surface wasvewed with a silicone plug (Kwik Cast, World

Precision Instruments LLC) to prevent photobleaching of the fluorophore between

experiments. Mice were only imaged during the specific time points listed above.

2.2.9 Awake Imaging

At least four weeks after Arcght viral injection, mice were anesthetized under isoflurane

and were headplated using the above stated protocol. Over the course of 3 days preceding
the first imaging experiment mice were routinely handled to gain familiarity with the
imaging system andrimobilization device. During this acclimatization period mice, were
increasingly head fixed for longer periods of time, for 15, 30, and 45 minutes respectively.
During stimulation of the whisker, mice were prevented from interacting with the whisker
stimulator by obstructing the path from the paws to the whisker. Mice were rewarded with
sweetened milk (Nestle, Ltd.) throughout imaging, which greatly helped to reduce animal
frustration. After 3 days of handling and acclimating, mice appeared to be calntivehile

head was immobilized in the headplate restraint system. During passive stimulation of the
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whiskers the mice often actively moved their whiskers. Therefore, the galvanometer was
placed 5mm from the face to prevent the whisker from slipping out of #mgpoiator;
however, the amplitude of the deflection was adjusted to maintain a consistent velocity

stimulation (1200 Deg/s) as presented in the anesthetized case (see above).

2.2.10 Histology

Histological samples were prepared by perfusing the animal trarebandith PBS
(Phosphate Buffered Saline) followed by 4% paraformaldehyde. Brains weréxpdst
overnight in 4% paraformaldehyde then transferred to PBS before sectioning. Thick
sections were cut using a vibratome ({00 Leica) and either directly moted or saved

for staining. In some cases, we cryosectioned thefp@déd brains to achieve thinner
sections (20m) for better imaging. Before sectioning, samples were submerged in 30%
sucrose in PBS posixation until saturated with sucrose (causihg tissue to sink). The
tissue was then snap frozen and embedded in OCT (Optimal Cutting Temperature
Compound, Tedpella, Inc). Thin sections were cut on a cryotonmenj2@\rcLight was
stained against using a Rabbit a@&P polyclonal antibody (Abcam) drAlexa 488
secondary (Life Technologies, Inc.). After staining, the sections were then counterstained
with Nissl (Neurotrace 640 Life Technologies, Inc.) to isolate neurons. ArcLight was
imaged using the 405nm laser on an NLO 710 confocal microscops)(@ed processed

using Zen software (Zeiss).

2.2.11 Voltage Imaging Data Analysis
In this section, we have limited our description of the analytical methods used to the
processing of the raw fluorescence signal. For specific description of the methods for each

figure shown, see the corresponding results Se@i8r2-3.3. All data analysis for
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ArcLight imaging was accomplished using custom written ireggysis software
(Matlab 2015a, Mathworks, Inc). A general outline of the image analysis is shown in Figure

2.3.

Raw images were loaded and converted from the proprietary file format of the imaging
system using custom scripts. Due to the natural decay of the fluorescent signal caused by
photobleaching, each trial was first normalized to a baseline and repertegercent
change in fluor ed cenlth ¢meagliidmenttwas calCslegi€d/ by
subtracting and dividing each trials fluorescence F(x,y,t) by the frame preceding the
stimulus delivery:

‘0 O

O O

:| '~<‘c
@)

where hb(X,y) is the frameof stimulus delivery (= F at t=0). A single region of interest
(ROI) was identified using the largest 9x9 pixel (~150 x ~150 um) area response at 25ms

post 1200 Deg/s stimulus onset.

Af ter nor mal pmeasurentemt, the signa stilwbmadr a large component

of hemodynamic noise (for example see Figu88). The observed noise was determined

to be centered aroundID Hz which corresponded with the animals ongoing heartbeat (see
Figure 2.3B, Appendix 1.1). This hemodynamic noise was remdousing a highly
correlated region of interest (GROI). This OffROI was defined as the 9x9 average pixel
region (~150 x ~150um area) at least 48 pixels (~1mm) away from the ROI with the highest
average correlation of fluorescence during the fisststimulustrial (See Appendix 1.2).

The OffROI region was fixed during all subsequent trials. The separation of Lmm typically
results in a background measurement that is highly correlated with the ROI while avoiding

the evoked response. We found that tlésance did not cause changes in the evoked mean
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response (seéigure 2.3F and corresponding results section), while allowing for

subtraction of ongoing hemodynamic fluctuations.

On each trial, the activity in the GROI 200ms preceding stimulus deliyevas projected

onto the ROI using a linear regression mo&ere 2.3C), which was then removed from

the activity within the ROI to produce the final time series data that was used for all
calculations (se€igure 2.3 legend for more detail). Due tbe fluorophoré®, positive
changes in membrane potential correspind decrease in ArcLight fluorescent activity.
Therefore, all traces here have been inverted to show a decrease in fluorescence as an

increase in intensity for aesthetic purposes.

2.2.12 Statistics:

In all cases, we first determined if the specific data wet® normally distributed using
the Lilliefors test for normality®3. If the data were normal we used #ppropriate (paired

or unpaired)-test for statistical difference. If the population was determined to have non
normal distributions, we conducted nRparametric Wilcoxon signerhnk tests to
determine statistical significance. All tests were conductdguthe Matlab Statistics

Toolbox (Mathworks, Inc).

2.3 Results

2.3.1 Experimental Setup and Histological Validation of Genetic Expression in
Barrel Cortex
We validated the location of expression of the ArcLight injections in the S1 barrel cortex

through posexperiment fixation and histological analysis of transfected animals. We
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localized the GEVI ArcLight in the mouse barrel cortex by injecting 1 pl of AAgynt
ArcLight-D-WPRESV40 (UPenn Viral Vector Core, AY-36857P) using stereotaxic
coordinates and a ioro-injector system (see Secti@®2.3). Similar to other published
work, we found that under the human synapsin promotor (hsynl), ArcLight expressed
predominantly in layers 2/3 and 5 of the mouse coft&Figure 2.1B-C). Based on the
limitations of blue light penetration to the superficial cortical layers, our dedor
fluorescence signals are a combination of layer 2/3 somatic, axonal, and dendritic
information along with layer 5 apical dendrites. Under further magnification, ArcLight
appeared to express across the cellular membFager¢ 2.1D), suggesting thahé wide

field response is a combination of all membrane related neural responses from the
expressed areas (i.e. soma, dendrite, axon). ArcLight has been shown in previous work to
highly express in the cellular membraii!®> We confirmed the expression of ArcLight

to the neural membrane, through &&P Eigure 2.1D) and Nissl Figure 2.1E) staining,

the combination of which is shown Figure 2.1F. ArcLight is derived from the GFP
molecule*® and therefore was counterstained with polyclonal-GmP molecules to
improve signal to noise over background fluorescence. These observations of ArcLight
neuronal membrane expression are highly consistent with recent work in the olfactory
bulb under similar conditions with the hsynl promdfér The histology highlights the
ability of ArcLight, under hsynl promoter, to genetically target all neural membranes,
which offers higher selectivity than traditionalltage sensitive dyes (VSDs) that bind to

all cellular membranes (neuronal and glial).

37



A A
R

i i
Ex. Filter H .

] 1 . .
L  Dichroic
o - —— -
465nm [ FNU Mirror

0.63x
Em. Filter

520nm

Merged

Figure 2.1.Experimental Setup and Histological Validation of ArcLight Expression.

A. The experimental setup for Araht imagingB. Confocal image of the characteristic
spread of ArcLight in the S1 barrel cortex (see SecBd@® Methods). Fluorescence
(green) from ArcLight excited with 465nm LED. Layers based on characteristic depths are
outlined in white, cross valated with Nissl stainC. Confocal image of ArcLight
expression. The ArcLight expression can be clearly seessslayer 2/3 and layer D.
Confocal image of ArcLight expression in cortical region cryosectioned and stained using
an anttiGFP polyclonalantibody. Fluorescence is clearly expressing in the neural
membranes. An example cell is highlighted with the white arEaveame section as D,
stained with Nissl (red) for identification of neural cell bodiesMerged image from D

and E shows fluoresneexpression in membranes surrounding Nissl (red) stained neural
somas. Expression appears to be targeted to both somatic, dendritic, and axonal neural
membranes.

\n /] - S1 Barrel Cortex

Whisker S /\ (AAV1-hysn1-ArcLightD)
Stimulus

2.3.2 ArcLight Response to Single Whisker Deflections

We measured the spatiemporal ArcLight fuorescence in cortex using a fluorescence
microscope and a CCD camera system (imaged at 200 Hz, for setup se@ EijuréVe

first applied our sensory stimuli to a single mouse whisker using a customized actuator (see
Section 2.22) and recorded the eked fluorescence response in the primary
somatosensory cortex (S1) (Fig@@). Specifically, we presented a strong (1200 Deg/s)

stimulus to a single whisker and recorded the evoked fluorescent cortical response (Figure
38



2.2A). Stimulus features such d&&se have been widely used across a range of laboratories
including our owA%18 inspired by high velocity transients of whisker motion observed in
active sensing®”16°,
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Figure 2.2.ArcLight S1 Cortical Response to Punctate Deflection

A. Single session ArcLight fluorescent response to single whisker deflection. Top numbers
in each frame represents the time post stimulus, captured at 200 Hz. Each frame is
normalized tothe frame at stimulus delivery and averaged over 102 trials of stimulus
presentation. All data shown in Fig#2, has also been pgstocessed using the GROI
subtraction method shown in Figu&3, and FigureAl.2-3 (see Methods Section
2.2.11).The ginal starts at time 20ms post stimulus and grows to activate a larger region
of the barrel field and slowly dissipates back to baseline fluorescBnddean single
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session temporal response from a single 150 x150 mm region (red square 35ms post in A)
within the spatial activity in Figur@.2A (102 Trials) +/ S.E.M. Top trace represents
galvanometer input to the whisker syst&nGrand average temporal response within the
peak 150 x150 mm region (n=31 experiments, across 8 anirBalSpatial comparison
between ArcLight response (Left, 102 Trials) and Intrinsic (Right, 10 Trials) response in
the same animal reveals similar localization of activation to S1 barrel cortex. Intrinsic
response captured at 10Hz with 625nm excitation. ArcLight spatial imageseeps the

mean 40ms to 100ms response to an 11 degree ramp and hold deflection. Intrinsic spatial
image represents the mean 0.8s to 2s response to during a 6s 10 Hz 1500 degree/s pulsatile
stimulus. E. Evoked activity map generated by stimulating fouiskérs independently
(D1,C1,B1,Al1). Overlay represents a 50% contour of the fluorescent sensory signal.

fluorescence consistent with the reported topography of S1 barrel cortex. Each imaging
experiment consisted of 800 trials, which were subsequentyeraged, and post
processed using the stated methods (Seétibil). Unless otherwise noted, we utilized

an OffROI subtraction method to remove the hemodynamic signal on a pixel by pixel
basis across the entire image. For every experiment, aR@ffvas selected, scaled, and
subtracted from the ROI to reduce ongoing hemodynamic noise (see EZRjanel Section

2.2.11 for more details of this procedure). Note that theR@#i subtraction method
produced similar results to the raw averaged signal (asdtshown). Similar to published
wide-field voltage sensitive dye imagiféf1’%1"3 the recorded voltage response initially
started in a small region approximately the size of a single mouse barrel and rapidly
increased to a much larger area encompassing much of the barrel cortex ZR2gya

~35ms post stimulus). The fluorescence then decayed over the course of ~600ms, until
returning to baseline activity. We calculated the total area of activation by normalizing
each dataset as a percent chafrgEoovereedehb
2.2.11), and spatially smoothing the images with a small 100x100 pm Gaussian filter
(similar to Gollnick et al., 2015). The total area of activation was calculated as the cortical
area corresponding to the 50% contour of the mean pspé&nee between 28 ms post
stimulus (See Sectiad2.11). We measured the initial spatial response to be on average

1.92 +f 0.879 (SD) 10 um? (N=31 experiments, 7 animals). This initial activation
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corresponds to a region of approximately 425 x 425qur,2 cortical barrel$’*1’> These
results correlate well with intracellular recordings from layer 2/3 cortical neurons that show

that surrounding drrels receive subthreshold sensory input from a single whidker

In order to determine if the area of expression caused by the viral injection changed the
observed evoked spatiabésponse, we compared the evoked spatial response across
different mice with different patterns of ArcLight expression. Using ainmtted mouse,

we determined the overall level of baseline autofluorescence with our imaging system. We
developed a threshb (two times the baseline average autofluorescence from the non
injected mouse) to approximate the area expressing the ArcLight protein. We found that
our cortical injections produced expression across approximately 50 #9(4%o SD) of

the recorded 4mm 3mm Field of View. We found no correlation between the expressed

area and the evoked spatial responge (RO75).

To characterize the temporal dynamics of the evoked signal, we reduced the spatial
information down to a single region of interest cep@nding to a mouse cortical barrel. A
single region of interest (ROI) 150 x 150 um square was selected as the area of maximal
response to the whisker deflection (see box outlined at 35ms, Rigée The following
analysis was conducted on the averaggponse in each experiment (containinglb0

trials). For every experiment, an @ROIl was selected, scaled, and subtracted from the
ROI to reduce ongoing hemodynamic noise (see Figir@nd Sectior2.2.11 for more

details of this procedure). A represative temporal response from the ROI during a single
imaging experiment is shown in FiguzeB (Grand Average Figur2.2C). In order to
provide the best estimate of the temporal parameters based on our sampling frequency (200
Hz), we approximated the rasurements using linear interpolation and approximated the

signal corresponding to the observed frame. The average signal onset, defined as the post
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stimulus time corresponding to the first frame reaching 10% of the maximal value, was
determined to be 15mg-5ms (SD, standard deviation). We calculated the average time
from stimulus presentations to 50% and 90% of the peak response as 2Gms -&hd
30ms+f10ms (SD), respectively (across experiments, n=31, 7 animals). The mean
ArcLight cortical responseignal reached peak intensity at 35ms ¥bms (SD) post
stimulus with a mean peak response®@b1 +/0. 24 ( SD) %mF/ Fo. Gi ve
ArcLight fluorophore reported riseme, time between onset and peak, of20Mns
129133148 our observations here correspond well with publishedivo anesthetized
cortical extracellular single unit activity in layer 2/8and simultaneously recorded LFP
signals (See Figur24). Upon reaching peak, the signal decayed back toibassler a
highly variable range from 5300ms. Across all animals (Figui2&2C, n=31 experiments,

7 animals), the mean decay rate to 50% and 25% of maximal response was-9%5ms/

and 245 +/200ms (SD) [median: 50ms and 155ms], respectively. A smsdicondary
activation typically occurred approximately 3@00ms post stimulus (Figuiz2B and
Figure 2.2C). A large secondary onset was only found in approximately 25% of
experiments, and was defined as a period of rising activity for a duration @msJtbst

stimulus, and has been shown in widefield recording using voltage sensitivE ‘dyes

The determined amplitude of the average ev
other reported voltage sensors average peak responses in the S1 barrel cortex [Mean
Evoked Amplitudes, VSFP 2.3: 0.79¢/ . 2 1 % %pRH1691:0.70+0 . 4 % WF/ Fo

and RH1691: 0.26% +0 . 1 1 % '¥predafless of imaging setup, sampling rates, and
anesthesia. Note even the same sensor (Example, RH¥%89has produced a wide range

of reported amplitudes, and varies heavily on experimental preparations. The average peak
amplitude of the evoked response is similar, but reduced compared to in vivo ArcLight

responses from the olfactorybul ( r epor t ed 1% asplelat 025HYE ThepF / F o
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spatial and temporal results are also similar to published-freldie imaging reponses
using organic voltage sensitive dyes (RH 169191 and RH 7957) as well as other
GEVIs (VSFP 2.%Y). Taken together, this evidence demonstrates that on average ArcLight
is able to resolve sengoevoked cortical responses that are comparable to other voltage

SEeNsors.

One key benefit of wid@eld imaging using voltage sensors is the ability to resolve
functionally-relevant cortical structures. As an initial validation, in one experiment we
compared the spatial component of the ArcLight activation to that obtained through
conventional intrinsic imaging (see Sect®@.11, Figure2.2D, left panel ArcLight, right
panel intrinsic imaging). This resulted in good topographical correspondence b#tereen
two approaches. We further recorded spatial activity using ArcLight when stimulating
multiple individual whiskers to generate an activity map of the barrel cortex. We stimulated
surrounding whiskers orgy-one using the precise galvanometer while rdicgy the
evoked sensory response using ArcLight. We found that multiple whisker representations
could be isolated across the barrel cortex (Figu2&). When we superimposed these
cortical activation regions, the resulting ArcLight responses correlatidwite the

stereotaxic alignment of a typical the histological barrel map (data not shown).

2.3.3 ArcLight Shows Slow Rate of Photobleaching in vivo

To achieve the fidelity of imaging presented in Fig2i&2 we developed several analytical
tools that areelscribed indepth here. ArcLight has been shown to be very photostable over
long periods of excitatiorin-vitro 12%144145and therefore is ideal for long imaging
experiments. We also found this to be the case here, where ArcLight showed only a small,
slow linear decay of fluorescence over time. Véeednined this by continuously exposing

the cortical surface to constant blue (465nm) excitation during each imaging experiment
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(=35 min), and applied either a whisker stimulus or no stimulus. During the no stimulus
portion, we calculated the mean fluoresce in the selected ROI, and fit a linear model to
predict the decay over time. The average slope of the linear decay of the ArcLight was
found to be a 0.3 +0.24% S.E.M change in fluorescence per minute (n= 31 experiments
across 7 mice; mean?Ralue=069, Figure2.3A, with 400mW/cm LED system,
Methods). Based on our optics, this LED excitation corresponds to an approximate
40mW/cn# overall intensity. The overall result of the slow rate of photobleaching appears
to be consistent witin-vitro findings'*®. We subsequently accounted for the ArcLight
photobleaching decay, as well as differing amounts of overall baseline fluorescence, by
normali zing each frame as a pé.rMhisapproach v er
has been widely used in fluorescenmaging as a method to normalize and compare across
animalst’®. In this work, we define our baseline fluoresceng@&E the single frame when

the stimulus was delivered.
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Figure 2.3.PostHoc Analytical Methods For ArcLight Widefield Imaging.

A. Continuous 465nm excitation of ArcLight causes slow decay of fluorescence over time.
Each session was normalized to the first frame to compare responses across animals. Each
imaging session was sampled ever§ €econds over approximately 35 minutes and fit to

a simple linear model to calculate the slope of decay (mean experiment R2=0.70, n=31).
B. Normali zed %pF/ Fo single frame and rep
hemodynamic signal. Blood vessels are cleseln outlined in yellow. Regions of interest
(ROIs) separated by ~1 mm show highly correlated signal duringstironlated trials.
Simultaneously recorded blood oxygenation (green) taken from the hindpaw shows a
similar phase shifted signal matching thelRred) and OHROI (blue) response. Asterisks

(*) highlight times of large artifacts and potential respiration. Black guidelines help
visually determine alignment of the signd@sPrestimulus (200msh or mal i zed ( %mF
period shows highly correlated signals with a linear relationship (R2=0.89, 1Trial). Pre
stimulus fitting was used to generate model for ongoing activity for subtradion.
Example trials comparing raw GROI %-/Fo (blue), ROI %F/Fo (red) and the Off

ROI subtraction (black) method. Stimulus given at time (t=0) black aEEo@®omparison

of raw and OfROI subtracted single frames taken from Trial 100 (Fi@u8® top). Off

ROI subtraction shows clear reduction in the hemodynamsjmoreseFF. Mean response
between the raw ROI (red), raw ROl (blue), and OHROI Subtracted (black) method

shows similar temporal averages (n=1,102 Trials). Clear oscillations are still prevalent in
raw averaged condition; however, these oscillatioasabsent in the Off ROl Subtracted
condition.
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2.3.4 Reducing Hemodynamic Signal With Post Hoc OfROI Subtraction

Analysis
In addition to the decay caused by the photobleaching, we observed large fluctuations in
the fluorescence signal at frequencies condisteth hemodynamics (Figur2.3B, 7-
10Hz). Hemodynamic signal is a common feature of ghe&en light excitation
fluorophores due to the overlapping absorption spectra of hemodbid We directly
measured the hemodynamic signal in the fluorescence imaging using simultaneous
recording of the blood oxygenation with a @mtdeveloped blood oxygenation sensor on
t he mouseds hi 2i2BpWendetérmired thabthechémodynamic signal was
moderately correlated at fixed 30ms delay (mean Pearson correlation: 0.64.6+8D),
across 102 trials) with changes in bidtow and oxygenation in the hifgaw. The general
single trial pattern of activity between the two signals showed good correspondence (Figure
2.3B), suggesting that the observed oscillatory signal was likely due to the overlapped
excitation frequency (4hm) between the ArcLight fluorophore and hemoglobin (See
Appendix 1.3). Although the blood oxygenation signal is similar to the hemodynamic
signal in the voltage fluorescence imaging, we observed differences in the two signals,
specifically in the introdction of larger artifacts likely due to respiration (Figa8B,
black asterisks[*]) that were absent in the fluorescence response. Therefore, we sought
additional methods as a model to remove the ongoing hemodynamic response in the
fluorescent signal. Asimple notch filtering at the heartbeat frequency -{DHz)
dramatically distorted and reduced the evoked ArcLight response, and was thus not a viable

approach (See Appendix 1.1).

To counter the hemodynamic interference, we instead developed a posiheclinear
model to take advantage of the highly correlated nature of the hemodynamic signal in the

fluorescence signal across pixels. Using this method, we extracted single trial information

46



by subtracting a linear projection of an &0l signal fromthe ROI time series. The Off

ROl was selected as a highly correlated region at least 1mm away from the ROI, as defined
from the evoked response (Figl#8C, Methods, mean distance between ROI and Off
ROI: 1.35mm, range of distance: [1.41585mm]). The @&-ROI region was always placed
further than the 50% contour of the maximal sensory evoked response (mean max evoked
radius: 0.60 +/0.261 mm). To avoid subtracting stimulus information, we only used
200ms of prestimulus activity to determine the corresling coefficients of the
projection. Similar to other widely used subtraction meti8tishere is a potential of the
introduction of neural responses, and the negation of common brain states. Despite these
limitations, we foud this OffROI subtraction technique was suitable for our purposes of

measuring the relative evoked activity caused by the sensory stimulus.

Using both fluorescence normalization and-R®I subtraction, we dramatically reduced
the ongoing noise and impred the single trial signéb-noise ratios (Figur@.3D, single

trial example; Figur@.3E, trial averaged). Qualitatively, we observed that theRQif
subtraction significantly reduced the hemodynamic component of the ArcLight signal,
without compromimg the evoked response, seen in both time series and spatial
representations (Figurz3D, E, for details see Appendi.1.2). To better quantify the
reduction in noise, we assessed the ability to detect evoked responses from the ArcLight
signal with andvithout Off-ROI subtraction. Here, we measured single trial simabise

ratio (SNR) by comparing the mean evoked response betwedn2$ post stimulus to

the variability of onrgoing noise across all sessions (n=31 Experiments, 3008 Single
Trials). Thenoise (N) was defined as the mean standard deviation of the ArcLight signal
over the 200ms window before stimulus onset. We found that with trial averaging the
ArcLight response could be detected [mean response SNR: 11-885-8D); however,

single trals were too embedded in the noise to be clearly separated {SirajlENR: 0.99
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(+/- 1.64 SD)]. In contrast, the GROI subtraction method dramatically increased both
mean [30.0 (+/27.37 SD)] and single trial [4.02 ¢(+1.93 SD)] SNRs (Figurg.3D, B.

The ArcLight SNR of the average response (with and withowtRQIf subtraction) is
comparable to other voltage indicators, (VSFP Butterfly°9.2However, without Off

ROI subtraction, the raw single trial SNR is noticeably worse than the reported single trial
SNR values in other GEVIs (VSFP Butterfly % and VSFP 234 However, it is
important to note that these FRET based GEVIs utilize-lpostratiometric subtraction
methods to improve SNR. By gaining access to single trial information witfROF
subtraction, we dramatically increase the usability for viielel imaging of ArcLight in

behaviorally relevant contexts.

2.3.5 Comparison of ArcLight Response to Simultaneously Recorded Local Field
Potential

In order to validate ArcLight as a correlatieneural activity, we simultaneously measured

the local field potential (LFP) while imaging the cortical response to punctate whisker

deflections (Figur@.4). Based on the histological analysis, and the limitations of blue light

excitation '8, we expect that the ArcLight response is predominantly from layer 2/3

neurons (Figur@.1). Thuswe inserted a low impedance electrode approximately3280

pum below the cortical surface near the centroid of the evoked response, and simultaneously

recorded the corresponding LFP during an anesthetized imaging experiment (see Section

2.2.7). The followng data represents comparisons between the simultaneously recorded

ArcLight and LFP responses (for details see Sec®i@n7).The LFP signal has been

notched filtered at 60Hz.

We compared the resulting stimulus evoked responses in the LFP and the evoked

fluorescence, and found similar characteristics between the two signals, shown in Figure
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24B. Specifically, we found that the average LFP and ArcLight responses during whisker
stimulation were correlated [mean peak Pearson correlation: 0-@5@#/18SD)] shown

in Figure2.4A (n=5 experiments, across 2 mice). Furthermore, we determined the peak
correlation between the LFP and the ArcLight response was 3586n{$ SD, Median:
25ms), delayed relative to the LFP signal (FigaB). Note, the determinedrcLight

peak response was highly variable (rangel@8ms). During the simultaneous ArcLight

LFP experiments, the average peak response was208d (SD) post stimulus (Median:

60ms, n=5 paired recordings, across 2 mice).

We directly compared the diffence in temporal dynamics between the evoked LFP and
the cortical ArcLight responses (FiguelC) by measuring the onset, 10% to 90% rise
time, and the 50% decay time for the simultaneously collected LFP and ArcLight signals.
Note, the relationship betwe the LFP and the membrane potential is quite complex (for
review seé®?), where the exact coupling between the LFP and the membrane potential is
still being discovereld®. Other work has suggested that the LFP is an approximation of the
temporal derivative of the membranetguatial 24 However, more recent work has noted

the potential influence of filtering properties on relating the LFP to the membrane potential,
and thus caution needs to be used in interpreting thiforehip'®®. Our comparison
between the temporal dynamics of the LFP and the ArcLight response may not account for

this complex relationship between the LFP and the membrane potential.

We found that in general, the response onset (roeaat (+/ SD) LFP: 8.6 (0.75) ms,
ArcLight: 20 (5) ms) and rise time (mean rise time 8D) LFP: 4.7 (1.7) ms, ArcLight:
30 (15) ms) of the evoked cortical ArcLight signal was2bins later than the LFP response
(Figure2.4C). However, the mean ArcLiglignal decay time was prolonged relative to

the LFP decay time (mean decay-Gi) LFP: 35.5 (18.5) ms, ArcLight: 170 (108) ms).
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This long excitatory tail has been a characteristic of other voltage sensitive imaging
techniques, including voltage sengit dyes'’” which have substantially faster temporal
dynamics, as well as other GEVIs includvM§FP 2.3'%%. Therefore, this slow decay from

the initial response may nobtirely represent limitations of the molecule, but potentially
additional physiologically relevant information. An alternative possibility is that the long

tail is a hemodynamic artifact that has not been removed with thR@IffSubtraction
technique org part of an intrinsic hemodynamic response. However, due to the prevalence

of this long tail in other published sensdf$;!%lit is likely that the prolongefluorescence
response represents prolonged excitation caused by a strong sensory stimulus. These data
suggest that at the least the average ArcLight signal represents the average fast transients

present in the LFP.
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Figure 2.4. Simultaneous Paired Extracellular Local Field Potential and AcLight
Fluorescent Recordings.

A. Spatial average fluorescent response (100 Trials) to strong whisker deflection 25ms post
stimulus showing the ROI for peak ArcLight sa (captured at 200Hz) and the LFP
location (captured at 2kHz).All GEVI data shown in Fig@é has also been pest
processed using the GROI subtraction method shown in Fig@8, and Figur.11 (see
Methods Sectio2.2.11)B. An example simultaneolyscaptured mean LFP (black) and
ArcLight (blue) response (+/S.E.M.) to single punctate whisker deflection (n=1, 100
Trials). Note that LFP and ArcLight signals have been inverted. Both signals have been
low-pass filtered at 100Hz using a 2nd order Butteth filter (n=1). C. Comparison
between the temporal characteristics of the two signals. Note the similarly delayed 20
30ms onset and rise times compared to the LFP signal, and dramatically longer decay
observed in ArcLight responses (n=5; $/E.M)D Spontaneous correlation between the
simultaneously recorded LFP and the measured ArcLight response shows weak but
significant correlation ( n=5, 100 trials eachhv&tue for the max correlatiop£0.046 at

35ms lag. E. Mean correlation across singléatrresponses between simultaneous LFP
and ArcLight (n=5, 100 trials each). Stimulus (red) and Shuffled Stimulus (turquois)
condition show similar correlation between signals suggesting common iRgeésarson
correlation coefficient between peak amplgsd(across a 20ms window) of LFP and
ArcLight response shows significant differences between the Stimulus and Shuffled
Stimulus condition (n=5 experiments).
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In addition to comparing the mean LFP and ArcLight response, we determined how well
the ArcLight sgnal captured the single trial LFP response (Figuted-E, n=5 whiskers,
across 2 mice, 100 trials each). On a single trial, we measured the correlation between the
ongoing LFP signal and the resulting ArcLight fluorescent response. We found that the
spmtaneous LFP and ArcLight responses were only weakly correlated periods of
guiescence, Figur@4D, [maximum average Pearson coefficient Spontaneous: 0.076
(0.067+f SD) at 35ms post stimulus], that was significantly different compared to a trial
shuffled case [mean Pearson correlation Shuffled Spontaneous, 0.000.¢2/ SD),
p=0.046, unpairedtest]. Although the single trial correlation between LFP and ArcLight

is low, these results are consistent with the weakly correlated single trial LFP and similar
wide-field voltage sensitive imaging techniqu¥s During stimulation periods, Figure
24E, we also found that the LFP and the ArcLight were slightly more correlated [mean
Pearson correlation Stimulus: 0.22-(@/063 SD), temporal lag of 35inshown in Figure

24D (red trace). However, when we shuffled the trials to determine the correlative effects
from the input, the correlation between shuffled and unshuffled signals was very similar
[mean Pearson correlation Shuffled Stimulus: 0.13 @#/0 SD), p=0.1275, unpaired t
test], suggesting that the correlation observed during stimulation was predominantly

associated with the strong evoked response.

Instead of simply correlating the entire signal, we focused our analysis on determining if
theLFP signal and the ArcLight evoked stimulus response amplitudearcsl. Here, we

define the single trial response amplitude as the difference in activity between the signal
preceding the stimulus and maximum response within a 20ms window during egtfgima
sessionbs pealkA4F). Bylimitng the andlysis tg the ewoked peaks, we
determined that the evoked response amplitudes between the two signals were correlated

[mean Pearson correlation Amplitude: 0.29-@¢+17 SD)]. Moreover, when wehsffled
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the trials this correlation between the response amplitudes disappeared [mean Pearson
correlation Shuffled Amplitude:0.0018 (+/0.09 SD), p=0.009, unpaireddst]. These

data suggest that the ArcLight and LFP amplitudes weaklsacpin responsto a sensory

input. Taken together, these results suggest that ArcLight has the capacity to capture
evoked features similar to evoked LFP, and potentially provides additional information on

ongoing cortical processes.

2.3.6 ArcLight Cortical Response to Comgex Stimuli

Given the relatively long decay of the signal as measured by ArcLight in response to a
single, punctate sensory stimulus, this naturally begs the question as to the nature of the
response to more complex inputs. To determine the temporaliltégsbf ArcLight to
represent complex stimuli, we presented a range of inputs to the whisker and recorded the
downstream evoked cortical fluorescent response. We selected complex inputs that have
been commonly used in the rodent vibrissa systéi¢18° and therefore, these stimuli
represent an additional comparisao published traditional electrophysiological
recordings. Again, mice were anesthetized under low isoflurane (Methods), and stimulated
using a high fidelity galvanometer device on a single whisker 10mm from the face. We
presented a range of sensory inpfittm a simple ramyandhold °°1%1 to pulsatile
frequency deflections (2-80hz), and recorded the evoked ArcLight response (Figure
25A, n=3 whiskers, acrosa animals). Each trace represents the average response (100
trials per animal, 3 animals) within a single region of interest taken as the maximal response
25ms after stimulus presentation. In response to the-earttpold stimulus, the cortical
ArcLight response shows two clear peaks of activity corresponding to the rising (ON) and
falling (OFF) stimulus events (FiguBbA, panel ). The two ON and OFF sensory peaks

are representative of a welbcumented velocity sensitivity of the rodent whisker

somatosesory pathway!8176.19  Additionally, we found that ArcLight S1 cortical
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responses clearly resolved repetitive frequency dependent inputs between the ranges of
2.520 Hz (Figure2 5A, panel 25), with evoked peaks of activity corresponding to the
presented sesory stimulus. However, high frequency (Figg®A, panel § 40Hz)
deflections produced an overall increase in fluorescence that failed to clearly follow the
sensory input. These results are summarized in FiJ5B; showing the amplitude of the

peak AcLight response as a function of stimulus frequency. The high frequency 40Hz
stimulation is at the upper limit of the innate capabilities of ArcLight basei-gitro
studies*®. Thesen-vitro ArcLight experiments demonstrate fast temporal dynamics with
a1020ms rise timé®*% and approxi mately 20ms decay,
ability to represent high frequency information greater than 40Hz. Note that few studies
have specifically examined the frequency encoding in mice under isoflurane armestbe

the limitations from a coding perspective are presently unclear. Taken together, these data
demonstrate the use of ArcLight as a measurement of complex stimuli and frequency
content in the S1 barrel cortex, and highlights the potential limitatmmesolve high

frequency information.
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Figure 2.5.ArcLight Response to Complex Stimuli.

A. All GEVI data shown in Figur.5 has been pogirocessed using the GROI
subtraction method shown in Figu2e3, and FigureAl.3 (see Methods Sectiah2.11)

.Each panel shows the temporal response taken from a single ROI during specific complex
whisker stimulation (n=3). Each panel shows the corresponding galvanometer input (black
trace), and the corresponding Aight (blue trace) output response. ArcLight shows clear
response from 2.5 to 20 Hz; however, ArcLight is unable to clearly resolve whisker inputs
of 40 Hz.B. Mean peak amplitude for each stimulus taken as the difference between the
evoked peak fluorescea and the fluorescence preceding each pulse.
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2.3.7 Stability and Variability of ArcLight as a Measure of Cortical Response

One critical component of any imaging fluorophore is the stability of the observed response
over time. Our goal was to determine if tAecLight cortical response dramatically
changed during a long imaging experiment with continuous excitation. On a single trial,
we would expect differences in activation of the barrel cortex due to various sources of
neural variability*921°3 however, the average response over many trials will ideally remain
relatively consistent during each experimeneéré] we analyzed the single trial evoked
sensory response during an imaging session after removing the shared hemodynamic signal
using the poshoc OffROI subtraction method. Figui26A shows the peak response
frame averaged across trials for a singleskér deflection. For this analysis, we limited

our investigation of stability to the temporal component of the main region of interest of a
single mouse barrel (Figuie6A, red square, 150 x150 pum). For the outlined region of
interest, Figur@.6B Topshows the time series of fluorescence on a-triatrial basis over

102 trials. Notice, on single trial there is triatrial variability (Figure2.6B: 102 trials,
Figure2.6C Top 25 sequential trials). However, when we average over blocks of 25 trials,

the evoked signals appear to be quite similar, shown in Fagi@Bottom

We evaluated the stability within an imaging experiment by measuring the resulting
distribution of responses within blocks of 25 sequential trials (~600 seconds). In this
analyss, we only included one (the first) imaging experiment from each animal (n=7) to
avoid skewing the results with data from a single mouse. Each experiment was normalized
to the mean peak response for comparisons across animals. Specifically, we measured th
peak response amplitude within a 20ms window (FigLe® Leff). We compared the
resulting distributions of single trial response amplitudes between the first trial block

(~600s), and last trial block (2493s) of the experiment across each animal Egftire
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Righ). We found that within all experiments (7 mice) the difference between single trial
response amplitudes between the first and last 25 trial blocks were statistically insignificant
(Figure 2.6E Right, p>0.05, paired Student T Test). These resultgest that across the

entire imaging experiment the peak response amplitude remained highly consistent.
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Figure 2.6.Within Experiment Variability of ArcLight Responses to Single Whisker
Deflection

Note, all GEVI data shown in Figur26 has been pogtrocessed using the GROI
subtraction method shown in Figlt8, and Figuré\1.3 (see Methods Sectidh2.11).A.
Example of the average cortical response (102 Trials) of a 1200 Deg/s single whisker
deflection. The spatial activity is reduced to a single response of a 9x9 pixel (~150 x150
mm) area for subsequent analysBsSingle trial variability of the ArcLight response.
Stimulus onset at 200ms. Each row represents a single trial in an entira,sgksi@ each
column represents the region of interest at a single frame (200 Hz frameCrakep.

Single trial timeseries of the first 25 sequential trials. On a single trial, the evoked response
is quite variableC. Bottom The average response istgistable over time as determined

by the similarity of the 25 trial averagds. Left. Mean peak amplitude (-8.E.M) of the
response in a 25 trial moving average over an entire imaging sé3siRight. Mean
responses across all mice (n=7) in 25 triaicks during imaging session. Across all
animals the first and last trial blocks were not significantly different (n=7, p>0.05 Paired t
Test).
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In addition to the stability of the ArcLight response, we also determined the within
experiment variability of th evoked response, regardless of any temporal drift. Similar to
published voltage sensitive dye recordin§$ ArcLight exhibited high variability in
fluorescent responses to a simple stimulus, shown as a 25 trial exafFiglere2.6C (102

trials, 1 animal)]. We used the methods described above and averaged the fluorescent
response across a moving 25 trial window to track parameters over time. We found that
the withinexperiment ArcLight response amplitude varied by 12[2864.6 SD across 7

mice], measured as the standard deviation across an entire imaging experiment. These data
suggest that the ArcLight cortical response is relatively stable across a long imaging

experiment and exhibit variability that is consistent wither measurement modalities.

2.3.8 Repeatability of ArcLight Recording over Multiple Days

One of the great benefits of genetically expressed voltage probes is the ability to record
from an animal over many days, weeks, and months. Repeatedly imaging oyedaya
dramatically increases the data gained from a single animal, which may be of particular
importance for behavioral experiments where mice need to be trained over weeks or
months. To test the repeatability of the ArcLight response, we recorded/akede
fluorescence to the deflection of the same single whisker over a series of days
(1,3,5,7,14,21,28). Each imaging experiment lasted approximatdy hturs. We
controlled isoflurane levels through constant measurement of physiological parameters
(mairly heart rate, see Secti@®.8) to minimize effects of different depths of anesthesia
across days. Furthermore, we always attempted to stimulate the same whisker across
i maging experiments. During one iIimaging ex
target whisker was not present, and therefore, we imaged the response to a different

whisker in this isolated case.
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We found that we were able to record the evoked responses over the course of 28 days
(Figure2.7A, n=3 mice). After 28 days, the fluorescemesponse was still clearly visible,
suggesting additional timgoints could continue. Over the course of a month the resulting
spatial (Figure2.7A,C) and temporal dynamics (Figuee/B), were consistent within an
animal across days to weeks. Acrossealberiments, we found that the ge@sponse

amplitude (measured as normalized to Day

repeated imaging sessions [mean response amplitude: @8+ 3 SD % Nor m @F/

mice over 7 imaging sessions]. Furthermore, we found that the responséudenpl
variability across sessions in the same mouse was slightly less than the observed variability
across different mice, but greater than the variability within an imaging session (Amplitude
SD Same Mouse: 18.3%, n=3, Amplitude SD Across Mice: 23%, Anifjlitude SD

Within Session, 12.2%, n=7). Although we attempted to image under the same
experimental conditions, the variability across days is expected to be higher than the within
session variability due to slight changes in window quality, anesthesia énd camera
alignment. In order to assess the consistency of the spatial information, we compared the
area of the evoked response across each day (RRgi®3. We measured the area of
activation as the 50% contour of the peak response of the meaBn&bpost stimulus
frames (Methods). We found that the evoked cortical area to be relatively consistent across
all repeated imaging experiment on the same whisker [meanlaé&a(+/ 0.348 SD) e5

um?, Figure2.7D]. The evoked area variability (SD) obsaivacross repeated imaging
experiments in the same mouse was less than the variability across mice and different
whiskers (Area SD Across Experiments Same Mouse: 21.0%, n=3, Area SD Across Mice,
41.4% n=7). These results suggest that repeatable imaginglafyAt is consistent over

the many weeks and months.
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Above, we considered variability independent of possible trends across days; however, in
order to determine potential drift, we compared the resulting distribution of single trial
responses betweenetliirst day, and final day of imaging (mean shown in Figur®).

We determined that a majority of the animals (2/3) experienced insignificant differences
between theSlday and 28 day (p<0.05, paired Wilcoxon Signé&hnk Test) of imaging.
Additionally, we found no clear trend in the evoked area of the evoked response (Figure
2.7C, shown as the square root of the area). Here, the evoked é8Bm&%post stimulus

in Mouse 2 slightly increased, in Mouse 3 slightly decreased, and in Mouse 1 remained
constaint. Even under extreme care, it is difficult to definitively determine the origin of the
change in evoked fluorescence considering the many different parameters including
window quality, experiment prep, and anesthesia level across imaging experintents an
across mice. Therefore, it is unclear whether this change in evoked response is due to
changes of the fluorophore (and expression) over time. Taken together, the above results
demonstrate the capabilities of ArcLight to capture spatial and temporahatfon over

many weeks and months. However, based on theaddgy variability, careful analysis

must be conducted when comparing and combining responses across days.

In addition to the evoked response amplitude, we determined if temporal dynamics
remaired consistent across many days of imaging. As shown in a subset of days (Figure
2.7B), the temporal dynamics appear to be highly consistent across imaging experiments.
We measured the Pearson correlation coefficient (PCC) across each imaging experiment
to determine the changes in temporal waveform of activation. Here, we found that the PCC
to be highly correlated across imaging days mean 0.758.328. In some imaging
experiments slight changes in evoked response did occur, particularly ~150ms post
stimuus in the presence or absence of the secondary activation. However, the overall high

correlation between evoked waveforms across weeks of imaging suggest that under highly
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controlled conditions, the same whisker stimulation produces very similar temporal

activation.
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ArcLight Cortical Response Across Repeated Imaging Sessions
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Figure 2.7. Multiday Imaging of ArcLight Cortical Response.

Note, all GEVI data shown in Figur27 has been pogtrocessed using the GROI
subtraction method shown in Figu?e3, (see Metlds Sectior2.2.11). A. Each image
represents the averaged ®fO1 subtracted %pF/ Fo -8omst i
post whisker deflection over the course of 28 days (each day 102 THBalE)neseries of

the ROI on selected days (1 [red], 7 [green], 28 [blue]). The tinessghows consistent
waveforms across imaging sessi@isEvoked peak response amplitude across repeated
days. Across all mice there is no apparent trend during the 28 day period. D. The 50%
contour of the evoked response seen in A. In this panel, tleesgoot of the area is
displayed to show an intuitive measurement of overall size of the evoked response
(assuming a n x n square). Again, there is no clear trend across the three mice during the
28 day period.

c al
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2.3.9 Awake Recordings of Evoked ArcLight Mean ad Single Trial Responses

Finally, our goal was to determine if ArcLight had the capacity to represent cortical sensory
responses in the awake rodent. Although previous studies have shown awake response of
ArcLight, these examples were in either differgpéciesDrosophilg or systems (mouse
olfactory bulb), which would not guarantee clear fluorescent responses in cortical
structures. Again, mice were left to express for four weeks before imaging (see Section
2.2.9). Mice were habituated over a periodtimfee days to withstand long sessions of
headfixation (Methods), but were not trained on any task. In order to prevent whiskers from
slipping out of the whisker stimulator galvanometer, the device was placed 5mm from the
face. We applied a similar stimulas shown in Figur@.2; however, the stimulus was
adjusted for the adjusted distance to the face. We report that ArcLight reveals a robust
sensory evoked response even under awake conditions in the S1 barrel corte @jigure

In Figure 2.8, we have stwn a representative sensory evoked S1 cortical response;
however, we observed similar responses across imaging experiments (5 whiskers across 3
mi ce) . I n the awake ani mal, we observed a
corresponding decrease the signato-noise ratio (SNR, 2.43 €.92 SD, n=5). During
periods of no stimulus presented to the whisker, the average spatial and temporal responses
were negligible, as expected (FigR&A top, B). When the whisker was deflected with a

1200 Deg/gulse, the evoked response showed clear spatial and temporal activity similar
to the anesthetized case (Fig@2, as compared Figut28A and B). Due to the high
variability of the ArcLight response, we would need substantially more data to make
additioral comparisons to the anesthetized case, and goes beyond the scope of this work.
Taken together, this work highlights the ability of ArcLight as a robust spatial and temporal

measurement tool of ongoing neural activity.
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Figure 2.8. Cortical ArcLight Fluorescent Responses in the Awake Mouse

Note, all GEVI data shown in Figur28 has been pogtrocessed using the GROI
subtraction method shown in Figlte3 (see Methods Sectidh2.11).A. Mean fluorescen
responses taken from the awake mouse (102 Trialg)op. Average spatial response
during no stimulus presentatioA. Bottom Average spatial response during stimulus
presentation (1200 Deg/s punctate deflectioB).Mean temporal fluorescent responses
from the ROI (black square, 30ms in A) with $/E.M.C. Example of 25 sequential single

trial responses taken from the same data set in the awake mouse. Clear stimulus evoked
activity approximately 20 ms post stimulus. Stimulus presentation represgntedck

arrow.
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2.4 Discussion
In this work, we examined the functional characteristics ofghmeetically expressed

voltage indicator (GEVI) ArcLight through testing in the widely used rodent sensory
whisker pathway. With recent advances in GEVIs, tieadarge demand to determine the

in vivofunctional limitations and capabilities for each new voltage probe. Since the initial
discovery and publicatiot¥® to our knowledge ArcLight has been predominantly adopted
as a tool for neuroscience researcBiasophila(Haynes et al., 2015; Kallman et al., 2015;
Klein et al., 2015; Sitaraman et al., 2015; Raccuglia et al., 2@hf)has not been widely
utilized in mammals. Other FRET $&d GEVIs such as Butterfly 1.2, and VSFP 2.3 have
been shown to measure widefield cortical respoimseso; however, the monochromatic
fluorophore ArcLight has yet been testedimvivo cortical systems. We found that
ArcLight produced a robust fluoresnt response in the S1 barrel cortex in the anesthetized
and awake mouse at high temporal and spatial resolution. We intend for this work not to
exclusively highlight the promise of ArcLight as a technique, but also to provide a roadmap

and a set of critéa for future GEVIs to be tested before widespread use.

2.4.1 ArcLight Imaging as a Method for Measuring Cortical Activation on a
Mesoscopic Scale
Here, we used widéeld imaging to capture changes in population dynamics across the S1
barrel cortex onamess c o pi ¢ s ¢ a | Widefield Oméaging  fan affermjtive
imaging modality that enables high temporal resolution recording across large structures
on the order of cortical columni®1%” We found that ArcLight was able to provide clear
and repeatable fluorescence responsesafigaesolved at the level of a single cortical
barr el on f ast t I me&2¢®), which njake8 & well sufted fors |, Fi

investigations into sensory precepts.
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One of the biggest concerns with wifileld imaging is the uncertainty of theigin of the
neurological signal responsible for the recorded evoked fluorescence. Using GEVIs, such
as ArcLight, we gain additional selectivity over traditional voltage sensitive dyes (e.g.
RH1691) by specifically targeting only neuron membranes and a&gpidhe
pharmacological effects of staining with dy¥& In this work, we utilized the human
synapsinl (hsynl) promoter to express ArcLight in predominately layer 2/3 and layer 5
neurons (Figur@.1). Additional genetic lines could reduce the uncertainty of expression
to a single layer, or neuronal subtype, thereby increasing the utilization of GEVIs to

measure specifim vivo circuit dynamics.

Similar to local field potential (LFP), ECoG, and BOLD fMRI, the underlying neural
correlate of the widéield GEVI response represents a combination of electrophysiological
sources. We directly compared simakaus recordings of LFP and ArcLight fluorescence
during sensory stimulation (Figure4).to determine the relationship between these two
modalities. On average the stimulensoked LFP and fluorescence were correlated with
some differences in temporal dyn&s. However, on a single trial, the ArcLight and LFP
signals were weakly correlated even during large evoked sensory features. Although the
single trial relationships between these signals are weak, the results are similar to weak
correlations found beteen LFP and voltage sensitive dye imagiiy Furthermore,
propagating waves of cortical activity traverse the cortical layers in complex patferns

and may compound as dynamic signals in itheivo fluorescent response that is not
represented in the evoked LFP. Additionally, witkdd recorded ArcLight fluorescence is
believed to represent a spatial measurement of neurabrasmpotentiat®®>*33 which is
fundamentally different from extracellularly recorded LFarthermore, the relationship

between the LFP and the membrane potential is quite complex (for t&jemith some
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work proposing that theFP represents the first derivative of the ongoing membrane
potentiat®®. However, this finding should be regarded with caution as the filtering
properties have beeshownto strongly influence the nature of the LFP and membrane
potential relationship? In paired intracellular and LFP recording experiments, LFP only
explains a limited amount of the signal variance in the membranetiptf€. Finally, due

to the large hemodynamic noise in the raw single trial, and the limitations of tHODff
subtraction technique, careful consideration must be taken when examining ArcLight
single triak. Taken together, our results suggest that while there are aspects of the wide
field ArcLight imaging that reflect features of the LFP, the ArcLight fluorescence contains

different and potentially additional information about cortical activation.

2.4.2 ArcLight Excitation Causes Substantial Hemodynamic Noise in Recordings
Hemodynamic noise is a known issueiforivoimaging of fluorophores with blugreen
excitation and emission®1’°® due to the overlap with the absorption spectrum of
hemoglobin. Most of the current GEVIs including ArcLight, Butterfly 1.2, and mNeon
Ace 138 all share bluggreen excitation and emission wavelengths which cause tremendous
noise forin vivo imaging. GEVIs based on FRET (Fluorescence Resonance Energy
Transfer) wltage probes, including Butterfly VSFP 2.1, have advantageso systems

due to the ratiometric approach of the two fluorescence signals, which allows direct
subtraction of a scaled hemodynamic signal. However, even these ratiometric approaches
still require additional pogtoc analysis to remove the properly scaled hemodynamic
components from the recorded signals, which has been shown to be-taviabn
issuel®®2°For the noAFRET-based imaging methodology of ArcLight, we found that the
ongoing hemodynamic noise required additional post hoc processing througrOOff
subtraction to gain access to single trial responséseir51 cortex of the anesthetized

mouse.
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2.4.3 Limitations of the Off-ROI Subtraction Method as a Tool for Removing
Hemodynamic Noise
Throughout this work, we implemented a scaled | subtraction method to improve
our ArcLight response and reduce ongohlmgmodynamic noise, similar to techniques
employed traditionally in processing vivo wide-field imaging responses in voltage
sensitive recording®%:171.180.202203awever, this technique has several assumptions and
limitations. By scaling and subtracting an ®0OI region, we are making general
assumptias about the shared dynamics of the noise spatially across the image. While this
Off-ROI subtraction method does have success in removing temporal hemodynamic noise,
careful considerations must be taken for spatial information, especially in locations far
from the region of interest. Additionally, the general assumption is that the observed signal
of interest is spatially confined, and care should be taken for signals not confined to a
particular brain region. We compared the mean of the raw data, arasth@qcessed ROI
subtracted obtained similar spatial signals (Fighte3). Additionally, similar to other
reference method&®2% we are subtracting shared information, which may include
spatiotemporal brain states, or evoked responses. To avoid these issues, we defined a 1mm
radius, which separates our ragiof interest and the model template. This assumption is
region specific to the S1 mouse barrel cortex, and therefore, must be adapted based on
anatomy, and functional responses. Overall, the methods described here detail the basis of
a general model forubtracting common noise; however, there is a demand for better
techniques for removing hemodynamic noise from spectrally overlapped excitation
wavelengths. Furthermore, future development of brighter and more redshifted GEVIs will

greatly reduce the hemwaamic influence in the recorded fluorescence signal.
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2.4.4 Comparison of ArcLight Cortical Responses to Previously Reported Voltage
Sensors
In this work, we focused on the performance of ArcLight to reflect the spatial and temporal
evoked response in the $arrel cortex. Although we did not directly compare ArcLight
to other GEVIs, the whisker evoked fluorescence responses are within the range of the
published temporal dynamics of voltage sensitive indicators in similar preparations
126,160.16}/ery few studies have conducted cortieadardings using the same preparations
described in this work; therefore, a direct comparison between GEVIs remains difficult.
However, certain features of the mesoscopic whisker evoked S1 cortical response are
consistent across imaging sensors and prédldesbserved a strong sensory driven cortical
response, that produced fluorescence changes similar to other GEVIs (VSFP Butterfly 1.2,
and VSFP 2.3) and Voltage Sensitive Dyes (RH1691). These features include a sharp rising
transient event lasting approxitely 30-50ms?!26:169.161 anda longer tail which follows
the response and decays ov e %dditienally,the a f e
average evoked response SNR for ArcLight was similar to other GEMIigVer, on a
single trial the SNR was substantially worse which required the-hpastOffROI
subtraction method to recover these signals. We observed that ArcLight was only able to
represent content up to approximately 20 Hz whisker stimulation; howex&much of
this limitation is due to the imaging modality versus the dynamics of the pathway is unclear.
Other FRET based sensors have also reported frequencies of up to 20 Hz to sensory stimuli
in other systems using similar techniqde¥®®> Recently devel oped GI
ASAP1 2% AcemNeon %6 MacmCitrine 2%/, and Quasarl report higher temporal
resolution; however, most of these voltage probes havgetdeen fully testeth vivo.
We found ArcLight imaging had a slow rate of photobleaching with consistent responses
recorded over a duration of approximately 35 minutes of uninterrupted imaging (Figure

2.3). Currently, there is no perfect GEVI that danes dynamic fluorescence range,
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photostability, large signals, and fast temporal dynamics. The results of this work, suggest
that ArcLight is capable of reporting sensory evoked responses in the cortex, and can be

used chronically to measure over manysit weeks.

2.4.5 Future Applications of ArcLight and GEVI Imaging

In summary, this work has demonstrated the potential use of the GEVI ArcLighiras an
vivo method for investigating cortical circuits on a mesoscopic scale in the awake and
anesthetized ama | . GEVI 6s in gener al show tremend
measurements from small networks of cells simultaneously that can be selected based on
genetic markers, and has the potential to ultimately offer single cell resolution. Like the
many varants of opsins used, each study should select the proper GEVI for that particular
work. ArcLight is a single example that provides a clear and reliable response to sensory
stimuli in the sensory cortex, and we speculate would be ideal for behaviorahemuisri

that require long imaging sessions. However, due to the potentially largely hemodynamic
noise caused by the spectral overlap with hemoglobin, the user must take special
precautions to remove this noise. Here, we utilized a scaleB@Qiffmethod whichmay

not be applicable for all studies. Based on our results, ArcLight would beswdt for

in vivo experiments where a single fluorophore is desired for example during paired
optogenetics or multispectral imaging of multiple cell types. Moreovetribkeadvantage

using a GEVI such as ArcLight is the ability to record the evoked response over the course
of months and in the awake animal. Here, we found that both awake and repeated imaging
experiments are feasible using the ArcLight voltage sensarrd-wtork is clearly needed

to optimize the imaging and analytical techniques of these sensitive fluorescent probes.
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CHAPTER Il : THALAMIC STATE SHAPE S SPATIOTEMPORAL
REPRESENTATIONS IN SENSORY CORTEX

The following chapter has been preserdedeeral conference>2:208:209

3.1 Introduction

The sensory thalamus is a critical gate that shapes how senfmmpation about the
external world is transmitted from sensors in the periphery to cognitive centers in the
cerebral cortex. In addition to direct afferent inputs that serve as the primary drive of
thalamocortical activity, thalamic nuclei receive morétimodulatory inputs from a
range of sources, including cortighlalamic feedback?®21° thalamic reticular nucleds,

as well as diffuse inputs from the reticular formafi$rand other ne@modilatory centers

(See RevieW

Modulation in thalamic membrane potential has important implications both for
levels of spontaneous thalamic firing activity and for sensooked responses. Even
small changes in baseline membrane potential have been shown to have appreciable effects
on spontaneous firing of thalamic neurofl¥ The use of pharncalogy to directly
modulate thalamu¥1°82%r opto/microstimulation and pharmacology to indirectly affect
the thalamus through cortic¥?*32and subcortical® inputs has further revealed the

sensitivity of overall thalamic drive to cortex.

The ongoing patt@ of spontaneous thalamic firing activity has long been
postulated to play an important role in modulating the sersasked responses in both
thalamus and cortexX'®. Ongoing thalamic activity affects the thalamocortical synaptic
strength 99218 thalamic firing mode®2!" and ongoing cortical activity*®2!8 The

thalamocortical synapse is wed% and therefore downstream cortical neurons need
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mul tiple temporally <c¢clustered inputs (wit!]l

Additionally, the thalamocortical synapse strongly depreg$€€° and therefore is
affected by the temporal distribution of preceding spiking activity, setting the stage for
norttrivial gating of signals fronthe periphery to cortex. Moreover, thalamic neurons
exhibit distinct tonic versus burst firing modé%, the switching of which is highly
sensitive to basigle membrane potential, and the-idactivation of T-type calcium
channelg®4% Thalamocortical high frequency bursting events have a significanttrapa
downstream cortical activatich and on sensory encodiri§??2 The gatingof thalamic
signaling through the aggregate effects of all these properties (i.e. state) is hypothesized to
serve a critical role in processing sensory information; however, this has not been
investigated extensively in the intact brain due to the lackathodological approaches to
precisely manipulate thalamic properties. Recent advances in optogenetic approaches
enable repeatable and reversible modulation of thalamic baseline membrane potential,
while permitting the simultaneous measurement of localatha activity and the

downstream cortical impact.

Here, we directly determined how thalamic gating properties control sensory
evoked thalamic and cortical responses in the vibrissa pathway of the anesthetized mouse.
Instead of driving or silencing neuraktivity, optogenetic manipulation was used to
modulate ongoing thalamic polarization while recording extracellular thalamic activity and
acquiring widefield cortical voltage imaging, using the voltage indicator ArcEigRe
We found that increasing levels of baseline thalamic hyperpolarization acted to increase
the thalamic and ctical sensory evoked response. Specifically, by placing the thalamus
in a hyperpolarized regime, we found an increase in spontaneous and stnukad
thalamic bursting. Using an ideal observer of the downstream cortical response, we found

that hyperpdrization increased the detectability without an apparent degradation in
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discriminability between velocities of vibrissa deflection, or between deflections of
neighboring vibrissae. Our results highlight how ongoing thalamic state and the resultant

thalamt activity dynamically shape sensory encoding in the thalamus and cortex.

3.2 Methods
All procedures were approved by the Institutional Animal Care and Use Committee at the

Georgia Institute of Technology and were in agreement with guidelines establistived by

NIH.

AAV Delivery: At least 5 weeks prior to experimentation, young (~6 weeks) female

C57BL/6J (Jackson Laboratories) mice were injected with differentcoradtructs either

in the Ventral posteromedial (VPm) thalamic region with ABMCamKinaseHeNph3.0
(UNC Viral Vector core), in the primary somatosensory (S1) cortex with AAMynt
ArcLight (UPenn Viral Vector Core), or both. Mice were anesthetis#ag Isoflurane (3

5%). After the mouse was fulpnesthetized, small bore holes were placed theeregions

of interest and were aligned using stereotaxéasurements (For VPm, 1.8mm Lateral
from Midline by 1.8mm Caudal from Bregma). For cortical expression, either single or
multiple injection sites were used surrounding the barrel cortex (camte’5Smm caudal
from Bregma and 3mm lateral from midline). The virus was loaded into a
modified Hamiltonsyringe (70iN) with a ~35 microrborosilicate glaspipette type. The
syringe wasnitially lowered to the corresponding depth below the surfac&@on: 3mm

and For CTx: 0.5mm) and let rest for 1 minute before injection. Both
sitesreceivednjections of 0.51pl of viral constructat a flow rate of 0.1ul/minute. After
injection, thepipetteremainedn place for an additional 5 minutes before slowgimny
removed from the brainThe bore holes were filled with either bone wax or left to close
naturally. Throughout injection, mice were kept warm using a water heating system to

maintain bodyemperature at 37.C
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3.2.1 AnesthetizedElectrophysiology:

Mice wereinitially anesthetized using isoflurane -§%) and then placed on a
heatedblatform (FHC, Inc.) in a stereotaxic nose cone to maintain anesthesia. A large

i nci si on was pl aced OV er comndcteve tigsnd el O s
musclesurroundinghe skull was removed using a fisealpelblade. A modified
headplate was attached using dental acrylic (Metabond) and secured to thEoskull.
cortical imaging, the skull was thinned with a dental drill, until transparent or removed
entirely and covered wh saline or ringers solution. After surgery, the isoflurane levels
were dropped to ~<1% for all imaging and electrophysiology experiments. The animals

vitals (heart rate and respiratory rate) were constantly measured for anesthesia depth.

3.2.2 Thalamic Eledrophysiology:

A small craniotomy wasnade over the primary whisker sensitiiealamic ventral
posterior medial (VPm) region of the mouse, around the injection site (see above). First,
the VPm was mapped with a 2MOhm tungsten electrode (FHC) which wdyg Elwered

until 2.5mm below the cortical surface. The mouse VPm was identified using both
stereotaxic measurements and depth as well as electrophysiological features (such as
latency, peak response, whisker selectivity). A neural unit was determinediatcabed in

the VPm if the PosBtimulus Time Histogram (PSTH) contained a peak response 3ms
10ms after a 1200 degree/s (Deg/s) single whisker stimulation and did not have a latency
shift by more than 20ms after 1s of 10hz adapting stinfdfughe principle whisker was

first determined using @anualprobe to isolate the whisker with the largest evoked
response. If furthesolationwas needed, tharinciplewhisker was determined by the

largest 30ms PSTH respee of the surrounding three whiskeAdter the conclusion of
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the study either a small 7uA 10s lesion, or a fluorescent dye was placed near the recording
location and confirmed using histologieallidation. Neuronal signals were baip#ss

filtered (500Hz 15 kHz), digitized at 30 kHz/ channel and collected using-atztnel
dataacquisition system (Blackrock Microsytems, Salt Lake City, UT, USA). Offline spike
sorting was accomplished using Plexon Offline Spike Sorter v4 (Plexon, Inc). Additional

dataanalysis utilized custom scripts using Matlab (Mathworks, Inc).

The rodent whiskers were deflected by a high fidelity (1k Hz) galvanometer system
(Cambridge Technologies). A typical velocity sweep stimulus was applied by positioning
the custom designedalyanometer 80mm from the face and delivering an exponential
sawtooth (rise and fall time = 5ms). The waveform stimulus velocity was taken by
averaging the time to peak velocity of the stimulus. The velocity was adjusted based on

distance from the face.

3.2.3 Cortical Fluorescent ArcLight Imaging:

ArcLight transfected mice were imaged through the thinned or removed skull using a
Scimedia Imaging system to measure cortical spatial activity. The cortex was imaged using

a 184 x123 pixel CCD Camera, MiCam2 HR CamScimedia, Ltd) at 200 Hz, and a

tandem lens microscope (FiglB4A). The entire cortical area was illuminated at 465 nm

with a 400 mW/criLED system (Scimedia, Ltd.) to excite the ArcLight fluorophore. The
excitation light was further filtered (cutoff 4 7Znnah@pass filter, Semrock, Inc.) and

projected onto the cortical surface using a dichroic mirror (cutoff: 495 nm, Semrock, Inc.).
Collected | ight was filtered with a bandpa:
nm (Semrock, Inc.). Thanaging system was focused approximately 300um below the

surface of the brain or cortical layer 2/3.
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3.2.4 Functional Fluorescent Mapping of Barrel Cortex:

The mouse's whisker system was first mapped by imaging the rapid ArcLight response
(800ms) to a high vetity (1200 Deg/s) sensory stimuli to three mouse whiskétse
resulting whisker response averaged over 20 trials was determineddsduogatedvith a
principle whisker, and barrel, if the evoked response was spatially limited to roughly a 0.2
mm x 0.2 mm area 280ms after stimulation. Additionally, the response
wasdeterminedo beoriginatingfrom the barrefield if the center of mass @ictivation
movedconsistentlywith previously publishedbarrelfield histologyand was within the
standard stere¢axic location of S1 (~3mm lateral, 6155mm from bregma)pfter
mapping, a single whisker was deflected with an ethologicalévantvelocity sweep (O

1200 Deg/s) designed to simulate high velocity-stipk events, either with or without
thalamic opbgenetic hyperpolarization to determine the cortical responses to various

velocities.

3.2.5 Simultaneousimaging and Thalamic Optogenetic Stimulation:

After mapping both the thalamic and cortical regions, an optrode (2M Ohm tungsten
electrode mounted to an 20@wptic fiber) was positioned to the stereotaxic locations of
the premapped thalamic region and lowered to the corresponding depth. Once a single
thalamic unit was identified, the unit was determined to be sensitive to optical stimulation
by briefly (1-29) hyperpolarizing the cells using ~16mwW/mB90nm from an LED light
source (Thorlabs, M59B81). Due to the low baseline firing rate (<1Hz), each cell was
determined to be a thalamic optically sensitive unit if the cessation of the 590nm light
caused a radund burs®, After identifying an optically sensitive thalamic unit, the same
velocity stimulus was delivered in a pseudorandom order to the whiskers unaeisvari
light conditions. Light stimulation for all cases was presented 500ms preceding and

following whisker deflection (1s total light illumination). The light was delivered in a
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pseudorandom order with a long variable gapt48) between stimulus deliveritsallow

for recovery of halorhodopsin (eNphR3.0). Each session imaged 2ZDOwifspreceding
frames to measure spontaneous activity. Light power was measured from the tip of the
ground optical fiber before each experiment to maintain approximate litgrisities
delivered to each cell {06mW/mnf). During stimulation, the downstream cortical
response was recorded using the same imaging system and voltage indicator as listed
above. All recording was done under low isoflurane conditions-2%5The optogeetic

and viral expression of each experiment was verified through confocal and brightfield

imaging of fixed slices.

3.2.6 Histology:

Histology samples were prepared by perfusing the animal transcardially with phosphate
buffered saline (PBS) followed by 4% p#wsrmaldehyde. Brainsere postfixed overnight

in 4% paraformaldehyde then transferred to PBS before sectioning. Thick sections were
cut wusing a vibratome (100 e&em, Leica, VTS

staining.

3.2.7 Thalamic Electrophysiology Data Analysis Mean Response, Burst Ratio,

and First Spike Latency:
We report several different basic measurements of spiking activity from our thalamic units
including evoked response, evoked bursting response, latency and jitter. We determined
thalamic evoked responsetag initial response (80ms) to sensory stimuli. Each single
unit recording was averaged over many trials§0% to produce a single response curve
for that unit. The evoked response was determined as the average spikes per trial in the O
30ms period pst stimulus. The corresponding evoked bursting response was determined

as number of bursting spikes per trial in that same post stimulus period. Bursting spikes
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were defined as 2 or more spikes that fire at most 4ms apart preceded by 100ms of silence.
The100ms prestimulus activity is based on reported valuesTtoypecalcium bursté”:8

The First Spike Latenc{FSL) was determined as the average first spike after stimulus
delivery (t=0). Trials in which no spikes occurred within the response window were
determined to be nonrespovesitrials and were excluded from the analysis. To compare to
other thalamic studies, it is important to note that the sawtooth stimulus used for whisker
deflection reached peak velocity 2ms after stimulus onset. The spiking jitter was
determined as the stdard deviation of the first spike latencies for each recording. We
measured the effect of ongoing spiking activity by comparing the distribution of firing rates
of each recorded neuron during 1s during control (no LED) and optogenetic stimulation
using tke Mann Whitney rank sum tesignificant modulations were determined if p<0.05.

All data analysis of the recorded extracellular thalamic units was accomplished using

custom Matlab scripts.

3.2.8 Thalamic Electrophysiology Data Analysis Detectability and

Discriminability:
To measure the theoretical detectability of the evoked signals under different light
intensities, we used a signal detection theory framework. Specifically, we tested two
distributions, a signal and a noise, and asked an ideal observerfoonmpa Receiver
Operator Characteristic (ROC) analysis. Briefly, a ROC analysis uses a sliding threshold
to determine the false positive rate and the true positive rate for discriminating the
distributions of two signals, creating an ROC curve (see €@4). The area under this
curve (AUROC) is then used as a measure of overall detectability of one signal versus the
other (i.e. the noise), where an AUROC of 1 is perfectly detectability, and 0.5 is
indistinguishable from noise. For each neuron recordeedcompared the distribution of

number of spikes for each trial during the response window (above) for each velocity to
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the noise distribution (no stimulii®-Deg/s), and performed a ROC analysis. The resulting
area under the AUROC for each session @shas the final measure of detectability for
each velocity under either control or eNphR3.0 activation conditions.

To determine velocity discriminability, we performed a pairwise ROC analysis
between each velocity distribution of evoked spikes withenpist stimulus window. The
resulting analysis produces an AUROC matrix, where the column corresponds to the
Anoi sed velocity, and the row to the #fAsig
performance, we took the average AUROC between neighbonimgisti.e. 50 Deg/s and
125 Deg/s, 125 Deg/s and 300 Deg/s, etc.) for each neuron.

3.2.9 Voltage Sensitive Imaging Data Analysis:

Raw i mages were | oaded and converted from
downsampled by a factor of two. Each data t was first nor mal i z
measurement by subtracting and dividing each trial by the temporal average frame between

0 and 200ms preceding the stimulus or light delivery (Fo= mean response frame from
200ms to Oms preceding stimulus or light delfe Hemodynamic noise was removed

using a PCA Background subtraction method discussed below.

As described in detaif?3, in vivo ArcLight imaging overlaps with the hemoglobin
absorption spectrum, and therefore contains hemodynamic noise that must be removed for
analysis. Similar to the methods described in Borden 804l7% this hemodynamic noise

was removed using a background subtraction method. Imaging the wildtype mouse cortical
surface using the same blue excitation and the ArcLight filter set revealed simganpatt

of oscillatory activity, likely tlmough autofluorescence and effect of hemodynamic

absorption and blood flo#°. The Background PCA subtraction utilizes autofluorescence
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signal from nopArcLight transfected regions to predict the helyreamic signal across the

recorded space.

Specifically, the Background PCA subtraction method uses principle component analysis
of nonexpressing low background autofluorescence regions (determined from the
maximum fluorescence from a namect animal)to find the ongoing hemodynamic
components on a single trial basis. Additionally, the background fluorescence regions were
selected at least 1Imm away from the recorded whisker evoked response (Borden at el,
2017). Ideally, these criteria would create atisph defined region with little or no ArcLight
fluorescence to isolate the hemodynamic signal from the neurometric signal. Each frame
is first spatially averaged by a 200 um x 200 um averaging filter. On a single trial, the
corresponding top five prindg@ components of the low background regions (which
contains approximately 85% of the variance explained) are projected on a pixel by pixel
basis across the entire recording using lasso regression method with regularization. The
lasso regression utilizescaoss validated approach to determine the minimum number of
components to develop the model of hemodynamic noise. In order to prevent the removal
of any stimulus evoked activity, each pixel was fit on-gtimulus activity (either before

light onset for egeriments involving optogenetics, or immediately preceding stimulus
delivery). The final predicted hemodynamic signal for each pixel was subtracted across the
entire recording on a pixel by pixel basis. Due to the complex waveform of the
hemodynamic respase, a simple notch filter is not effective at separating the signal from

the nois€%.

We found that the updated Background PCA subtraction method greatly reduced
hemodynamic signal across the entire frame, compared to tROdfinethod (Borden et

al, 2017). In eme instances, brief onset and offset light artifacts of the 590nm light was
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visible in the recorded ArcLight Cortical signal. We removed this DC signal from the final
fluorescence to remove optogenetic transient light artifacts. Both raw and proceggees] ima
showed qualitatively similar results. Unless otherwise noted, each dataset was processed

with the Background PCA subtraction method as stated above.

3.2.10 Imaging Data Analysisi Peak amplitude, Normalized Peak, and Temporal

Properties:
We measured thefett of the optogenetic stimulation on the peak amplitude of the evoked
mean ArcLight fluorescence in the determined cortical barrel. The cortical barrel region of
interest (ROI) for each stimulated barrel and each data set, was selected as the 200 pm x
200 pum region with the largest response 30ms after stimulus delivery. This determined
ROI was used for all subsequent analysis of the temporal response. To better isolate the
evoked amplitude, the frame of stimulus delivery (t=0) was subtracted from thigngesu
recorded signal. For each recording, the p
time of the maximum average response between 0 and 110ms for the strongest stimuli
(1200 Deg/s) presented under control and various optogenetic conditions.eintmrd
measure the temporal properties of the evoked response, we concentrated on the timeseries
data from the determined cortical barrel R
each sessionbdés peak response watlesttbngest ded b
stimulus (1200 Deg/s) under the control condition. The normalization allows for a better
comparison across animals which may have different levels of ArcLight expression. We
measured the time to peak as the time from sensory onset (10&pEzak signal) to the
peak evoked response between 0 and 110 ms post stimulus. As a further measure of the
temporal properties, we measured the overall duration of the response as the time between
sensory onset (10% of the peak signal) and sensory adffgidd as the return to 10% of

the peak signal, Borden et al, 2017).
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3.2.11 Imaging Data Analysisi Area Measurements:

In addition to measuring the peak response, we also measured the effect of different
thalamic polarizations on the evoked area of sensatycabactivity. We measured the
activated area by the number of pixels over a threshold using the average resg@mse 25

ms post stimulus frame. Similar to other studi€$?/ we measured the spatial activation

using the 70% threshold of the maximum deted stimulus (1200 Deg/s) under the non
optogenetic (Control) condition to compare datasets with different levels of ArcLight
expression. The threshold was calcul ated b
25-35ms post stimulus for the largestoaty. In order to isolate the evoked activity from

ongoing activity, we subtracted the frame at stimulus delivery (t=0). Different thresholds

had no effect on the observed trends.

3.2.12 Imaging Data Analysig Detectability:

Similar to the thalamic data, wesed an ROC analysis between two distributions, signal

and noise, to determine the detectability of the evoked response. For each imaging session,
we compared the signal trial stimulus response distribution at the determined maximum
amplitude responseten t o a O degree/ s fAnoised distri
response time for each recording session was determined as the time of maximum response
for the strongest delivered stimuli (1200 Deg/s). To determine velocity discriminability for

the cortcal response, we performed a pairwise ROC analysis between each velocity
distribution of evoked fluorescence within the peak post stimulus frame. We took the
average AUROC value between each neighboring pair of stimuli for each cortical

recording.
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3.2.13 Imaging Data Analysig Spatial Discriminability:

To determine the spatial discriminability of the evoked responses, we compared the single
trial fluorescence in a barrel to the single trial fluorescence in a neighboring barrel (similar
to the technique descritbén Zheng et al., 2015)The primary somatosensory barrel cortex

has discrete cortical columns that correspond to somatotopically mapped whiskers. During
eachrecording session, the cortical space was mapped using a strong sensory stimulus
applied to at least three mouse whiskers to determine the orientation of the S1 cortical
barrels (see above). The averaged response (at least 20 trials), was then useahittedet

the centroid for a particular barrel. Using the position of both barrels (determined by
experimental mapping or projecting based on anatomy), we compared the single trial
fluorescence for the positions in both barrels. We then applied a waikesll
comparison where the barrel with the strongest fluorescence was determined to be the
whisker detected. Therefore, the level of discriminability was determined as the probability
of detecting whisker 1 given whisker 1 was stimulated (Wk1 | Wk1). Wendieted the
location of the neighboring barrel mapping the location of various whiskers during each

recording session.

3.2.14 Model of Light Intensity and Optogenetic Activated Area:

To capture the effects of the light intensity on the optogenetic stimulaterysed a
previously published modéf® of light thatsimulates the transmission of light in neural
tissue. For our experiments, we used a 200 um diameter optic fiber that was ground down
to a point to prevent dimpling of neural tissue and ease of insertion. Additionally, the
pointed optic fiber increasesetmumerical aperture (unground N.A. 0.22, to ground N.A.
0.375,Stark et al., 2012and spread of light along the pointed tip. In order to estimate the
area activated by the light from the optic fiber tip, we based ahthice®f 25% peak

photocurrent of the eNphR3.0 pump (at 590 nm stimulation) from published mM&rims
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approximately 2.5 mW/mf We considered the activated optogenetic region to be the

simulated area exceeding this 25% threshold for each light intensity {iged\&/mnt)

3.2.15 Experimental Design and Statistical Analysis:
For all measurements, westérmined if the specific data sets were normally distributed
using the Lilliefors test for normality. If the data were normal, we used the appropriate
(paired or unpaired}test for statistical difference, and an one way ANOVA for across
different groups|f the population was determined to have 4monmal distributions, we
conducted nonparametric Wilcoxon sigraahk tests to determine statistical significance
and the Friedman test to for across groups comparisons. Multiple comparison tests were
correctel using the HolrBonferroni method. All tests were conducted using the
MATLAB Statistics Toolbox (Mathworks, Inc.) or SPSS (IBM). All sample sizes are
reported in the figure captions and text. Data is available upon request.

3.3 Results
Here, we simultaneouslynodulated and recorded thalamic activity while also using
widefield imaging to characterize cortical sensory processing. Specifically, we imaged the
GEVI ArcLight (example, Figur8.1A, setup Figur&.1B), for which we have previously
presented a detailedethodological approaci®as a robust spatiotemporal measurement
of ongoing cortical voltage activity across primary somatosensory cortex at a high temporal

(200 Hz) and spati al resolution (106s of

To modulate ongoing thalamic activity, we injected mice¢hwiiral vectors to
express a light activated chloride pump halorhodopsin (eNphR3.0) in the thalamus, and the
GEVI ArcLight in the cortex. After at least 5 weeks post injection, mice were lightly
anesthetized with isoflurane, and an optrode (optic fibén witungsten electrode) was

positioned into the mouse lemniscal thalamic region (VPm) to deliver light, and to record
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the resulting single unit thalamic responses at different levels of thalamic
hyperpolarization. Note that the optogenetic stimulatigorésented as 1s of continuous
delivery, to act as a modulator of baseline membrane potential as opposed to a driver of

thalamic spiking.
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Figure 3.1.Thalamic Optogenetic Hyperpolarization Increases Themic and

Cortical Stimulus Response.

A. Example average (102 trial) widefield ArcLight cortical response to sensory stimulus
(Methods, 200hz), and background fluoresceBc&xperimental setup. Mice are injected
with two viral vectors, ArcLight in corteXAAV1-hysnt ArcLightD- SV40), and
eNphR3.0 (AAV5CamllKianseeNphR3.6mCherry). Thalamic units stimulated with
light from a 200um optic fiber and recorded simultaneously with a single tungsten
electrode. For all light intensities, the LED illuminatioarss at 0.5s preceding stimulus
(t=-0.5s) and ends 0.5s after stimulus (t=0&)Left Simultaneous thalamic single unit
extracellular raster to various levels of LED power during a sensory stimulus (t=0) in mice
expressing eNphR3.0. Black dasiasnic spikes, Red dasheurst spikes, Method<C.
Middle. Average evoked cortical ArcLight spatial response335ms post stimulus, 51
trials). C. Right. Average cortical timeseries (51 trials) of a 200 x 200um stimulus
activated region of the interest (RGbr each condition. The black trace is the control
(LED OFF) stimulus evoked response. Mean = S.E.M (51 TriBIsYhalamic evoked
response (spikes per triak30ms) post stimulus during various LED conditions (right to
left with increasing LED poweruting ongoing (no stim) and stimulus delivered (stim)
trials. Friedman Test p=0.0038, Control vs 5S5mWAnmimw/mnt, 16mwW/mni
Wilcoxon Signed rank, p=7.3¢ p=0.017, p=0.031, respectively, n=4idgle units. E.
Thalamic evoked bursting (burst spikes pé&l)rduring the same period as D. Friedman
Test p=0.0023, Control vs 5SmwW/mpml1mw/mn3, 16mwW/mnt Wilcoxon Signed rank
test, p=0.026, p=0.022, p=0.021, respectivelkyirst spike latency during the same period
as D, E. Friedman Test p=2:8e Control vs 5v/mn?, 11mW/mn3, 16mwW/mng,
Wilcoxon Signed rank test p=0.0017, p=54e=7.3e4, respectivelyG. Peak amplitude

of the cortical evoked response during increasing LED power conditions GENS
recordings). Repeated measures ANOVA, p= 0.001, postpaired ttest, Control vs
5mW/mn?, 11mwW/mn?, 16mwW/mni, p=0.0057, p=0.019, p=0.009, respectiveh.
Average cortical activated area during@%ms post stimulus (Methods, n=5 recordings).
Repeated measures ANOVA, p=0.002, pbst paired ttest, Control vsSmw/mnt,
11mw/mnt, 16mwW/mni, p= 0.11, p=0.031, p=0.034. All pasbc analysis adjusted with
the HolmBonferroni correction for multiple comparisons. All errorbars represent mean *
S.E.M.
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3.3.1 Thalamic Hyperpolarization Increases both Thalamic and Cortical Sesory

Evoked Responses

We found that thalamic hyperpolarization, through light activation of halorhodopsin,
increased stimulus evoked thalamic and cortical response in the anesthetized mouse. A
single example of the paired recordings is shown in FiGW€ of the simultaneous
thalamic and cortical recordings during various levels of thalamic hyperpolarization
(Example: Figur&.1C Left, VPm Raster3.1C Middle mean cortical spatial responsad

3.1C Right mean cortical ArcLight response). For the entanege of light powers used,
thalamic single unit stimulus evoked responses were enhanced during periods of
hyperpolarization (Control: 1.31 + 0.16, 5mW/fr2.09 + 0.23, 11mW/mfn1.92 + 0.26,
16mW/mn#: 1.88 + 0.29, Spikes per stimulus, Mean +S.E.M, n7iiGspFigure3.1D).

Prestimulus thalamic hyperpolarization had a range of effects on the temporal
properties of the evoked responses. Across the population, thalamic hyperpolarization
increased the number of evoked bursting spikes in response to lstif@ontrol: 0.56 +
0.17, 5SmW/mm 1.22 + 0.23, 11mW/mfn1.23 + 0.24, 16mW/mmm1.27 + 0.28 Evoked
Bursting Spikes per trial, Mean £S.E.M, n=13 units, Figui€&). We defined a putative
burst as two or more spikes within a 4ms irgpike interval, wih a 100ms of preceding
silence (see Methods). The identification of putaliviype calcium channel burst spiking
from extracellular data is based on characteristics of the spiking patterns, which obviously
depends on the set of criteria used. To deterhiow robust the findings presented were
with respect to this definition, we adjusted our bursting criteria to be less stringent and

found no effects on the observed results (data not shown).
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In the example shown in FiguBelC Left, we illustrate an iarease in the evoked
thalamic bursting rate with increasing levels of hyperpolarization; however, on average
across all recording, increasing the light intensity beyond the lowest intensity (5miV/mm
did not further enhance the evoked single unit thalaesponse. We did find however,
that given a bursting event, regardless of any stimuli presented, increasing levels of light
significantly increased the number of spikes elicited per burst (Control: 2.14 = 0.08,
5mw/mn¥: 2.82 + 0.16, 11mW/m#fn 3.08 + 0.24,16mW/mnt: 3.09 + 0.18 Spikes per
Bursting Event, Mean =S.E.M, n=8 units). For the spikes per burst analysis, we only
considered recordings that contained one or more bursts in each light condition (n= 8/13).
More pronounced levels of hyperpolarizatiare correlated with the number of evoked

bursting spikes, presumably thorough the recruitment of addifiotygle channelg=.

In addition to modulating the evoked bursting of the thalamic response, thalamic
hyperpolarization increased the thalamic first spike lat¢R&) (Figure3.1F, Control:
7.3 £ 0.68 ms, 5mwW/mfn 9.0+ 0.95 ms, 11mW/mtn10 +1.0 ms, 16mW/mr 11.0 +
1.2 ms Mean = S.E.M, n=13 units, Figl#&F). Along with an increase in spike latency,
we also observed an increase the first spike jitter or the standard deviation of the latency
across trials (Example shown in Fig®84C). Theincrease in response latency is likely
due to the slow dynamics of calcium influx durifigtype channel activation, and by
increasing the voltage distance between resting membrane potential and spike threshold.
The increase in burst firing and the incremsthe F& are consistent with findings from

thalamicln vitro whole cell recording$®.

Using simultaneouslyecorded cortical responses with the GEVI ArcLight, we
found that thalamic hyperpolarization also had a profound effect on the downstream

spatiotemporal cortical responses (Example shown: Figur€, Middle/Righ). Our
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results show that increasing thalia hyperpolarization increased the cortical peak evoked
response (Control: 0.16 * 0.06, 5mW/fn®.20+ 0.05, 11mW/m#f 0.28 + 0.08,
16mW/mnt: 0.29 N 0.07 ®@F/ Fo Mean XNG)SAtthe M, n

highest level of hyperpolarization used (16mW/Arthis corresponded to a 50% increase

in cortical evoked response. However, even more clearly, we observed that increasing
levels of tlalamic hyperpolarization had a dramatic effect on the evoked cortical activated
area (Control: 0.16 + 0.035, 5mW/rfir0.31 +0.08, 11mW/mm0.65 +0.13, 16mW/mm

0.88 +0.19 mrfj Mean * S.E.M, n=5 recordings, FiguddH). We defined activated area

as thefluorescence over a threshold of the control stimulus (70%, Methadtg et al.,

2013; Millard et al., 2015)

We hypothesize that the increase in light intensity would have greater iorpact
the cortical excitation which pools responses across many thalamic inputs. To determine
the spatial extent of the optogenetic modulation, we used established models of light in
neural tissue (MethodStujenske et al., 2018Jong with known biophysical infmation
about the eNphR3.0 pum?®. Based on a light threshold for an approximate 25%
activation of eNphR3.0, we found that that our range in light intensity6@HW/mnf)
activated a peak crosectional area between 0-05. mnt of neural tissue surrounding
the optic fiber tip (data not shown). Due to the oblong nature of the barreloid, we predict
that the optogenetic light source partially activated multiple thalamic barreloids. However,
in terms of a single barreloit?>233 we estimate that increasing LED power from 5 to

16mwW/mnft increased the total single barreloid activation fromragimately 30 to 50%.

It is important to note that our viral expression extended beyond the location of the
primary whisker nuclei, VPm (FigurA.2.1), and extended into neighboring thalamic

regions (i.e. POm, VPL, etc.). Due to the location of thécdpier (a few 100 microns
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from the electrode tip), the intensity of light useel@nW/mn?) and our simulations of

light intensity, we expect the VPm region to be the locus of optogenetic manipulation;

however, we cannot rule out the impact of otheratimé¢ nuclei on the cortical results.
Throughout the rest of this manuscript, we examined the impact on sensory coding

in higher detail under the highest optogenetic intensity. Taken together these results show

that modulation of thalamic polarization carflience the evoked cortical responses, both

in evoked amplitude of the response, and the spatial area activated.
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3.3.2 Thalamic Hyperpolarization Modulates Ongoing Thalamic and Cortical

Activity

Along with the effects on the evoked sensory responseshser\ved that brief periods of
hyperpolarization modulated the ongoing activity in the thalamic and cortical networks.
Here, we limited our analysis to continuous light at the highest light intensity
(LemW/mn#). In extracellular thalamic recordings, sigoént changes were determined

by comparing each neurondés distribution of
hyperpolarization (see Methods, rparametric rank sum unpaired test, p<0.05). Across
individual cells, we found that ongoing thalanfigperpolarization did not significantly
impact the spontaneous firing activity in the majority of neurons (64%, n=18/28), and only
a subset of units either increased (FiduBA Top, 29% n=8/28) or decreased (FigGr2A

Bottom 7% n=2/28) their spontane® activity (summary Figur@.2C Top). Therefore,

over the entire 1s of hyperpolarizing light, the recorded thalamic population did not
significantly alter the ongoing population spontaneous average firing rate. However, in all
cells halorhodopsin activiah caused a period of reduced firing during the initial-200
250ms of light onset (Figur8.2B), after which there was an increase burst rate of the
recorded neurons (Example Fig2B, Bursts-red spikes). Periods of silence of at least

a hundred millisconds denactivate thalamicT-type calcium channels, which are
responsible for generating thalamic buréts Specifically, thalamic hyperpolarization
increased the thalamic burst event rate in approximately a third of the recorded units
(Figure 3.2C Botton), and across the population caused significant increase in the

spontaneous average burst rate (Control: 0.008+0.0006]alé! (16mW/mmni): 0.136 +
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0.0091, mean burst events per second, p=4,3@&/lcoxon Signed rank test). Upon
limiting our analysis until after the initial silence, we found that hyperpolarization caused
an approximate threefold increase in spontaneous spiking activity (Controt0Q18Hz,
TH-Halo(16mW/mmn): 0.57 +0.04 Hz, mean firing rate + S.E.M p=0.044, Wilcoxon
Signed rank test). It is important to note, that the spontaneous firing rate in the isoflurane
anesthetized mouse thalamus is quite low, with a majority of neurons1i64%428) firing

less than 0.1 Hz. Therefore, it is difficult to accurately measure significant decreases in

neural firing.
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Figure 3.2. Thalamic Optogenetic Hyperpolarization Modulates Ongoing Thalamic

and Cortical Activity.

A. Example extracellular single trial rasters depicting two different effects of thalamic
hyperpolarization,top, increasing firing ratepottom, decreasing firing rate (p<0.05,
Manri Whitney U test, Methods). Black dashes indicatedttepikes, Red dashes indicate
burst spikes. Light onset at 0.5 and offset at B5&rand PSTH (n=28 units) shows a dip

in activity 0.50.7s and a steady increase in firing and bursting betweeh®s7After light

offset the posinhibitory event is bipped to show the low baseline firing rateS.
Breakdown of significantly modulated firing rates (top) and burst rates (bottom) across all
recordings (p<0.05, neparametric ManhWhitney U test, n=28 units) by eNphR3.0
activation during LED onset (.55s).D. Post inhibitory burst event rate-f®ms after

light offset) across all recordings with eNphR3.0 injections for Control (LED OFF) and
TH-Halo (LED ON) conditionskE. Average topographically aligned thalamic extracellular
recordings (below) and dizal ArcLight (top) recordings (Mean -+6.E.M. ,51 trials).
ArcLight timeseries is determined from the primarily sensory cortex barrel (region of
interest [ROI], Methods)F. Average cortical ArcLight ROI fluorescence response in
eNphR3.0 injected miceTop, n=10 recordings) and namected mice (Bottom, n=4
recordings). Mean =S.E.M. We did not capture a complete 1s-stipnalus fluorescence

for two datasets in the eNphR3.0 mice, and thus they were excluded from spontaneous
analysis.G. Comparison ofspontaneous fluorescence during control (LED OFF) and
thalamus hyperpolarized (FHalo) periods between 0.765s in eNphR3.0 injected mice
(p=0.01, paired t test, n=10 recordingsl). Same as G, except during post inhibitory
rebound €0.075s post LED ofst (p= 0.0018, paired t test, n=12 recordings). All errorbars
(black) represent mean = S.E.M. across each population, and grey lines denote single
recordings.
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While the exact relationship between the activation of halorhodopsin and the
properties of tB neurons in the recorded population is unknown without simultaneous
intracellular recordings, the reported characteristics of halorhodol38irand the
observations here suggest a net hyperpolarization of thalamus. During periods of light
activation, neurons increased their burst firing, which is associated with a more
hyperpolarized conditionSherman, 2001) Furthermore under increasing levels of
hyperpolarization we observed a graded increase in the numipekes svoked in a burst
230 Finally, upon offset of light, there was a large increase in fctiviall recorded units,
with an increase in firing rate (FiguBe2B) and burst rate (FiguBe2D) 0-75ms post light
offset and is likely due to the peisihibitory rebound associated with thalamic uffit®ne
alternative hypothesis, is that halorhodopsin can modulate the chloride reversal which
could have dynamic effects on the ongoing thalamic activity. However, due to the timescale
(~150ms) and irtensity of the reported changes in reversal potential caused by
halorhodopsin, this theory is unlikely to be a primary driver of the observed effect. We
have specifically addressed this issue with a detailed examination of our data, in vitro
recordings, ath a computation model, which suggest that the deinactivation di-tyyge
channels is the main driver of increased thalamic activity. Taken together, all of this
suggests that the most likely effect of the activation of halorhodopsin is a net
hyperpolariation of the thalamic units, which increases overall thalamic firing and
bursting.

In a subset of mice, we performed paired thalamic and cortical recordings to
determine the effect of thalamic modulation on downstream cortical networks. We
observed similaincreases in cortical responses in the GEVI ArcLight signal during periods

of hyperpolarization (simultaneously recorded example Fi§®#E, Population Figure

97



3.2F Top). The increase in cortical activity occurred with an approximate 250 ms delay
which caresponded to the delay observed in thalamic firing (Figu28). The post
inhibitory rebound response was also reflected in the downstream cortical signal following
light offset (Example Figur&.2E, and Population Response, Fig@t2F, Figure 2H).

Thes results suggest that thalamic hyperpolarization, which causes approximately 30% of
the thalamic neurons to increase spontaneous firing and bursting, initiates changes in
ongoing cortical activity. We tested if the observed effects could be caused by LED
activation alone by performing the same experiment in wild type mice only injected with
the ArcLight AAV vector (i.e. not injected with eNphR3.0). We found no effect on the
ongoing activity caused by the LED activation alone (Fi2&, bottom). In sumnrg,

we found that thalamic hyperpolarization modulated the ongoing thalamic burst rate, which

corresponded with an overall increase in evoked cortical activity.

3.3.3 Thalamic Hyperpolarization Modulates the Thalamic Output and

Downstream Cortical Responsed Sensory Stimuli

To measure the effect of thalamic hyperpolarization on thalamocortical stimulus encoding,
we provided 500ms of pr&timulus hyperpolarization, at a single light intensity
(L6mW/mn#), while presenting a range of sensory stimuli to tihdsker system. Similar

to previous work!’6224 the thalamus responded in a graded fashion to different punctate
whisker deflection velocities. We found that hyperpolarizing the thalamus increased the
single unit thalamic response to a majority of the velocities (Eig®A, B). Similar to
Figure3.1, thalamic hyperpolarization not only altered the stimulus evoked response size,
but also the temporal structure of the response with an increase in evoked bursting (Figure

3.3C), and response latency for all stimuli (sesna temporal shift in histogram Figure
98



3.3A). Interestingly, thalamic hyperpolarization did not impact the probability of eliciting
any response (spike or a burst) to the sensory stimuli (F&8. However, given any
response, thalamic hyperpolarizatiproduced an approximate 40% increase in spiking

output across each velocity (FiguB8E).
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Figure 3.3. Thalamic Hyperpolarization Increases Thalamic and Cortical Velocity
Response Curve.

A. Grand BBTH response to sensory stimulus(t=0) of 300 Deg/s (top) and 1200 Deg/s
(bottom) (n=28 single units) during control (LED OFF) and ongoing hyperpolarization
(500ms preceding and post stimulus). Bldckcontrol, Orangé ongoing eNphR3.0
activation (TH Hyper)B. Evoked thalamic response (spike count per triaBDths post
stimulus under various velocities for control and thalamus hyperpolarized conditions.
Wilcoxon Signed Rank Test, Control vs JHtalo for O Deg/s, 50 Deg/s, 125 Deg/s, 300
Deg/s, 600 Deg/s,2D0 Deg/s, p = 0.38, 0.0022, 0.056, 0.043, 0.026, 0.016, n=28
respectively. C. The evoked bursting spikes per trial during the same period as in B.
Wilcoxon Signed Rank Test, Control vs FHtalo for O Deg/s, 50 Deg/s, 125 Deg/s, 300
Deg/s, 600 Deg/s, 120Deg/s, p = 0.25, 3.84, 1.1e4, 0.001, 0.002, 0.001, n=28 units
respectively.D. The probability of evoking any response under control and hyperpolarized
conditions.E. The average evoked output given any response across various velocities
(n=28 unit3. Wilcoxon Signed Rank Test, Control vs FHtalo for 0 Deg/s, 50 Deg/s, 125
Deg/s, 300 Deg/s, 600 Deg/s, 1200 Deg/s, p = 1.00:47.06€022, 9.14, 0.0028, 0.0043,
n=28 units respectivelyF. Average cortical sensory evoked response to various velocity
stimuli (0-1200 Degree/s, n=12 recordings) under control-(@gntrol), and thalamus
hyperpolarized (bottorTH-Halo) conditions.G. Peak evoked amplitude for various
velocities across the recorded population in injected eNphR3.0 mice. Wilcoxon Signed
Rank Test, Control vs THHalo for O Deg/s, 50 Deg/s, 125 Deg/s, 300 Deg/s, 600 Deg/s,
1200 Deg/s, p = 0.203, 0.001, 0.110, 0.002, 0.003, 0.027, n=12 recordings respéddtively.
Normalized ArcLight peak evoked amplitude during control and hyperpolarizedioosd

in injected eNphR3.0 (n=12 recordings) and 4mgacted wildtype {(Wt) mice (n=4
recordings). Responses are normalized to the 1200 Deg/s response under the control
condition (LED OFF) for each recording. All errorbars represent Mean = S.E.M. *$<0.0

101



In a subset of experiments, we simultaneously recorded the cortical temporal and
spatial response using the GEVI ArcLight as a measure of spatiotemporal evoked activity
while modulating ongoing thalamic polarization. Under control (no hyperpolanmgatio
conditions the central barrel response responded with an overall monotonic increase in
peak evoked amplitude (see Methods) with increasing deflection velocity (average across
all sessions, Figurg.3F, n=12 recordings). The timing of the peak ArcLigdlgponse was
variable across recordings (range:13®ms). Therefore, to compare across recordings, we
defined the peak evoked amplitude as the evoked fluorescence during the peak evoked
frame (0110ms post stimulus) of the strongest stimulus delivereglitn recording under
each condition. During periods of pseamulus hyperpolarization, we found that across
most velocities, the evoked mean peak cortical amplitude increased (Bigug H).
Importantly, this increase in response magnitude was nobdeféetts of LED activation,
as shown in the ArcLight only (Wjtcontrol animals (i.e. no eNphR3.0, Fig®8H). To
determine whether the results here were sensitive to the specific choice of integration time
bin, we tested a range of tinéns for integation of the evoked fluorescence and found

that the qualitative conclusions were unchanged (data not shown).

In the cortex, upon examining a larger dataset than presented in Fijuse also
observed that thalamic hyperpolarization altered the terhpooperties of the evoked
response (Figur8.3F by decreasing the overall evoked response duration (1200 Deg/s
Duration: 305 + 5 ms, THHalo: 124 + 19 ms, p=0.0069, paired t test, n=12 recordings,
Methods) and the time to peak (1200 Deg/s: 60 + 9 msHald: 40 £+ 3 ms, Mean +
(S.E.M), p=0.020, paired t test, n=12 recordings, Methods). This observed larger and faster
rising cortical response with a corresponding shorter duration, suggests that under
hyperpolarized conditions, there was an increase irediavboth the excitatory and

inhibitory cortical networks leading to strong inhibitory feedb®ckour combined results
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imply that prestimulus thalamic polarization can alter the evoked magnandeemporal
structure of the thalamic and cortical sensory evoked responses, which may have important

implications for neural coding and perception.

3.3.4 Ideal Observer Detection from Single Trial Thalamic and Cortical Signals

We applied a signal detectidramework to determine the single trial performance of an
ideal observer to detect evoked thalamic and cortical signals. The ideal observer analysis
demonstrates that the information necessary for detection or discrimination between two
signals is presentdere, we first establish the framework in the context of velocity
sensitivity (Figure3.4) before turning to the optogenetic manipulation of thalami/s.

asked how detectable the velocity evoked responses were from a noise distribution using a
Receiver @erating Characteristic (ROC) analysis (FigBi8, and the area under the ROC
curve (AUROC), as a metric of overall detectability of the sensory information (see

Methods).
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Figure 3.4. Thalamic and Cortical Activity Examined With an Ideal Observer.

A. Single trial raster of a thalamic recording with a spontaneous (O-ggn/and stimulus

(600 Deg/shottom). Response period of 30ms shown in lBuéeft. Combined thalamic
evoked spike count during tf8®ms window post stimulus for each stimulus across all
single trials recorded. The thalamic noise distribution (red) is developed from the 0 Deg/s
stimulus. B. Right. Receiver Operator Characteristic (ROC) analysis of the evoked
thalamic spikes to determe the true positive and false negative rate from the evoked spike
count (B left). The AUROC is highlighted as the area under the ROC c@veTop.
Cortical spatial averages of -&bms posstimulus of increasing velocitiesC. Bottom,

Single trial cofical ArcLight timeseries responses to a sensory stimulus (600 Deg/s,5
Trials). The blue bar indicates that recordings peak response wibdawft. Combined
normalized evoked cortical response (Methods) during the peak window for each stimulus
across alkingle trials recorded. The cortical noise distribution (red) is developed from the
0 Deg/s stimulus at the same time as the peak resganBeght. ROC analysis for each
velocity depicts the true positive and false negative rate from the evoked cedmahses
(normalized ®@F/ Fo) based on the sliding
under the ROC curve (AUROC).
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In the thalamus, we found that the thalamic single unit recordings had an initial
velocity dependent response that lastegraxmately 30 milliseconds post stimulation
(Figure 34A, blue bar), and an increase in the number of evoked spikes per trial with
increasing velocity (rightward shift in spike count histograms across all recordings, n=1530
trials from 15 single unit recdings across 9 mice, FigudeiB Left). As we increased the
velocity delivered to the whisker system, the separation between the thalamic stimulus and
noise distributions increased which resulted in an increase in the AUROC (BidBre
Right AUROC 50 Deg/s 0.72, to 1200 Deg/s 0.90), and thus detectability of evoked

features.

The cortex fluorescence recordings had a velocity dependent response that was
longer than the thalamic response (FigeC) and | asted for 1000s
we used th peak amplitude as a measure of cortical response. The timing of the peak
cortical response was variable across recording sessiptiserefore, for each session we
limited our analysis to the normalized evoked fluorescence peak response based on the
strongest @nuli presented (Methods, blue bar). Similar to the thalamic data, we found that
increasing the stimulus velocity increased the separation between the evoked peak cortical
fluorescence from the noise (n=3034 trials, across 8 mice, FiuiteLeft histogran
across all recordings). Therefore, velocity was positively correlated with the increased
performance of the ideal observer in detecting the presence of the sensory feature (Figure
3.4D Right AUROC 50 Deg/s 0.60, to 1200 Deg/s 0.85). These results ponesvell
with previously published analysis conducted on similar thal&#f#¢ and cortical data
166,234 along with behavioral performance of a rodent during a single whisker detection

task1L,
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3.3.5 Thalamic Hyperpolarization Modulates Cortical Detectability of Sensory

Stimuli

Using this signal detection framework, we examined the impact of thalamic
hyperpolarization on the thalamic and cortical single trial detectability of sensory features.
We specifically soughto determine the effects of the relative changes to ongoing and
evoked activity in thalamus and cortex under manipulation of thalamic polarization. Again,
we considered the distribution of thalamic evoked responsg&3 @ post stimulus) under
control (Fgure3.5A, B - black) and hyperpolarized (FiguBsbA, B - orange) conditions

and compared them to the ongoing noise (FigA-B, blue).
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Figure 3.5. Thalamic Hyperpolarization Increases Cortical Theoketical Detectability

of Sensory Responses.

A. Comparison of thalamic spiking in the noise (blue), and evoked thalamic spikes (0
30ms post stimulus) in the control (LED OH#tack), and thalamus hyperpolarized ¢TH
Halo- Orange) conditions across all recomglisessions (28 units, 1347 trials) at a single
velocity (300 Deg/s). Noise distribution (blue) determined using the samstpostus

time during 0 Deg/s trial88. Cumulative probability distributions of the same data
shown in A for 0 Deg/s (top) and @Deg/s (bottom) stimuliC. AUROC analysis of the
thalamic spiking response each velocity stimuli under control (LED- ®EEk) and
thalamic hyperpolarization (THHlalo - Orange) conditions (Mean, + S.E.M, across n=28
units).D. Left. AUROC matrix compang the pairwise ROC analysis for each stimulus.
Stimuli labeled in ascending order of intensity (i.e. 1=0 Deg/s, 6=1200 DBgRijght.
Average thalamic AUROC across each recording for neighboring stimulus strengths.
Thalamic velocity discrimination beten neighboring strengths remains unchanged
during thalamic hyperpolarization (n=28 units).Same as A, except for the evoked
cortical response (across 12 recordings, 601 trials). Comparison of cortical fluorescence
in the noise (blue), and a 300 Degtsnulus condition during control (LED OFBlack),
and thalamus hyperpolarized (AHalo - Orange). Each bin represents the normalized
fluorescence (Methods) across all recording sessions at a single velocity (300 Deg/s).
Noise response was determinedhat $ame window during O Deg/s tridis.Cumulative
probability distributions of the cortical fluorescence response for noise (blue), control
(black) and thalamus hyperpolarized (orange) conditions for 0 Deg/s (top) and 300 Deg/s
(bottom) stimuli.G. AUROC analysis of the evoked cortical fluorescence for each
velocity stimuli under control (LED OFmlack) and thalamus hyperpolarized (Hdlo
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-Orange) conditions for each recording (n=12). Significant changes in detectability
between control vs thalamic hypelarization found in the weaker velocities, paired t
test, p=0.004, 0.043, 0.028, 0.060, 0.082 for each velocit§Z60 Deg/s, n=12
recordings)H. Left. Same as D, except with cortical response distributidriRight.
Average cortical AUROC across ¢aecording for neighboring stimulus strengths.
Cortical Velocity discrimination remains unchanged between control and thalamic
hyperpolarized conditions. All errorbars represent Meant S.E.M. *p<0.05

We found that thalamic hyperpolarization had little rio effect on the thalamic
detectability for each single unit across sensory stimuli (Figi€, n= 28 units). Due to

the low background thalamic firing rate in the anesthetized mouse, the evoked responses
were very salient compared to spontaneous aveddicities, and thus were close to a
Aceil ingo. Al t hough thalamic hyperpol ari za
3.5A), the relationship between the single unit evoked and spontaneous activity remained
unchanged (Figure&.5B), and therefore did at impact the detectability of sensory
responses. However, this relationship is likely to be different in conditions with elevated
background thalamic firing rates, as has been demonstrated in the awake animal (see
Discussion). We considered downstreangeéss could have different integration windows

for thalamic information; therefore, we tested a range of temporal post stimulus bins, and
found no changes to the observed trends when accounting for changes in thalamic response

latency (data not shown).

In addition to the thalamic detectability, we also measured the effect of thalamic
hyperpolarization on the detectability of cortical responses utilizing the evoked
fluorescence from the GEVI ArcLight signal (Fig3é, BottomRow). Again, we used
the peakevoked amplitude to construct distributions of the evoked response and
background spontaneous activity (FigB&E-F, shown across all trials 601 trials,12

recordings). Across each experimental session, we found that thalamic hyperpolarization
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increasedn the detectability of the evoked response. This increase in cortical detectability

produced significant effects in the low velocity stimuli (Fig8reF).

We determined the observerds correspon
sensory stimuli, andhe corresponding effects of thalamic hyperpolarization. This
framework is very similar to that of the detection problem described above, but instead of
discriminating signal from noise, we are discriminating one stimulus velocity from another.
Again, thisinvolves evaluation of the separability of two distributions, resulting in an
AUROC measure to capture the overall discriminability performance. Specifically, to
measure the discrimination, we compared the average AUROC across neighboring
velocities (show in Figure3.5D, H) for each recording. We determined the discrimination
performance by comparing the evoked distributions of each velocity to each other (i.e. 50
vs 125, 125 vs 300), and averaging the AUROC for the neighboring velocities. We found
in both the thalamus and in the cortex, thalamic hyperpolarization surprisingly had no
effect on sensory discrimination (Figu8&D, H), despite the effects on the overall activity
in both parts of the circuit. In addition to the AUROC analysis, we also useianum
likelihood approach with the same distributions (Wang et al, 2012, Whitmire et al 2016)
with similar results. In summary, our results suggest that thalamic hyperpolarization
enhances detectability of sensory inputs from cortical responses de#pita Ino effect
on thalamic detectability, and the enhanced cortical detectability does not come at the

expense ofliminisheddiscriminability of sensory features.

3.3.6 Thalamic Hyperpolarization Increases the Sensory Evoked Active Spatial

Area
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Given tha thalamic hyperpolarization increased the evoked area of sensory inputs from
cortical activity, it is natural to question the impact of the thalamic hyperpolarization on
spatial information and spatial discrimination. We examined the spatial activity tuwsn
metrics: the overall activated area of the evoked response (Bigé), and the relative
fluorescence across multiple barrels (FigB@D-F). In both of these analyses we only
examined the average cortical response in-352hs posstimulus wirdow (see Methods).
Across imaging sessions, we had high expression of ArcLight across the cortical surface
(Mean 5.24 + 0.55 (S.E.M.) nfim = 12 imaging sessions), enabling a characterization of
the spatial activation of cortex in addition to the temparaimponents presented
previously. To determine the activated cortical area, we used a threshold, 70% of the
maximum response at the maximum velocity, under the control condition. The area
exceeding this threshold was considered activated (see Methods)lar30 previous
findings 16, we found that the S1 Barrel cortical activated area increased spatially with
increasing velocity stimuli applied to the whisker (Fig@6A-B). During periods of
hyperpolarization, the activated spatial area was greatly enhanced across a majority of
stimuli, with the evoked area of the largest stimuli increasing approximately fivefold
(Figure3.6B, 1200 degree/s Control: 0.10+0.016 fiffAl-Halo: 0.47+0.08mnf?, p=0.002,

paired ttest, n= 12 recordings). Using activated area as a correlate of increased spiking,
these results suggest that thalamic hyperpolarization increases the total evoked active

cortical space.
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Figure 3.6. Thalamic Hyperpolarization Increases Activated Cortical Area with no

Loss in Spatial Discrimination.

A. Single example of cortical spatial responses (meaB52%s posstimulus response,

n=50 trials) of increasing sensomynsuli under control (left), and thalamic hyperpolarized
(TH-Halo right) conditionsB. Mean activated area during-35ms poststimulus frame is
increased during thalamic hyperpolarization across all stimuli. Activated area determined
by the 70% thresholdf the peak control response to the strongest (1200 Deg/s) stimulus
for each session (Methods}. Top. Example Cortical Mapping of two neighboring
whiskers, Wk1, and Wk2. Right shows the expressing region of ArcLight probe, and the
corresponding 70% thsbold of the spatial activatio@. Right. Shows the timeseries of

the spatial regions identified Wk1, and Wk2.Bottom. Ideal observer determines which
whisker was deflected on a single trial by the largest fluorescence durBiNbpost
stimulusD.Compari son of the same data with diff
(Top) or Normalized to the peak (Bottom). Relative relationship between neighboring
barrels is conserved under thalamic hyperpolarization, although magnitude of fluorescence
increags.E. Single trial evoked fluorescence in each identified barrel region (Wk1 vs
Wk2) under Control(top) and Thalamus hyperpolarized (Bottom) conditions. Blue circles
are single trial example of fluorescence responses between whisker region 1 and whisker
region 2 (see C¥-. Discrimination score between whisker 1 and whisker 2 in control and
hyperpolarized conditions across each recording (n=12 recordings). Thalamic
hyperpolarization had no effect across the population on the single trial discriminability
across spatial barrels. All scale bars are 1mm, and all errorbars represent Mean+ S.E.M.
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Given the increase of activated area, we examined the resulting discriminability of
the evoked responses. Specifically, we measured the evoked fluorescence labarimegjg
cortical column (see Methods) during the initial evoked respons8425s post stimulus,

Figure 3.6C) or estimated by known anatomical distances between columns (~0.2 mm
\Woolsey andVann, 197% During each imaging session, neighboring columns (Barrels)
were identified by stimulating the surrounding whiskers. Interestingly, when we
normalized the fluorescence response to the maximum response, the normalized evoked
area remained laedy unchanged during thalamic hyperpolarization (Figué®). These

results suggest that thalamic hyperpolarization is increasing the spatial signal (i.e. gain)

without altering the shape of the activation.

To formally examine this relationship, we comgrh the single trial responses in
each identified barrel region during a single whisker deflection in either the control
condition (Figure3.6E Top) or thalamic hyperpolarized conditions (Fig&.6E Bottom)
and used a single trial classifier to predia #timulated whisker. The classifier selected
which whisker was stimulated based on the relative difference in evoked fluorescence in
each identified region and assigned the largest response to that whisker. Across all
recordings, we found that under battnmtrol and hyperpolarized conditions, the classifier
performed equally well at determining the correct whisker stimulated (Classifier
Performance Control: 65.2 = 5.0%, JHtlo 65.7 + 5.3%, Mean Percent Correct + SEM,
n=12 recordings). Therefore, the sphtdiscrimination of the evoked response was
unchanged during periods of thalamic hyperpolarization (Fi§6fe). Taken together, our
findings suggest that thalamic hyperpolarization increases the spatial activation in response
to a sensory stimulus, whimaintaining the relative relationship of each cortical barrel,
which would potentially maintain the spatial fidelity of the representation of complex

stimuli, and thus the spatial discriminability.
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3.4 Discussion:
Here, we used thalamic extracellular retings and widefield imaging of ArcLigh#3223

to capture the effects of reversilptogenetic thalamic modulation across the primary
sensory cortex. To our knowledge, this work is the first to directly control thalamic activity
through hyperpolarization and link largeale spatial and temporal downstream

consequences for sensory enogd

Our primary result is that brief periods of thalamic hyperpolarization modulated the
magnitude, temporal structure, and spatial extent of thalamocortical sensory response to
punctate stimuli. Specifically, we observed that thalamic hyperpolarizatoeased both

the stimulus evoked (Figurgl) and spontaneous (FiguBe) bursting in the thalamus
which corresponded with a larger and but temporally shorter cqoogailation responses
(Figure 3.1,3). Additionally, we found that thalamic hyperpoiation increased thalamic
latency, and jitter in response to sensory inputs. Therefore, brief periods of thalamic
hyperpolarization may have dynamic implications on sensory encoding beyond the

observed enhancement of sensory feattires

One consideration is that thedata was collected under isoflurane anesthesia where
presumably the thalamus is relatively hyperpolarized. While quiet and inattentive states
may resemble anesthetized recordings, it is certain that thalamic hyperpolarization will
have more complex and maed results in the awake animal. We predict that the principles
of thalamic hyperpolarization shown here represent circuit properties that should still apply
in the awake thalamocortical network. Additionally, it is important to note that our
widefield catical fluorescence measurement is a combination of voltage signals
predominantly from dendritic inputs in the upper cortical laygf€% Although the
cortical output is correlated to the voltage potential, this relationship is nonlinear and future

work is needed to determine the impact of hyperpolarization on awake cortical processing.
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3.4.1 Thalamic Hyperpolarization Alters Both Thalamic and Cortical Sensory

Encoding Through Modulation of Thalamic Bursts

We found that through brief (500ms) periods ofgtienulus hyperpolarization, we
observed an increase in the thalamic gain (Figi83 across sensory inputs, which
corresponded to an approximate 50% increase in cortical response. Notably, thalamic pre
stimulus hyperpolarization increased evoked thalamic bursting by approximately 150%.
The thalamocortical (TC) synapse is wedkand rapidly adapts to ongoing inptff;
therefore, the TC synapse is dependent on temporal distribution of incoming ¥iyf4ls
Furthermore, due to excitatory and inhibitory cortical circuitry, there is a shoH2G11h8)
window of opportunity??* for evdking cortical responses. Our results show that thalamic
polarization controls the level of sensory evoked bursting which dictates how signals are

transmitted to the cortex.

Thalamic bursts, and bursting modes, have a controversial history in sensory
proessing from preventing transmissiéff to increasing sensory detectid®* to
containing additional sensory informatidA Ongoing thalamic spontaneous bursting
events were traditionally only associated with sleawe sleep or anesthesia; however, this
has been largely disproven, with low rates of bursts occurring both spontaneously and
during naturalistic stimuli in awake somatosengdf§-216 visual?®’, and auditory systems
238 Additionally, the disruption of transmission of sensory infoiamain bursting modes
is under additional scrutiny in the auditory pathways, where thalamic burst modes during
slow-wavesleep consistently transmits sensory evoked features to the primary auditory
cortex?39240 Therefore, altering the thalamic firing mode, through slight changes in net
polarization, may be critical for controlling thalamic gating of sensory information in the

awake thalamocortical circuit.
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3.4.2 Thalamic Modulation Changes Ongoing Cortical Activity

During optogenetic thalamic hyperpolarization we observed an increase in both the
thalamic and cortical background (Fig@2), with increased thalamic bursting. Therefore,
the reported changes in the corticadpense could be elicited by changes in ongoing
cortical activity alone. While the cortex is capable of generating ongoing cortical activity
241 thalamic and cortical states have been found to be dynamically interconnected.
Additionally, ongoing cortical activity has a long history of impacting the evoked sensory
responsé+*2243 Previous studies that Ve hyperpolarized thalamic nuclei using Thalamic
Reticular Nucleus activation (Lewis et al 2015) or muscimol injections (Poulet et al 2012)
have observed a large increase in cortical low frequency activity. Additionally, thalamic
neurons project onto botexcitatory (E) and inhibitory (I) cortical populations, with
markedly strong feedforward projections to inhibitory neur8f& In vitro work has also
revealed that thalamic bursts themselves can interact with selectiviat@xciand
inhibitory SOM population€4*. Therefore, ongoing thalamic firing and bursting could
cause dynamic network changes in cortical E/I balance. Whether the ultimate cause of the
increase in cortical evoked activity is solely due to thalamic activity or the entire
thalamocortical network, thalamic hyperpolarization has a profound effect onlugimu

representation across the network.

3.4.3 Direct Thalamic Hyperpolarization Increases ldeal Observer Detection with

No Change in Discrimination of Sensory Events

We found that thalamic hyperpolarization did not simply increase cortical activity,

but preferatially increased the evoked signal compared to the ongoing noise, thereby
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increasing the detectability of cortical sensory information from the perspective of an ideal
observer (Figure8.4,3.5). Interestingly, thalamic hyperpolarization did not impaet th
detectability of thalamic sensory information (Fig@BC). A current conceptual model

of thalamocortical gating is to control coding properties to ttibetween detection and
discrimination 3¢4° These regimes are thought to be continuous; in the more
hyperpolarized burst mode the thalamus would favor detection of sensory stimuli, whereas,
conversely, in a depolarized tonic mode, theaimais would transmit more information of

the stimulus content (Whitmire et al, 2016). Our results aligned with aspects of this
framework, where thalamic hyperpolarization increased cortical detectability; however, we
observed no change in the discriminapibf sensory information either across stimulus
strengths (Figur&.5) or across space (Figusé). Historically there is a dynamic tradeoff
between detection and discriminatfri® however, these tradeoffs are largely associated
with sensory adaptation, which activates the thalamocortical network in a different manner
as compared to direct thalamic modulatibnrthermore, a loss in sensory discrimination
may only impact a wider range of hyperpolarized conditions and sensory stimuli beyond

what was examined in this work.

While thalamic hyperpolarization may not impact sensory discrimination, there are
other potential perceptional tradeoffs. Sensory perception dysfunctions such as auditory
tinnitus24°, and chronic pairSaab and Barrett, 20F0r Review: PereReyes, 2003)that
represent sensitivity to sensoryfarmation are associated with an increase in thalamic
bursting. These neurological disorders represent a failure in thalamic gating of sensory
information and show that modulation of thalamic polarization, and specifically thalamic

bursting, is essentiabf healthy sensory processing.
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3.4.4 Thalamic Hyperpolarization Modulates the Spatial Activation of Cortex in

Response to Sensory Stimuli

Using widefield GEVI imaging, we determined that thalamic hyperpolarization not
only increased the evoked amplitude, budliidnally caused a fivefold increase in the
evoked spatial response (Figur@4,3.6). The rodent whisker systefnhas a discrete
somatotopic map of functional cortical columns related to each whisker, or barrels. Each
cortical karrel predominantly responds to a single whisker deflection; howeveiyo
intracellular recordings reveal subthreshold receptive fields for many whiskers for simple
stimuli *22. Our widefield voltage recordings showed two results: 1. an increase in sensory
evoked spatial activation across the cortex, 2. no cost in spatial discrimination. These data
suggest that thalamic hyperpolarization may increase the spatial thalamocatizal g
which ultimately may broaden the spatial activation. In the visual pathway in awake
guiescent animals, a decrease in spontaneous activity with an increase in thalamic bursting
is correlated with an increase in the gueferred response in the thalartiand cortex
46 Therefore, thalamic hyperpolarization may tilt the network toward a tigtectible
state where the occurrence of any sensory stimuli would activate many sensory cortical

columns to send powerful signal downstream.

3.4.5 Conclusion

Our results suggest a pronounced effect of thalamic state on the downstream
cortical response across temporal and spatial scales. Therefore, we predict that short
periods of thalamic hyperpolarization could increéis® salience of incoming sensory
information. In the awake animal, the spontaneous thalamic firing rate is in constant
transition between interndf and externat*® sensory driven states. THeatamus receives
a diverse set of excitatory and inhibitory inputs from the corticothalamic pathway, the
thalamic reticular nucleus, and neuromodulatory centers. In particular, brief periods of

hyperpolarization could be controlled through inhibitory isgudm the thalamic reticular
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nucleus!, which has been shown to modulate thalamic activity in a task dependent manner
% Taken together, our results highlight the important role of ongoing thalamic polarization
on evoked cortical activity and predicts how thalamic firing modes can impact how we

perceive and detect sensory information.
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CHAPTER IV: THE MODULATION OF TH ALAMOCORTICAL STATE
IN THE AWAKE AND ANE STHETIZED BRAIN.

4.1 Introduction :

The major senses of audition, somatosensation, and vision send information through
thalamic relay nuclei before further processing in the cohtethe awake animal ongoing
spontaneous thalamic spikirgtivity is constantly in fluxas the animal shifts through
various behaviof8"?4% engages in active sensafibff® or receives sensory inputs (for
review seé'%9. Synapses onto thalamic nudiave been suggested to be overwhelmingly
modulatay in naturé?°92%! changing the current thalamic state across a variety of
timescales (milliseconds to minut&$) While the exact origin of these particular states are
still being uncovered, it is clear that ongoing thalamic activity isutated through various
mechanisms includg direct cortical innervatiéh?3 neuromodulatory inputand
reticula thalamic inhibitory circuit$®2°42%, |n particulay the thalamus receives direct
GABAergic hyperpolarizing inputs through the thalamic reticular nucleus (TRN), which
can be indirectly controlled through cortiéaédback?. TRN modulation has been shown
to be incredibly dynamic in the awake br&ift, and has evebeenshown to be modulated
during attention and behavior ta¥kdn addition to ongoing inputs, thalamic nuciee
embedded in interconnected circuits thagrattownstream cortical targét$and impact

thalamic firing through feedback systeitis

Beyond changes in absolute firing rate, thalamic neurons can @ifferent temporal
regimes of spiking, from tonic to burst firing moé&sThalamic neurons contain specific
T-type calcium channels that become -idactivated during brief periods of

hyperpolarization lasting at least 100%h®ncethese channels aeetive, depolaring
120



inputs caus a slow-wave of calwm influx into thecell which results irmultiple action
potentialswith short interspike intervals {2 ms). Thalamic bursts have been found to
perform two semingly contradictory roles: ofegulating sleep procesg&s while also
transmitting sensory information for detecting sensory events in the awake brain. Thalamic
bursts are most commly found spontaneously during SldWaveSleep (SWS)
however, lirsts are not limited to sleep st&tésAlthough more selectively generated
bursts have been identified during awake procé¥saad during behavioral detection
task$®2%8 In particular, bursts and stimulus evoked bursting has been theorized to play an
important role for the encoding of sensory informafd®. Bursting has been shown to
increase evoked downstream responses, and are theorized powsamfll signals to the
corteX’. While many studies have investigated the impacts of different thalamic states and
firing modes acrosi vitro®244280and anesthetizeth vivo preparation&+261264 few
studies havexplored thalamic states in the awake BraiH2% Furthermore, even few&f

hawe causallydetermined how different thalamic states alter sensory signals across the

thalamocortical pathway.

Here, we investigated how modulations in ongoing thalamic activity shape the encoding of
a simple sensory stimulus in the thalamus and cort#seimouse somatosensory pathway.
Specifically, we explored how different levels of hyperpolarization alter the encoding in
the thalamus and investigated the role of thalamic bursting in the awake and anesthetized
brain. Under anesthesia, neural activitguppressed and allows for a detailed examination

of the thalamocortical circuit without the influence of external factors. Whereas in the
awake animal, we were able to examine how thalamocortical interactions are altered by
ongoing activity and behavioratates. In order to manipulate the thalamocortical circuit,

we used optogenetic stimulation of virally expressed halorhodopsin in the mouse thalamus

while simultaneously measuring the thalamic extracellular activity and downstream
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cortical responses usiraggenetically expressed voltage indicator (GEW)/)th the GEVI
ArcLight, we were able to measure how different optogenetically imposed states alter the
transformation of temporal and spatial information across the primary somatosensory
cortex. We foundhat through increasing levels attivation ofhalorhodopsinin the
thalamugqwith increasing LEDntensity) we were able to transition thalamic firing mede

from tonic to increasingly burst firing, in both the anesthetized and awake circuit. Under
both canditions (anesthetized and awake), we found that a more hyperpolarized condition
increased the sensory evoked thalamic response to sensory inputs. In the cortex we found
a dichotomy of effects with thalamic hyperpolarization across anesthetized and awake
states. In anesthetized animals, we found that thalamic hyperpolarization monotonically
increased the evoked cortical spatial and temporal response to sensory inputs. However, in
awake animals, we found that that increasing levels of thalamic hyperpaterizaid
corresponding burst mode caused a monotonic decrease in the evoked cortical response.
To further explore this paradox, we examined the ongoing, spontaneousafidrigurst

rates. We found thgprolongedhalorhodopsin activatiofurther increasedn already
elevated thalamic firing rate in the awalieimal likely changing the context for the
subsequent sensory evoked respoii$ese results suggest that the complex nature of
thalamic state is highly dependent on ongoing cortical and neural giatesnsmitting

sensory informationlownstream.
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4.2 Methods
All procedures were approved by the Institutional Animal Care and Use Committee at the

Georgia Institute of Technology and were in agreement with guidelines established by the

NIH.

4.2.1 AAV Delivery:

At least 5 weeks prior to experimentation, young (~6 weeks) female C57BL/6J (Jackson
Laboratories) mice were injected with different vicahstructs either in the Ventral
posteromedial (VPm) thalamic region with AAS/CamKinaseHeNph3.0 (UNC Viral
Vector core), in the primary somatosensory (S1) cortex with AlANSynXArcLight
(UPenn Viral Vector Core), or both. Mice were anesthetimdg Isoflurane ($%). After

the mouse was fullgnesthetized, small bore holes were placed over the regions atintere
and were aligned using stereotaieasurements (For VPm, 1.8mm Lateral from Midline
by 1.8mm Caudal from Bregma). For cortical expression, either single or multiple injection
sites were used surrounding the barrel cortex (center on 1.5mm caudal #sgmaBand
3mm lateral from midline). The virus was loaded into a modifiachiltonsyringe (701

N) with a ~35 microrborosilicate glaspipette type. The syringe wastially lowered to

the corresponding depth below the surface (for VPm: 3mm and For Gmn{) and let

rest for 1 minute before injection. Both siteseivednjections of 0.51pI?%° of

viral constructat a flow rate of 0.1ul/minute. After injection, th@etteremainedn place

for an additional 5 minutes before slowly being removed fraenbttain. The bore holes
were filled with either bone wax or left to close naturally. Throughout injection, mice were

kept warm using a water heating system to maintain body heat.
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4.2.2 AnesthetizedElectrophysiology:

Mice wereinitially anesthetized using afurane (35%) and then placed on a
heatedblatform (FHC, Inc.) in a stereotaxic nose cone to maintain anesthesia. A large

i ncision was pl aced oV er comndcteve tigsnd erall O s
musclesurroundinghe skull was removed using a scalpkelde. A modified headplate

was attached using dental acrylic (Metabond) and secured to theFskubiortical
imaging, the skull was thinned with a dental drill, until transparent or removed entirely and
covered with saline or ringers solution. After geny, the isoflurane levels were dropped

to ~<1% for all imaging and electrophysiology experiments. The animals vitals (heart rate

and respiratory rate) were constantly measured for anesthesia depth.

4.2.3 Awake Behavioral Training:

At least four weeks aftekrcLight and eNphR3.@iral injection, mice were anesthetized
under isoflurane and were headplated using the above statmcol. Over the course of
5-14 days preceding the first imaging experiment mice were routinely handled to gain
familiarity with theimaging system and immobilization device. During this acclimatization
period,mice were increasingly head fixed for longer periods of tifmen 15minutesto

1.5 hours During stimulation of the whisker, mice were prevented from interacting with
the whiker stimulator by obstructing the path from the paws to the whisker. Mice were
rewarded with sweetened milk (Nestle, Ltd.) throughout imaging, which greatly helped to
reduce amnal frustration. After Jlays of handling and acclimating, mice appeared to be
calm while the head was immobilized in the headplate restraint system. During passive
stimulation of the whiskers the mice often actively moved their whiskers. Therefore, the
galvanometer was placed 5mm from the face to prevent the whisker from slippioiy ou

the manipulator; however, the amplitude of the deflection was adjusted to maintain a
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corsistent velocity stimulation (II® Deg/s) as presented in the anesthetized case (see

above).

4.2.4 Thalamic Electrophysiology:

A small craniotomy was placed over thanpary whisker sensitivehalamic ventral
posterior medial (VPm) region of the mouse, around the injection site (see above). First,
the VPm was mapped with a 2MOhm tungsten electrode (FHC) which was slowly lowered
until 2.5mm below the cortical surface. @hmouse VPm was identified using both
stereotaxic measurements and depth as well as electrophysiological features (such as
latency, peak response, whisker selectivity). A neural unit was determined to be located in
the VPm if the PosBtimulus Time Histogtm (PSTH) contained a peak response 3ms
10ms after a 1200 degree/s (Deg/s) single whisker stimulation and did not have a latency
shift by more than 20ms after 1s of 10hz adapting stinféfuhe principle whiskr was

first determined using manualprobe to isolate the whisker with the largest evoked
response. If furthesolationwas needed, therinciplewhisker was determined by the
largest 30ms PSTH response of the surrounding three whisk#es.the contusion of

the study either a smallg/A 10s lesion, or a fluorescent dye was placed near the recording
location and confirmed using histologieallidation. Awake recordings lasted up to 4
hours in duration. If the animal became agitated during recortiagsession was ended

early.

Neuronal signals were baimass filtered (500 Hz5 kHz), digitized at 30 kHz/ channel
and collected using a 9fhannel datacquisition system (Blackrock Microsytems, Salt
Lake City, UT, USA). Offline spike sorting was acgplished using Plexon Offline Spike
Sorter v4 (Plexon, Inc). Additional data analysis utilized custom scripts using Matlab

(Mathworks, Inc).
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The rodent whiskers were deflected by a high fidelity (1k Hz) galvanometer system
(Cambridge Technologies). A tigal velocity sweep stimulus was applied by positioning
the custom designed galvanometet@nm from the face and delivering an exponential
sawtooth (rise and fall time = 5ms). The waveform stimulus velocity was taken by
averaging the time to peak velociy the stimulus. The velocity was adjusted based on

distance from the face.

4.2.5 Intrinsic Imaging:

Mice were imaged through either intact or thinned skull using a-faetteimaging system

to measure cortical spatial activity (MiCamO02HR Scimedia, Ltd). mguall imaging
experiments, isoflurane anesthesia levels were lowered to approximately 1%. The cortex
was imaged using a 184x123 pixel CCD Camera (Sciemdia MiCam2 HR Camera) at 10
Hz with a field of view of 4x3mm with a total of a 1.6 Magnification (48gtsmm). We

used a green (535nmy red (625nmexcitation light projected onto the cortical surface
that has a high overlap with the hemodynamic absorption spectrum. Collected light was
filtered with a set of dichroic mirrors (Bandpass 475/625nm and passy 495nm,
Semrock,Inc) and a bandpass emission filter between wavelengths of 520/555 nm
(Semrock, Inc). The imaging system was focused at approximately 300um below the
cortical surface to target cortical layer 2/3. In order to evoke a cortical intresponse,

the whisker was repetitively stimulated at 10Hz for 6 seconds.

4.2.6 Awake Cortical Fluorescent ArcLight Imaging:
ArcLight transfected mice were imaged through the thinnedmoved skull using a two

camera systena Scimedia Imaging system to meeswgorticalArcLight spatial activity
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and a custom camera to measure hemodynamic activigufuiraction The cortex was
imaged using a 184 x123 pixel CCD Camera, MiCam2 HR Camera (Scimedia, Ltd) at 200
Hz, and aBasler Ace §cA1920155un) 480 x 180 pixk(4x4 binned) CMOS Camera at
200Hz, with a tandem lens microscope (FiguBelA). The entire cortical area was
iluminated at 465 nm with a 400 mW/érhED system (Scimedia, Ltd.) to excite the
ArcLight fluorophoreand backgroundutofluorescenc& he exciation light was projected

onto the cortical surface using the fidithroic mirror pandpass475/625nm Semrock,

Inc.). Collected light wapassedhrough a secondichroic mirror Longpassutoff: 495

nm, Semrock, Inc.¥or collection of the ArcLight ad autofluorescence signal. The
autofluorescence signal was filtered wittband@ss fiter between the wavelengto$
465/75nm (Semrock)nc). The ArcLight signaWasfiltered with a bandpass emission
filter between wavelengths of 520u35 nm ( Sce
approximately 300um below the surface of the brain or cortical layerA2%&sthetized

imaging only utilized the single camera systasrdescribed in Chapter 3.

4.2.7 Functional Fluorescent Mapping of Barrel Cortex:

The mouse's whisker system was first mapped by imaging the rapid ArcLight response
(800ms) to a high velocity (1200 Deg/s) sensory stimuli to three mouse whigkess.
resultingwhisker response averaged over 20 trials was determinedcagsbeiatedvith a
principle whisker, and barrel, if the evoked response was spatially limited to roughly a 0.2
mm x 0.2 mm area 230ms after stimulation. Additionally, the response
wasdetermnedto beoriginatingfrom the barrefield if the center of mass @afctivation
movedconsistentlywith thehistologicallydefined barrefield and was within the standard
stereotaxic location of S1 (~3mm lateral, -@.5mm from bregmajfter mapping, a

single whisker was deflected with an ethologicallevantvelocity sweep (60200 Deg/s)
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designed to simulate high velocity shfick events, either with or without thalamic

optogenetic hyperpolarization to determine the cortical responses to variotifelo

4.2.8 Simultaneousimaging and Thalamic Optogenetic Stimulation:

After mapping both the thalamic and cortical regions, an optrode (2M Ohm tungsten
electrode mounted to an 200um optic fiber) was positioned to the stereotaxic locations of
the premappedthalamic region and lowered to the corresponding depth. Once a single
thalamic unit was identified using the above constraints, the unit was determined to be
sensitive to optical stimulation by briefly-@s) typerpolarizing the cells using at least
16mW/mm?590nmLED light sourcgThorlabs, M596F1). Due to the low baseline firing

rate (<1Hz), each cell was determined to be a thalamic optically sensitive unit if the
cessation of the 590nm light caused a rebound BRirs\fter identifying an optically
sensitive thalamic unit, the same velocity stimulus was delivered in a pseudorandom order
to the whiskers under various light conditions. Light stimulation foraees was psented

750ms preceding and following whisker deflection5§lLtotal light illumination with a

250ms ramp up and downThere was a variable three to ninetsenond gap between
stimulus deliveries to allow for recovery of halorhodopsin (eNpBRFEach session
imaged 200m4s of preceding frames to measure spontaneous activity. Light power was
measured from the tip of the ground optical fiber before each experiment to maintain
approximate light intensés delivered to each cell -@mwW/mnv¥). All LED light
measurementare estimated to be withi#20 of the reported valueDuring stimulation,

the downstream cortical response was recorded using the same imaging system and voltage
indicator as listed above. Optogenetic and viral expression obgpehiment was verified

through confocal and brightfield imaging of fixed slices.
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4.2.9 Histology:

Histology samples were prepared by perfusing the animal transcardially with phosphate
buffered saline (PBS) followed by 4% paraformaldehyde. Brains werdigedtovernight

in 4% paraformaldehyde then transferred to PBS before sectioning. Thick sections were
cut wusing a vibratome (100 em, Leica, VTS

staining.

4.2.10 Thalamic Electrophysiology Data Analysis Mean ResponseBurst Ratio,

and First Spike Latency:
We report several different basic measurements of spiking activity from our thalamic units
including evoked response, evoked bursting response, latency and jitter. We determined
thalamic evoked response as the initedponse (BOms) to sensory stimuli. Each single
unit recording was averaged over many trials§0%to produce a single response curve
for that unit. The evoked response was determined as the average spikes per trial in the 0
30ms period post stimulusthe corresponding evoked bursting response was determined
as number of bursting spikes per trial in that same post stimulus period. Bursting spikes
were defined as 2 or more spikes that fire at most 4ms apart preceded by 100ms of silence.
The 100ms pratimulus activity is based on reported valuesTaypecalcium bursté”8
The First Spike (FS) Latency was determined as the average first spike after stimulus
delivery (t=0). Trials in which no spikes occurred within the response window were
determined to be nonresponsive trials esede excluded from the analysis. To compare to
other thalamic studies, it is important to note that the sawtooth stimulus used for whisker
deflection reached peak velocity 2ms after stimulus onset. The spiking jitter was
determined as the standard dewatbf the first spike latencies for each recording. We
measured the effect of ongoing spiking activity by comparing the distribution of firing rates

of each recorded neuron during 1s during control (no LED) and optogenetic stimulation
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using the Mann Whitnerank sum test. Significant modulations were determined if p<0.05.
All data analysis of the recorded extracellular thalamic units was accomplished using

custom Matlab scripts.

4.2.11 Voltage Sensitive Imaging Data Analysis:

Raw images were loaded and conwertef r om t he . gsdo for mat
downs ampl ed by a factor of t wo. Each datas
measurement by subtracting and dividing each trial by the temporal average frame between

0 and 200ms preceding the stimuluslight delivery (Fo= mean response frame from

200ms to Oms preceding stimulus or light delivery). Hemodynamic noise was removed

using a Rnciple ComponentAnalysisBackground subtraction method discussed below.

As described in detaif®, in vivo ArcLight imaging overlaps with the hemoglobin
absorption spectrum, and therefore contains hemodynamic noise that must be removed for
analysis. Similar to the methods described in Borden et al, this hemodynamic noise was
removed using a background subtraction method. Ingatiie wildtype mouse cortical
surface using the same blue excitation and the ArcLight filter set revealed similar patterns
of oscillatory activity, likely tmough autofluorescence and effect of hemodynamic
absorption and blood flo#?°. The Background PCA subtraction utilizes autofluorescence
signal from nopArcLight transfected regions to predict the hemodynamic signal across the

recorded space.

Specifically, the Background PCA subtraction method tisesackground fluorescence
of non-expressing autofluorescence regions to find the ongoing hemodynamic components
on a single trial basi$Ve created a threshold to separate the background autofluorescence

from the ArcLight signal using the maximum fluorescence from ain@at animal.
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Therefore, the extracted principle components would be less likely to contain ongoing
neural activity.Additionally, the background fluorescence regions were selected at least
1mm away from the recorded whisker evoked response (Borden at el, 2017). Idesdly, t
criteria would create a spatial defined region with little or no ArcLight fluorescence to
isolate the hemodynamic signal from the neurometric signal. Each frame is first spatially
averaged by a 200 um x 200 um averagimgdian filter. On a single tal, the
corresponding top five principle components of the low background regions (which
contains approximately 85% of the variance explained) are projected on a pixel by pixel
basis across the entire recording using lasso regression method with regjoétizahe

lasso regression utilizes a cross validated approach to determine the minimum number of
components to develop the model of hemodynamic noise. In ordesviery the removal

of any stimulus evoked activity, each pixel was fit on-gtimulus activity (either before

light onset for experiments involving optogenetics, or immediately preceding stimulus
delivery). The final predicted hemodynamic signal for gaigbl was subtracted across the
entire recording on a pixel by pixel basis. Due to the complex waveform of the
hemodynamic response, a simple notch filter is not effective at separating the signal from

the nois€%3.

We found that the updated Background PCA subitmacmethod greatly reduced
hemodynamic signal across the entire frame, compared to tROdffnethod (Borden et
al, 2017which was more limited to the selected barrel R®@some instances, brief onset
and offset light artifacts of the 590nm light wasible in the recorded ArcLight Cortical
signal. We removed thienset and offsetransientsignal from the final fluorescence to

remove optogenetic transient light artifacts.
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4.2.12 Dual Camera Imagingi Imaging analysis

In the awake animal, we utilizeddaal camera imaging system to capture a background
fluorescence signal for hemodynamic subtraction. Two different cameras were used to
capture ArcLight andutofluorescence signal, and therefore, pixels could not be directly
registered for subtraction fgrixel by pixel correction. Instead, we utilized the same
Background PCA subtraction method to find and develop models of the hemodynamic
response based on the global PCA signal derived from the background kot dual
camerafiles, each component \gafit over the entire recording for subtraction of the

hemodynamic noisd&oth raw and processed images showed qualitatively similar results.

Unless otherwise noted, each dataset was processed with the Background PCA or Dual
Camera subtraction methodsdated above. Background PCA and Dual Camera processed

files showed the same trends.

4.2.13 Imaging Data Analysisi Peak amplitude, Normalized Peak, and Temporal
Properties:
We measured the effect of the optogenetic stimulation on the peak amplitude ofkibe evo
mean ArcLight fluorescence in the determined cortical barrel. The cortical barrel region of
interest (ROI) for each stimulated barrel and each data set, was selected as the 200 pm x
200 pm region with the largest response 30ms after stimulus deliMeis/.determined
ROI was used for all subsequent analysis of the temporal response. To better isolate the
evoked amplitude, the frame of stimulus delivery (t=0) was subtracted from the resulting
recorded signal. For each recording, the peak amplitude ias dtee d as t he @F/
time of the maximum average response between 0 and 110ms for the strongest stimuli
(1200 Deg/s) presented under control and various optogenetic conditions. In order to

measure the temporal properties of the evoked response, eent@ated on the timeseries
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data from the determined cortical barrel R
each sessionbds peak response was divided b
stimulus (1200 Deg/s) under the control conditione Tlermalization allows for a better
comparison across animals which may have different levels of ArcLight expression. We
measured the time to peak as the time from sensory onset (10% of the peak signal) to the
peak evoked response between 0 and 110 mssposilus. As a further measure of the

temporal properties, we measured the overall duration of the response as the time between
sensory onset (10% of the peak signal) and sensory offset (defined as the return to 10% of

the peak signal, Borden et al, 2017)

4.2.14 Imaging Data Analysisi Area Measurements:

In addition to measuring the peak response, we also measured the effect of different
thalamic polarizations on the evoked area of sensory cortical activity. We measured the
activated area by the number of @l over a threshold using the average responsb 25

ms post stimulus frame. Similar to other studf@$?’ we measured the spatial activation

by the pixels over a 70%hreshold of the maximum delivered stimulus (1200 Deg/s) under
the noroptogenetic (Cotrol) condition The activation threshold was measured for each
session to account for across experimental variapbAitgLight expression, and changes

in ongoing fluorescenc8 he t hreshol d was calcul ated bas
peak respons5-35ms post stimulus for the largest velocity. In order to isolate the evoked
activity from ongoing activity, we subtracted the frame at stimulus delivery (t=0). Different

thresholds had no effect on the observed trends.
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4.2.15 Awake Whisking 1 Data Analysis

We measured the awake whisking behavior usiBgser Ace §cA1920155un) camera
sampled with 480 x 300 pixel (4x4 binned) at®DHz. The whiskers were illuminated
using either an external LED ligt860nm) or by the imaging 465nm light source. Ingmge
were continually recorded through the entire recorded session and then aligned using the
movement of the galvo stimulus. A select region of interest (ROI) was placed in the whisker
pad close to the face to determine changes in average intensity daniagdiding session.

A customalgorithm measured the squared change in intensity to determine periods of
whisker movement. Whisker movement was assigned using a threshold of pixel intensity
that was used for each imaging session. A movements had toriget than 100ms to

considered as whisking periods.

4.2.16 Experimental Design and Statistical Analysis:

For all measurements, we determined if the specific data sets were normally distributed
using the Lilliefors test for normality. If the data were normad, used the appropriate
(paired or unpaired)test fa statistical difference, and @ane way ANOVA for across
different groups. If the population was determined to havenmomal distributions, we
conducted nonparametric Wilcoxon sigraahk tests to detmine statistical significance

and the Friedman test to for across groups comparisons. Multiple comparison tests were
corrected using the HokBonferroni method. All tests were conducted using the
MATLAB Statistics Toolbox (Mathworks, Inc.) or SPSS (IBMAIl sample sizes are

reported in the figure captions and text. Data is available upon request.
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4.3 Results:

4.3.1 Simultaneous Thalamic Manipulation and Cortical Recordings in the Awake

and Anesthetized mouse.
We preformed simultaneous traditional thalamic etgattysiology and widefield cortical
voltage imagingto determine the effect of various thalamic states on thalamocortical
sensory processing. We measured cortical spatiotemporal activity with widefield imaging
of the genetically expressedoltage indicator(GEVI), ArcLight, at a high temporal
resolution of 200Hz (see Methods, Chapter 2&3). Based on our previously published
methods (see Methods, Chapter 2; Borden et al, 2017), ArcLight provides a measurement
of corticalvoltage activity acrossme (sampled 8200 Hz)acrosamillimeters of cortical

space
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Figure 4.1. Experimental Setup for Simultaneous Thalamic and Cortical recordings

in the Anesthetized and Awake Brain.

A. Experimental Setup for Cortical \defield Imaging of the voltage indicator ArcLight.
Paired thalamic recordings were conducted using extracellular electrodes in the thalamus,
attached to an optic fiber (2061). The thalamus was manipulated using light through

the optic fiber (590nm) in der to activate Halorhodopsin (a light sensitive chloride

pump) in the thalamus (see Methods for detas)op. Anesthetized Cortical ArcLight

spatial response to a whisker stimulus (at Time$))Bottom. Timeseries of thalamic

and cortical responses & whisker stimulus. Mean cortical fluorescence response (51
trials, green) selected from a 200um x 200um region of interest at the center of the spatial
respons€B. Top).Mean Thalamic PSTH (51 trials, black) for a thalamic single unit
captured simultaeously with the cortical respongg.Same as B, except the animal is

awake and headfixed during recording and whisker stimulation.
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We investigated the impact of thalamic manipulation on sensory processing in the mouse
whisker system in both the anestized (isoflurane) and awake conditions (see Methods
for details). Under both awake (FigutdB) and anesthetized conditions (Figdt&C),

we observed robust sensory evoked response in the primary thalamic and somatosensory
cortical regionsin the aw&e condition, the mouse was headfixed with no behavioral task,
and given periodic rewards while measuring whisker movengsaésMethods 4.2.3)n
particular, the awake and anesthetized thalamus resptmdguinctate whisker deflection

with a short latacy of similar magnitude under both conditions (Anesthetized Evoked Rate
1.25 +/0.61 Spikes per triah=41single units Awake Evoked Rat#.23+/- 0.64 Spikes

per trial n=5single units Mean+/SD, and overall duration (betwedr30 ms). However,

we dserved a striking difference between the anesthetized and awake thalamic
spontaneous firing rate (Mean Anesthetized FiRage 0.15 +/0.36 Hz, n=41 and Mean
Awake FiringRate 5.6 +/ 2.7 Hz, n=5single units.

Similarly, in the cortex, we found thbbth conditions (awake and anesthetized) produced
a strong stimulus evoked response, with a similar reported change in fluoregogake (

Peak Response).28 +£15 %% F/Fo, n=9, Anesthetized Peak Respor3d9 +/0.16
%$ F/Fo n=12, p =0.28, unpairedds). Additionally, the widefield ArcLight signal began

locally at approximately 10 ms post stimulus and rapidly spread across the cortex. Due to

the typical fluorescence measurement utitiza percent difference ($4-/Fo), changes in

ongoing activity are difcult to measure; however, publisheddies have found a dramatic
increase in spontaneous activity across the corteawiake compared to anesthetized

conditiong37:249
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4.3.2 Halorhodopsin Activation Transitions Awake Thalamus into a Bursting

State in Awake Brain

We combined thalamic and cortical recording techniques with optogenetics to manipulate
ongoing thalamic firing and to shift the thalamus into different spiking regimes in the
awake (Figure4.2-6) and andbetized brain (Figurel.4,4.5). While in Chapter 3 we
conducted similar experiments in the anesthetized mouse, we will focus initially on the
observed effects of thalamic manipulations in the awakienal butfollow with the

anesthetized results for commgan ( as shown in Chapter.3)

Specifically, we expressed halorhodopsin, a light sensitive chloride pump, through a viral
vector (AAV5-CamllKinaseeNrph3.0, see methods, Chapter3, FigBrEA), into the
mouse sensory thalamus to apply a modulatory imputthe underlying thalamic
polarization. After at least 4 weeks of expression, we trained animals to tolerate head
fixation for prolonged periods. After training, a small craniotomy was placed over the
thalamic region of interest. Instead of using halodpsih to silence neural activitwe
sought to provide changes to ongoing thalamic polarizatibite providing a simple
sensory input to the mouse whiskéfe delivered varying levels of LED light power into

the thalamus using a -@00mm) fiber optic cal® attached to a tungsten electrode to

modulate and record the ongoing thalamic actiwiie recorded the effects of the different
levels of the halorhodopsin activation on single (Figu8A-C,) and multiunit (Figures

4.2D-E) populations in the sensotyalamus.
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Figure 4.2. Halorhodopsin Excitation Transitions Awake Thalamus into a Burst
State.

A-C. Example thalamic single unit stimulus response under various levels of optogenetic
light intensity.A. Single trial raster of thalamic neuron under three different light
conditions (Control, 177mW/mfnand 38mW/mrf). Halorhodopsin excitation induces a
period of silence during optogenetics onset that reduces ongoing firing rate. After 100
250ms, thalamic nean increases baseline firing rate (black ticks) with elevated levels of
thalamic bursting (red ticksh\. inset Average thalamic unit waveform and standard
deviation.B. Poststimulus time histogram (PSTH) across same unit @ Average
response for apikes (black), and bursting spikes (red) during the oA3&%(tc0.5s),
pre-stimulus(-0.5 tc0s), and response (0 to 0.03s), periods for the example neuron.
During halorhodopsin excitation there is a marked increase in ongoing thalamic bursting
and a increased thalamic response to sensory stidtfi. Multiunit response properties

in awake thalamus under the optogenetic conditions (A). A. Average PSTH across all
recordings (n=12, 3 mice. Thalamic response PSTH under control (black) and
optogentic (Amber) conditions. Halorhodopsin excitation (17mW/frincreases the
thalamic MU response, with a marked increase in thalamic latEnéyerage response

for all multiunit recordings (n=12 recordings) spikes (black), and bursting spikes (red)
duringthe onset-0.75 tc0.5s),pre-stimulug-0.5 to0s), and response (0 to 0.03s),

periods for the example neuron. Halorhodopsin excitation causes a significant decrease in
spontaneous activity within 250ms of light onset, and a significant increase irdevoke
response across most light intensities. Paitegtt*p<0.05 , n=12 recordings. All

errorbars represent mean and standard error.
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In the awake thalamus, we found that short periods (1 s continuous LED excitation with
0.25 s ramp on and off) of halaydopsin activation resulted in dynamic changes in ongoing
thalamic activity with a marked transition from tonic to burst firing (Figli2A top-
bottom, example thalamic single unit). In all cases we delivered a strong whisker stimulus
(1200 Deg/s Sawtdb, at 0.750 ms post LED onset). The observed increase in thalamic
bursting (red ticks) appeared throughout the halorhodopsin activation period, with a large
increase of stimulus evoked bursts (=0, shown in Fig@&,B). With increasing levels

of halorrodopsin activation (with increasing levels of LED powe38Lmw/mn?), the
thalamic response increased both thalamic spiking and bursting thalamic response
compared to the control stimulus (no LED). At moderate levels of halorhodopsin activation
we observedn almost Zold increase in thalamic response. We found similar trends across
a larger dataset of collected multiunit data (Figu@®-F). While we are unable to clearly
separate tonic and burst firing in the muitiit data, we did observe similar efte of the

light on overall firing rates. Specifically, thalamic halorhodopsin activation increased the
evoked thalamic response to simple stimuli, as well as modulated grthaiamic firing

rate (Figure 4.R,E), consistent with the engagement wilktype calcium channel

dynamics.

Beyond changes in the stimulus evoked activity, we observed three distinct periods over
the course of the halorhodopsin activation: 1. an initial period of silence lasting between
100-250 ms immediately following LED onset (fire4.2A & 4.2D at-0.75 to-0.5 s), 2.

a period of increased spontaneous firing with an increase in thalamic bursts (Figure 2A &
2D at-0.5 to 0 s), 3. A post inhibitory rebound period lasting approximatehP80ms

post halorhodopsin offset. Each bése phases are evident in both the single and average
multiunit data (Figuret.2A,B,D). The initial period of silenc@~igure 4.2Cxisplayed a

decreasing relationship with increasing levels of LED Powvizuring this phase,
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halorhodopsin reduces the onggifiring rates without altering firing patterns (i.e.
bursting). Additionally, this period of silence lasted approximately2%® ms, which is

the estimated time constant for theidactivation ofT-type channel$“. After the period

of silence (Figurd.2A,B,D), there was an increase in bursting, and overall thalamic firing,
which is counteintuitive to the effects seen in other studies using hattwpsin in other

brain region&® Thalamic neurons contaifrtype calcium channels which are only-de
inactivated during periods ofyperpolarizatiof. During the ramp down of the stimulus

(at 0.5 s post stimulus), most cells displayed a robust increase in firing typical of a post
inhibitory rebound of thalamic neurons. Taken together, these results demonstrate that
thalamic halorhodopsin activation increased the stimulus evoked response, and had

dynamic interactions with the ongoing thalamic spontaneous firing.

It is important to note that haleodopsin is a chloride pump and therefore will
hyperpolarize neuranduring periods of activatié®?. While some studies have found
prolonged periods of halorhodopsin activation can alter the reversal pobéotitdride°

(ie. Chloride loading), the overall timescalesed in this paper would suggest that this is
not the primary driver for this observed effece€SAppendix A.3 Gloride Reversal
Potential and Halorhodopgininstead, halorhodopsia likely interacting with the-type
calcium currents which are only ta@ted during periods of hyperpolarization.
Additionally, work by Reinhold et. al. 2015 used an alternative mechanism to
hyperpolarize thalamic activity through thalamic reticular nucleus (TRN) stimulation and
observed an increase in thalamic firing andsking after 10250 ms of silence. Activain

of the GABAergic TRN would have less impact on the chloride reversal potential, and
therefore is secondary evidence of this observed phenomena (i.e. increase in thalamic

bursts) under different stimulatiorcteniques. However, without intracellular recording of
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thalamic neurons during periods of hyperpolarization we can only assume the effects on

thalamic membrane potential, reversal potentials, and resulting activity.

4.3.3 Thalamic Halorhodopsin Activation Decreases CorticaEvoked Response in

Awake Mice

In a subset of experiments, we measured the effect of thalamic halorhodopsin activation on
downstream cortical processing using widefield cortical imaging of the GEVI ArcLight in
awake mice. Again, mice weirjected with an additional viral construct for the GEVI
ArcLight (AAV1-hsyntArcLightD-WPRESV40, Methods) along with a halorhodopsin
(see above section, Methods) and training for paired thalamic and cortical awake

recordings.
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Figure 4.3 Awake S1 Barrel Cortical Evoked Response Decreases During Periods of
Thalamic Halorhodopsin Activation

A. Cortical ArcLight fluorescence under various levels of thalamic halorhodopsin
activation control, 17mW/mf and BmW/mn?t. Increasing levels of thalamic
halorhodopsin activation decrease the evoked cortical resgrigemporal fluorescence
responses taken from the barrel region of interest (ROI) under the same optogenetic
stimulation as A. Whisker stimulus (blaciangle). B Top to Bottom. Increasing levels of
thalamic hyperpolarization reduces the evoked cortical respGnskop. Average peak
response for each recording (between 0 and 110ms post stimulus) across increasing levels
of thalamic halorhodopsin actitran. Increasing levels of thalamic halorhodopin activation
decreases cortical peak evoked response-{2=@cordings)C. Bottom. Average Post
Response (0.1Q.4s) fluorescence under increasing levels of halorhodopsin activation
after a whisker stimulug\ll errorbars represent mean and standard error.
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Using simultaneous recording with thalamic neurons, we found that thalamic
halorhodopsiractivationhad dramatically different results in the primary somatosensory
cortex in response to a stimulus. Ydand that while halorhodopsin increased the thalamic
evoked response (Figure?), therelative peak evoked cortical activity decreased with
increasing levels of thalamic modulation compared to control conditions (F@4eB).

We measured theelative peak amplitude by measuring the peak evoked fluorescence
between 0 and 110 ms post stimulektive tothe averagéuorescenc&5 ms preceding

the stimulus onset (t=0)We used a tative peak measurement to account for changes in
baselinefluorescencectivity before onset of the stimulusn order toaccountfor slight
differences of expression acrossnaals and across cortical space, we normaleach
response to the average control stimulus. At the maximum LED intensity tested (38
mW/mn?), this resulted in an approximate 35% reduction in evoked peak response

(Control Peak0.28 +£15Norm %$ F/Fo, 38 mW/mrPeak-0.18 +£0.13Norm %$ F/Fo,

p=4.08e4, paired {est, n=9).

Additionally, we observed that along with a decrease in the evoked peak, there was an

accompanying decrease in the pastponse fluorescence between 120 ms to 400 ms after

stimulus onsef{Figure 4.3C) This decrease in fluorescen&&HFo) likely represents a

relative decrease in cortical activity following stimulus delivery and suggests a strong
inhibitory response to the sensory feature. Given the feedforward naturee of th
thalamocortical pathway, and in the observed results in Chapter 3, it is not immediately
obvious why an increase in thalamic evoked activity would cause a subsequent decrease in
evoked cortical response. In order to investigate this effect further,fegrped a subset

of experiments under isoflurane anesthesia to determine if the observed phenomena were

related to external, behavioral, or other high level processes.
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4.3.4 Thalamic Halorhodopsin Activation Creates Opposite Cortical Effects in

Awake and Anesthetized Mice

In order to control for external and internal sources of variability, wdomned
compkementary experiments in the anesthetized mouse under isoflurane (see Methods,
Chapter 3). The experimental preparation and protocol for both conditeensimvilar (see
Methods); however, animals used for the anesthetized work were not trained for prolonged
headfixation, and were simply anesthetized on the day of the procedure. Under both
conditions thalamic halorhodopsin activation generally increasedséhsory evoked
thalamic response over the control (summary Figud®), with similar increases in
thalamic evoked bursting (Figuré.4A,BLeft 4.4D). While thalamic halorhodopsin
activation had similar effects on the evoked thalamic response in the etizesthand
awake mice, the net cortical outcome was quite different (FigydfeB[Right], 4.4C). In

the anesthetized mouse, the optogenetic manipulation monotonically increased the cortical
response; whereas, in the awake brain the optogenetic manipulataotonically
decreased the cortical response. One prominent difference between these two conditions
was the effect of the halorhodopsin activation on thespmaulus activityFigures 4.4E,F)

Under isoflurane anesthesia, we found that spontaneousmilcakctivity was very
suppressed relative to the awake animal (Figure 4E). While under both conditions the
thalamic halorhodopsin activation transitioned the thalamus into bursting modes, the
magnitude ofncreased burst firingias much greater in the akeacondition Compared

to the anesthetizezbndition awake halorhodopsin activatioducedan approximate.5

fold difference in absolutspontaneouburst firing(Figure4 4F). The difference between

the magnitude of thewake and anesthetized ongoingdh firing may cause more nuanced

activations of the cortical inhibitory and excitatory networks which could explain the
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observed cortical trends (see Discussion). In particular, one theory for the observed
differential effects is due to high levels ofospaneous bursting induced in the awake

mouse. Specifically, prolonged increased thalamic bursting may dictate the activation of
specific inhibitory cortical subtypes, i.e. Somatostatin positive interneurons, and circuits

which could increase in networkhibition.
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Figure 4.4. Thalamic and Cortical Sensory Processing witliHalorhodopsin

Activation in Awake and Anesthetized Bain.

A. Awake Thalamic and Cortical Response to halorhodpsin excitaideft. Average
thalamic single unit PSTH (n=5) response. All spikes (Black). Burst Spikes (Red). Under
halorhodopsin excitation there in an increase in baseline and stimulus evoked bursting (red
A. Right. Average Cortical Response (n=12) under control (black) @ptogenetic
conditions (amber). Awake stimulus was embedded in 1.5s of LED activation with 250ms
of ramping on and offB. Anesthetized (isoflurane) Thalamic and Cortical Response to
halorhodopsin excitatiorB. Left. Average thalamic single unit PSTH=41 units) under
control (top) and optogenetic stimulation(bottom) in response to whisker deflection (t=0
B.Left. Inset. Baseline firing under both conditions. Note, under anesthesia stimulus was
embedded in 1s of LED activation with no ramping on or. 8ff Right. average
anesthetized cortical response (n=12) under control (black) and optogenetic conditions
(amber).C. Mean evoked cortical responses for various LED intensities under both
conditions awake (@lack, n=912) and anesthetized -(*Blue, n=12) Optogenetic
stimulation has opposite effects in awake and anesthetized condiliontean evoked
thalamic response to sensory stimulus for anesthetized 4t4iBgle unity and awake
(n=5single unit§ conditions. In both conditions optogenetic stiatidn elevated thalamic
evoked responses relative to control resporiseSpontaneous thalamic firing preceding
stimulus (250ms)r. Prestimulusspontaneous bursting in same period as E.
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4.3.5 Thalamic Halorhodopsin Activation Reduces Evoked Area in Awake Aimal

We utilized the ArcLight GEVI to not only measure voltage changes over time, but also
across cortical space. Giverettlichotomous relationship of the stimulus evoked peak
response between anesthetized and awake mice, we considered the effecpafidhe
activation under both conditions (Figut®A). We measured spatial activation using two
different metrics, spatial area over a raw threshold and the normalized area greater set
percentage (see Methods). For the raw data, we used a previouslglestia{Borden et

al, 2017; Gollnick et al, 2016) threshold of 70% activation of the control stimulus
condition. While these metrics seem similar, they highlight two different aspects of the
spatial signal. The raw evoked threshold gives an estimate afaatevated above a
particular strength (i.e., the area and amplitude are correlated). Whereas the normalized
area gives an estimate of the area activated regardless of amplitude and is an estimate of

the sharpening and broadening of spataiivation
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Figure 4.5. Cortical Spatial Response Across Awake and Anesthetized States.

A Mean cortical spatial response-25ms post stimulus to increasing levels of
optogenetic stimulation (51 trials). Bar 1mB1 Raw evoked area over 70% of the

control stimulus threshold for the same period as A, across awdkac{q r=9-12) and
anesthetized ¢blue n=5) recordingsC. Normalized evoked area response for the same
period as A across all recordings for anesthdt{pe5). Normalized area adjusts the peak
amplitude for each stimulus. All errorbars represent mean and standard error.
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We found that the raw spatial activation shared similar trends with the peak evoked
response, with opposing effects in the anestbéétand awake conditions. Under awake
conditions the evoked area generally decreased with increasing levels of thalamic
halorhodopsin activation; whereas in the anesthetized case, the evoked area had a
monotonically increasing relationship. For examptenaderate intensity (17 mW/nfin

and under anesthesia, thalamic halorhodopsin increased the activated cortical area by a
factor of 5, where the same intensity halved the spatial activation relative to control in the
awake animal (Figurd.5B). When accoummg for the changes in evoked amplitude, we
found that under anesthesia the normalized area remained the same and decreased in the
awake mouse (Figuré5C). Previous work has estimated that the normalized area is a
metric of the widthof the spatial respse curvé®?’X where a decrease in normalized area
represents a sharpening of sensactivation Taken together, with increasing levels of
thalamic falorhodopsin, the awake evoked response is more spatially contained than the

anesthetized animal suggesting an increase in network inhibition.

4.3.6 Internally Driven Whisking and Non-Whisking States Determine Extent of
Optogenetic Manipulation
In the awakemouse there are a variety of internal states and external factors which may
shape the perception, cortical activity, and evoked stimulus response. One such internal
state is the movement of the sensory organ during active sensation processes which has
shown to have dramatic effects on both thalamic and cortical networks across sensory
modalities. In this work, we measured the thalamocortical transformation in the whisker
system as a model system of sensory processing. Mice and other rodents are known to
utilize their whiskers for a variety of tasks, including exatiwm of the surrounding world

As such, mice will often whisk or provide rhythmic protrusion and extrusion of the
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whiskers duing states of active attenti®d, and exploratiof{3. Whisking has been found
to produce dynamic changes to ongoihglamic and cortical network$, and therefore

represents an additional variable to be considered during optogenetic manipulation.

We measured whisking activity usingmsilltaneous video capture (BD Hz) of the
whiskers during recording sessions. We captured the movement of whiskers by measuring
the change in luminance intensity in a small region of interest in the mouse whisker pad.
When the mouse moved their whiskexdarge change in luminance was detected (Figure
4.6A). Using a custom algorithm (see Methods) we classified trials into whisking and non

whisking based on a threshold of change in intensity and duration.
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Figure 4.6. Whisking States Alter the Magnitude of Thalamic Optogenetic

Stimulation.

A. Diagram depicting algorithm for detecting whisking and non whisking states using a
region of interest (ROI) in the whisker pad as a measure of movement (see Mdthods
Mean thalamic multiunit stimulus evoked response sorted based on whisking (blue) and
nonwhisking(red) trials (n=11 recordings) for control (proptogenetic) conditianC.

Mean cortical evoked responses (n=12 mice) for the same trials whisking and no
whisking trials in B D. Mean Evoked multiunit response across various levels of
optogenetic stimulation for whisking and nahisking trials (n=11, recordingsk.
Evoked cortical response across same trials as D18x%rrorbars represent mean +/
standard error.
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We found that in thalamus and cortex, whisking states had a dramatic effect on the thalamic
(Figure 4.6B)pre-stimulus firing and the corresponding evoked cortical respigare

4.6C) We observed that the mouse whisked on averadgé @bthe time throughout the
recording session. In the thalamus, we found that during trials wistipralus whisking

there was a general increasespontaneous firing rate (Medrestimulus (2560 ms)
Whisking 37.0 +/9.1 Hz, Nonwhisking 14.22 +3.5 Hz (SEM), Multiunit firing rate
p=0.011, paired-test),with trending on &ignificant change in evoked response (Mean
Prestimulus (2560 ms) Whisking/5.8 +£14.8 Hz, Noawhisking58.22 +£9.7Hz (SEM),
Multiunit firing rate p=0.0533, pairedtést). h the cortex, we found that increased levels

of thalamic firing did not alter spontaneo
sensory evoked cortical response. These results correspond well with previous studies
using voltage sensitive dye imaginglve awake mouse (Ferezou et al 2006) and thalamic

extracellular recording®.

During optogenetic manipulation, we found differences in the evoked thalamic and cortical
responses in the whisking and Aehisking states. In newhisking trials, halorhodojis
significantly increased the thalamic evoked response alriogd 8~igure 4.6D) whereas

in the whisking case thalamic evoked responses only trended on increasing. In the cortex,
we also observed differences between whisking andntosking trials undr optogenetic
activation While at the highest intensity (38 mW/jnoptogenetic thalamic stimulation
decreased both whisking and rahisking trial peak cortical responses, aghisking
cortical trials appeared to be more sensitive to optogenetic stiomul@igure 4.6E).
Whisking trials would determine the resting polarization and amount of baseline activity
during optogenetic trials, and therefore may determine the impact of slight changes in
thalamic polarization. Additionally, whisking has been shateninvolve the entire

thalamocortical network and extend beyond primary sensory cortices and therefore
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represents large scale changes across the brain. These changes may go beyond simple
differences in thalamic polarization and may represent change< iertire circuits
function. It is important to note that mice appeared to whisk equally during control and
LED intensities (Control 24.8 +/7.1% vs 38 mW/mm26.2 +f 8.8% whisking), and
therefore this analysis is not due to changes in overall trialtgoliaken together, these

results suggest that the internal driven states play an integral role in how changes in

polarization (i.e. halorhodopsin optogenetic stimulation) shape cortical evoked signals.

4.4 Discussion:

In this work, we investigated the impgaxf different thalamic states on the transformation

of sensory information in the thalamocortical circuit in the awake and anesthetized mouse.
We utilized a combinationf extracellular recordingwith GEVI imagingto measure the
effects of optogenetic duced thalamic states on thalamic and cortical processing of
sensory information. In the cortex, we measured the spatiotemporal astthityidefield
imagingof the geneticallxpressedoltage sensohrcLight. To our knowledge, this work

is the first © directly compare the impact of induced thalamic statessensory

spatiotemporal representaticssross thalamocortitatructures in the awake brain.

Here, we used the chloride pump halorhodopsin to determine how diffetarizedstates

alter thalamcortical sensory processing. We found that thalamic neurons produced
dynamic effects to an imposdtyperpolarized statéhat altered both spontaneous and
sensory evoked responses. In particular, we found that hyperpolarization transitioned the
awake andresthetized mouse thalamus from a tonic to more bursting firing modes (Figure
4244). Thalamic neurons have particulastype calcium channels that become-de
inactivated during periods of hyperpolarization, and produce large volleys of action

potentialswith short interspikeintervals (24ms¥° Interestingly, we found that our
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induced thalamitiyperpolarizatiorcontainedwo distinct phases: a period of silenaad

a period of increased thalamic firing and bursting. In particular, we found that immediately
following optogenetic onset {P50ms) there was a monotonically decreasing relationship
between the levelfoLED intensity (Figure4.2C4.2E) and the ongoing firing rate of
thalamic neurons. ThalamiG-type calcium channels require prolonged periods (around
100ms) of silence before becoming fullyidactivated which aligns with ihinitial period

of silencé®. While not directly investigated in this work, these results suggest that the
timescale and duration of hyperpolarizing inputs may have dynamic implications for

sensory processing.

Thalamic burstingard thalamic burst modebkave often been reporteds playing
conflicting roles in stimulus processing and in overall alerfiie§olongedthalamic

bursts modes are mostften associated with SleWaveSleep (SWSF4® and
drowsines®®, and are more selectively prevalent than in the anesthetized or awake
brair?®"-238.2%9 Furthermore, during known periods of awakesting in the visual pathway
cortical neurons have shovandecrease in sensory respaff$&’. However, bursting has

also been identified in awake thalamocortical procesSifij?’4 and haseven been
measured in behavioral tasks. Stimulus evoked thalamic bursting has been observed to
increase the tresformation of sensory information from thalamus to cortex,hastbeen

argued to be critical tdrive downstream cortical neurdts$® A single thalamocortical
synase is quite weak, and requiressgnchronous volleyf synaptic events to drive
cortical responsé% Often tewumédcal Iiwhkbess hage beea r t e x
proposed to send powerful signals downstream and even carry additional information

through the multiplexintf of sensory information.
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One of the primary results of this work wasservingopposing effects of induced thalamic
hyperpolarized states in the athetized and awake brain on cortical sensory processing,
while producing similar effects on the thalamic evoked response. Under periods of thalamic
hyperpolarizéion, we observed an increaseapiproximately 50% in the stimulus evoked
thalamic responseinder both the awake and anesthetized conditions. In particular, under
bothconditions there was an increase in the thalamic egdkesting. While in the cortex,

we found that induced thalamic hyperpolarization produced a monotoriieaigasen
awakecottical response (Figur4.3) and a monotonicallyncreasingcortical response in

the anesthetized brain (Figutel). We found that the spatiattivationfollowed a similar
trend. Uhder thalamic hyperpolarization evokackaincreased $old in the anestheed
animal anddecreasedy 50% in the awake animal (Figufes). Given the presumed
feedforward nature of the thalamocortical system, it is intriguing that enhancement of
thalamic signals would not produce a similar enhancement in downstream cortical

responses in the awake animal.

Due to the conflicting nature of the cortical results, we investigated the differences
observed in the circuit under awake and anesthetized conditions. thivemserved
similarity in the magnitude of the evoked thalamisp@nse under both anesthetized and
awake conditiog we assume the differences are not due to the evoked response magnitude.
While there has been some evidence that thalamic hyperpolarization increases the jitter in
the evoked respong®, it is not immediately clear if thisffect would drive differences in

the anesthetized and awake brain. Furthermore, we consiwdeetiterthe observed results

could be related to known changes in thalamocortical processing during bouts of whisking
(or active sensatioft}. While we found differences in the effect of the optogenetic induced

states during whisking and navhisking periods (Figurd.6), these results related to the
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overall magnitude of # decrease in ctical response, but the qualitative trend was the

same.

During periods of induced thalamic hyperpolarization, we found that the ongoing thalamic
firing rate and bursting rate increased differently under both anesthetized and awake
conditions. While thealative thalamic bursting and activity increased in both anesthetized
and awake conditions, the absolute levels of firing and bursting were different @#jure

In particular, the absolutgpontaneoushalamic bursting ratevas 2.5-fold higher in the
awake animal. Therefore, increases in absolutespneulus firing could alter the level of
thalamocortical synapticiepressioff® or alter the cortical extitory and inhibitory

network which would decrease the evoked cortical actitfity

Thalamic andortical statearedynamically connectéff and therefore slight modulations

of thalamic firing may have profound effects on downstream cortical activity. Thalamic
bursts have been shown to preferentially activate somatog@a@M) interneuron
population$*in vitro. Somatostatin interneurons have been found to have a wide range of
inhibitory functiong’8278, including synchronizingarger inhibitory networksvhich may

shift the network inta more inhibitory mod&? 281, We observedwo additional results

that areindicative of increased network inhibition. We found that as we increased the
thalamic hyperpolarization we decreased the normalized spatial spread of the evoked
response, which maye related to aimcrease in inhibitory activiff?. Additionally, during
induced hyperpolarized states in the awake brain we found a large negative dip in the
fluorescence immediately following evoked response, which would suggest a stronger
inhibitory response posttimulus. Furthermore, previous workshshown that inhibitory
networks are more activatein the awakecondition compared tothe anesthetized

conditiorP*28which suggests that changes in cortical inhibitory networks may be masked
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under anesthesia. Therefore, bursting states may altexdhatoryinhibitory balance in

the thalamocortical pathway, deasing the evoked response in the awake compared to
anesthetized brain. Future work is needed to determine the rglestbegmulusbursting
playsand the impact of different timescales of hyperpolarization on sensory representations

across the thalamotical network.

With this work there are several important considerations that may play a vital role in the
interpretation of the data. One important consideration is the recorded widefield ArcLight
fluorescence, which captures predominantly the deadniftormation in the upper supra
granular layers of the corte®23 as well assomatic and axonal information. Therefore,

the summed information is a combination of voltage activity across all neuronal subtypes
(not just excitatory inputs). Additionally, due to the enhanced neural activity in the awake
mouse, fluoresence normalization, and the nonlinear transformation between voltage and
fluorescence output, the fluorescent activity may be saturated in the awake animal. Beyond
the limitations of the ArcLight imaging, the optogenetic manipulations here were only
localized using stereotaxic viral injections and limited light spread from the optic fiber (see
Chapter 3). While we attempted to only record and manipulate from the ventral posterior
medial thalamic region, our manipulations may have extended throughout thalaoigi.

Future work is needed to determine how specific thalamic nuclei contribute to the

thalamocortical transformations shown here.

Taken together, we found that induced hyperpolarized thalamic dttiegentially shape
the evoked cortical respamacross anesthetized and awake brain states, and highlights the
complexity of thalamic modulations of ongoing polarization. Thalamic evoked bursts, and
hyperpolarized induced states, may have dynamic interactions with codteairksthat

dramatically #er sensory evoked responses. We speculate that ongoing thalamic activity
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may have specific implications for corticaihibitory networks however, future work

should investigate other potential explanations such as synaptic depr&¥side this

work highlights a single instance where awake burst modes decrease the evoked cortical
response, this may not always be the case. During our recordings we presented a relatively
long period of hyperpolarizing input (1.5s), which revealed different temporal dggaami

the thalamic spontaneous activity. Shorter or longer periods of thalamic hyperpolarization
may have more dynamic effects on cortical sensory encoding that go beyond this work.
While theinteractionsof ongoing thalamic statesn the thalamic encodingf sensory
information are now just being investigatedfuture work should consider how
thalamocortical networksnteract as a whole in various states tter sensory

representations.
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CHAPTER V: CONCLUSIONS AND FUTURE DIRECTIONS

5.1 Overview of Thesis Reslts

In this thesis, we developed and utilized advanced techniques to measure how different
thalamic states alter the transmission of sensory information in the thalamocortical
pathway. In particularthe objective of this thesis was determine howiluctuations in
membrane potential, that continuously rha the operating point of thalammeurons,

alter the encoding of sensory information across spatial and temporal scales in the cortex.
Until recently, due to the limitations of traditiomakthodsmeasuringlarge scale voltage
cortical activitywould have beeronfinedto anesthetized experimer(tgltage sensitive

dyes), or restrided in spatial resolution (intracellular recordingFurthermore,
manipulations to thalamic activity would have beenti@ito grossictivation of largescale
neural networks with electrical stimulationrHowever, with the advent ajenetically
expressedvoltage indicators (GEVIsand optogeneticsas well as the methodologies
developed in this thesis (Chaptey @ewere albe toconduct noveéxperiments to uncover

the impact ofthalamic statesn the anesthetized (Chapter 3) aadiake thalamocortical
circuit (Chapter 4) Below weinvestigatehese results in more detail and specubatthe

impactof thisresearchwhile presentingaroadmap fothe future.

5.2 GEVIs asa Tool for Measuring Spatiotemporal Cortical Information

In Chapter 2we found that the GEVIkavewide applications for the measurement of
spatiotemporal corticalctivity, with stable and lonterm recording of voltage responses
in the primary somatosensory mouse cortBpecifically, we foundthat the GEVI
ArcLight produced aobust sensory evoked fluorescence respongmunctate whisker
stimuli, and demonstrated lovamounts ofphotobleachig within an ima@ing sessioror
across 28 days of recordingyhile we found that ArcLight as a whole was able to capture

the spatiotemporal responses across the cortex, we found that the overlap with the
161



hemodynanic signal and the low overalighalto-noise ratio to be aerious limitation in
its use as an indicatd/hile our investigation only includesm detailedexamination of the
GEVI ArcLight, theseobservationseem to span acrofise current state of GEVIs as a
whole Through this nexsection we will investigateéhe overall functionality of ArcLight,

andspeculaten thefuture for GEVI imaging.

5.2.1 Widefield GEVI Imaging: Long-term Potential for Measuring Cortical

Dynamics
Here we were th@ne of thdirst to useGEVIs for imagingmouse cortical activitin vivo.
AcrossChaptes 2-4 we utilizedthe GEVIArcLight to measure spatiotemporal responses
across the cortex in the anesthetized (Chapter dnd@) awake (Chaptet,4) mouse.
ArcLight was originally developed as a modified green fluorescent protein (8FP)
Vincent Peribonén 20122 At the start of this projectArcLight represnted a novel
breakthrough withGEVIs, with relatively high signaio-noise ratios and moderate
temporal dynamics (~280Hz temporal resolutionQuickly after ArcLight wasadapted
for imaging of neural activity throughout tdeosophild*6'4% however ArcLight had not
been used for measurimy vivo cortical responses in the rodenbdel For this work, we
sought aGEVI that would rival the signab-noise and temporal resolution of traditional
voltage sensitive dyes. Furthermore, wedseka voltage probe that could be combined for
optogeneticsvith manipulation of the thalamocortical pathwaye confined excitation
emission spectrurof ArcLight, enabledis to combine the imaging with a hyperpolarizing
opsin, most of which are reshifted. Taken together, ArcLight represented an ideal voltage
sensor for the measurement of cortical voltage signals, while also allownfigure work
with optogenetic manipulation of the thalamocortical network.

In this work (Chapters 22) the GEVI ArcLight was determined to be a powerful

tool for the investigation of spatiotemporal respareed enabled novel insights into the
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encoding of sensory informatio@n average we found thathe ArcLight probehad a
similar fluorescence response to sensory tmpampared to other publishedE@Is (in
particular FRET based Butterfly }.28nd traditional voltage sensitive dyes (i.e. RH1691),
thus making ArcLight on pa with comparable technologider the time Furthermore,
ArcLight producel a highly stable respse that enabled repeated imaging over many days
and weeks which is beyond the capabilities of voltage sensitive dyeslLight
demonstrated evoked averdgesponses which were highly celated with simultaneous
averagd_ocal Field Ptential (LFP) recordngs. However on a single triaArcLight was
not well correlated with the ongoing local field potential, and had only modenaidation
with the peak respons/oked responseshis suggests that while the ArcLight captures
some of the basic elemenfssensory evoked responses that other approaches mg@asure
electrical recordings) ArcLight may also providesome other aspects of the
electrophysiological responsigat go beyond these techniques.

Additionally, we found that on a single trial, theoed responses contained high
spectral overlap with the hemodynamics in the braéims is likelydue to the blugreen
excitationemission wavelengthshich are shared with hemoglobidsing paired pulse
oximeter recordings, we found that thiegoing bl@d flow showed high correlations with
the ongoing fluorescence activity, suggesting large artifacts due to blooddloa.single
trial, the hemodynamic response produced a sigifialldsgreater than the evokextural
activity. While we generated severakthods to reduce the influence of the hemodynamic
signal,these methods were unable to completely remove the hemodyasif@ictsfrom
everytrial.

Throughout thiswork, we usedseveral different methods to try to remove the
hemodynamics response, limding off-ROI subtraction(Chapter 2) Background PCA
subtraction(Chapter 3)andduel camera fluorescence imagif@¢hapter 4) The offROI

and Background PCA metho(@Shapter 23) all hinged orthe shared global nature of the
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hemodynamic signal to creamodels of the blood flow for subtraction of the ongoing
signal. However, botthe off-ROI and Backgroun®CA methodsare less idealyith the
added rislof adding noiséo the recording

In Chapter 4we introduced the final methdd reduce the hemodgmic artifact
attempted in thighesis simultaneous duel camera imaging of a similar wavelength to
capture hemodynamic trends without neural componespecifically, we excited the
cortex with a broad blue excitati LED light source and capturadnarrav band of blue
light that was reflectedr fluorescedrom the cortical surfacerhis narrow band of blue
light (475495nm) is before the emission of ArcLight spectrum and therefordd be
used as a measure of hemodynamic activity witlsoatainingthe neuralactivity. While
this method was successfule were forced to usediferentcameravhich decreased the
overall efficacy of the system to capture the same hemodynamic respassesh all
subtractive techniqueghe correctionmethods can dramiaally influence the final
processed result. In particulatr,is the resposibility of the researcher tansure proper
fitting of the models and setting criteria to prevent the subtraction of the underéing
signal. Additionally, these models foreglicting the hemodynamic response were not
perfect, and often still required averaging oseveraltrials to remove the hemodynamic
influence.We found that overall, all three methods yielded the same general efficacy at
removinghemodynamic artifacts fro the captured ArcLight signalith only modest gains
with each iteration

In summary this thesishighlights the promise ofenetically expressedoltage
indictors as a tool for measuring spatiotemporal responses across the Wéintkx.
ArcLight repregnted the perfect GEVI for our intended tatkere are major areas to
improve the voltage sensor as a wh@egerall the limitation to clearly resolve single trial
responses i s Aeaknkss gstatvditage igdicaduture wdrk should be

conducted on optimizing better voltage probes that areefhishiftedor nearinfrared to
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avoid the complications caused by hemodynamic interferen¢bde FRET based probes
provide a method to rede the hemodynamic noise, thayen utilize the majorityf the
visual spectrum and limit the use of combined optogenetics technijiteghe advent of
novel voltage indictors such d@icR1?%4 we have observethe fieldis moving in this
direction. Througbut this thesiswe havehighlighted the importance of spatiotemporal

voltage techniques for studying cortisauctures

5.3 Thalamic State Modulates Thalamocortical Function

In Chapters 3 and 4, wevestigatechow different thalamic states alter the transformation

of sensory signals in the thalamus and cortex, using the methods developed in Chapter 1 to
record spatiotemporal cortical informatidthere,we utilized the same optogenetic tools to
alter thethalamic baselne polarizationin the thalamocortical systenThe thalamus
receives a tremendoummountof modulatory input that shapes the ongoing level of
polarization through continuous input of EPSPs and IP&&® Chaptet.1.3). In both
conditions (anesthetizedn Chapter3 and awake in Chapter 4)we found similar
modulations inongoing and evokedhalamic activity, with an increase in thalamic
bursting. Thalanmd neurons haydistinctT-typecalcium channels that deactivate during
periods of hypegyolarizationand cause burstsr a barrag®ef two or more high frequency
(300-400 Hz) action potential®ue to the dramatitonic and burstiring modes, and the
ubiquitous presentation throughout the thalamus, thalauicsts have interest
neuroscientists for decas;, howevertheir exact role remaingncertain.Currently, there

are two competing roles of thalamic bursting and bursting states: 1) thalamic bursts
increase the salience of sensory inputs witplications for sensory encoding, agdl
thalamic bursts arinvolved withdissociatedhalamocortical networks sensary sleep

and drowsinessOur results from the anesthetized recordings (Chapter 3) suggest that

thalamic bursts are involved with increasing the detectability of sensory signals; however,
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our resuts from the awake animals (Chapternuld suggesthe opposite effct, with a
net decrease in cortical responsBsereforewe found evidence for both the theorws
thalamic bursting and thalamic hyperpolarized stateghis section, we wilexplare the
combined results frorthe anesthetize and awakdrain (Chapter 3 and 4 more detail
and create a new generalized model for how thalamic bursts may be involved in both

processes.

5.3.1 The Dichotomyof Thalamic Hyperpolarized States

In the anestheted brain (Chapter 3pur main resultvas thaperiods of hyperpolarization
enhancedthe stimulus evokedthalamic and corticalspatiotemporalresponsg In
particular,evoked thalamicesponses were increased by approxima&6#p, with a 50%
increase in ewed cortical responséhis increase in evoked cortical activigd to an
increased separation between the evoked amplitude and the background fluorescence
therebyenhancing the detectability of the sensory informatinterestingly,our results
showedthat thalamic hyperpolarization enhanced detectability, without aloss in
discriminatingstimulusfeaturesor a loss indiscriminatingacross spaceThis stimulus
evoked enhancemefwith a hyperpolarized thalamic stateascorrelated withan overall
150%increase in thahaic bursting (see Chaptérl.3). As we increased the overall level
of thalamic hyperpolarizatiowith increasing light intensities (mW/nfinand activated
area (mrd), we observed a monotonic increase emoked corticalresponse inthe
anesthetized animalhese results corborate several predictiorsf enhanced cortical
activity during hyperpolarized statbssed on previous observations of thalamocortical

activity*"49258.289nd models of thalamic respon$ed’,

In the awake animal (Chapter 4) our main redaterminedhat acrossecording sessions

thalamichyperpolarization caused a monotonic deadaghe corticabvoked response.
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However, the evoked thalamic respomsereased both across thalamic singhet and
multi-unit recordingwith increasing levels of thalamic hypefarization While we only
recorded from a small sample of thalamic single n#$), we found that thalamic evoked
bursting was also increased during thalamic hyperpolarizatfenfound that along with

an increas@n thalamic evoked spiking and burgginve induced a change in spontaneous
activity with a dramatic increase in spontaneous bursting behavior. In the awake thalamus,
under control conditions we found that burst rates were very @8 Bursts/s), which is
comparable to previous extracellulezcordings of bursting irthe thalamic sensory
regiort>®. During hyperpolarizatigneven modest light intensities induced a-fa®s
increase in spontaneous burstibghavior compared to baselinéWhile we dd not
formally examine the relationship betweée theoretical detectability of stimulus evoked
responses in the awake hyperpolarized case, we expect that the detectability would either
stay the same or decrease due to the reduced magnitude of the eebptms awake
animal, there is a known increase in ongoing synaptic activity, which may decrease the
effectiveness of the optogenetickiefeforefo controlfor potential different net effesiof
halorhodopsin activatioim the awake animal, wagpplieda wider range of light intensities,

and still observed a monotanilecrease in evoked responsdse results from Chapter 4
contradict the enhanced cortical results see@hapter 3, and suggest that the awake

thalamocortical system may be much mooenpicatedthan the anesthetized case.

Given these general results from Chapter 3 and 4, we are left with two central questions:
1) How could thalamic hyperpolarization increase thalamic evoked response and increase
thalamic bursting and yet, cause a dexgein the evoked cortical response in the awake
brain?

2) Howdo thalamichyperpolarized stategroduce fundamentally different results in the

awake and anesthetized cortical responses?

167



With these guiding questions we will explore possible explanafmnthese observed

phenomena.

5.3.2 Speculationon the Interactions of Ongoing Activity on Evoked Signals

A B CTX

| CTX, | CTX,
/ —{ "Inhibitory”
—e“Excitatory”
| VPM, | VPM, |
4—/)
—lp Sensory Input
Time

T Sensory Input

Figure 5.1. Theory on the Interaction of Thalamic State on Cortical Networks.

A. Here, we use a caxa block model to speculate on the interactions of thalamic and
cortical networks on the sensory evoked feature resporisee. We predict that the
spontaneous thalamic (VPMs) activity interacts withgpentaneousortical activity
(CTXs) to modulate &ith the evoked thalamic (VPMe) andrtical (CTXe) responses.
Simplified diagramof the halamocorticahetwork This model will be used as a basis
for comparing theories of the interaction between thalamic and cortical activity.

If we assume that ththalamocortical circuit is a simple feedforwasicuit (see Figure

5.1), then the evoked thalamic response should completely dictate the evoked cortical
activity. And yet, in the awake brain, increased thalamic drive decreased the cortical
response(Chager 5) When examining the circuit dynamics under a controlled
anesthetized setting (Chapter 4), we found that the thalamocortical response fallowed
feedfaward relationshipwhere increased thalamic input increased the downstream
response When comparingacross both conditionghe awake and anesthetizetrain

showed similar levels of increastthlamicresponses, arghowedboth a general increase
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in thalamic bursting. Under both awadkedanesthetizedonditions, the observed thalamic
evoked responsesen increased to similar magnitudes (~60Hhese results suggest that
the awake thalamocortical circuit is highly dependent on the context of the ongoing
thalamocortical dynamics that ultinedy shapecortical response3he thalamus iknown

to bepartof a highly interconnectedetwork (see Section 1.3, Figure 5A,B) that is
constantly modlating, and being modulated bgngoing thalamic and cortical activity.
Based on these observations, expect that the differences between the anesthetized and
awake brain are due to changes in the thalamocortical netwéelhave examinedwo

possible theorie® explain the differences in thalamocortiocegponses

5.3.2.1Awake Cortical Inhibiion ControlsEvokedResponse (Theory #1)

A Anesthetized (Iso) B Awake
/\ CTX /\' CTX
CTX, CTX, CTX, CTX,
F
—{ “Inhibitory” —{ “Inhibitory”
VP]‘\AS VPMQ —e "Excitatory” VI:)N"S VI:)]\/‘Q —e "Excitatory”
\__/ \__/
Senso;L Input SensorTy Input

Figure 5.2.Theory#1 Thalamic State Controls Cortical Excitatory and Inhibitory
Networks.

A . Under anesthesia, the thalamic response is enhanced durirgdspsrio
hyperpolarizationandthe inhibitory cortical circuit is not influenced bdyalamic state
due to overall levels of suppression and low spontaneous activity in the thalamus.
Increased thalamic drighick line from VPMe)therefore results in an increase in the
cortical responseThick lines represent increased activity duringestaif halorhodopsin.
B. In the awake animathe inhibitory cortical circuiinteracts with thalamic state due to
increasedpontaneous activitthick line from VPMs)in the thalamusluring periods of
hyperpolarizationincreased stimulus thalamic evokedponse does not correspond with
an increase in cortexvoked activity due an increaseneatwork inhibition(B. Right.

thick line from | to E)
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One possible explanation for the decrease in cortical evoked respohsmwitcrease in
thalamic drivas an overallchangan network inhibitionin the awake animgFigure 5.9.

During hyperpolarization, we observed an increasdath spontaneous and evoked
bursting While under the anesthetized conditi@hapter 3we observe an ncrease in
spontaneous losting, in the awake animd&Chapter 4theamount of burstingvas 2.5fold

higherin absolute magnitud&iven that the level of stimulus evokadtivity was the same
across both anesthetized and awake conditions, the discrepancy between conditians is mor
likely due to spontaneous firing rate and burst$iese results correspond to previous
findings of reduced evoked cortical responses in the awake animals during periods of
known thalamic burstirf§, suggesting that in the awake animal, bursting states may

diminish evoked stimulus activity.

We observedwo additional trends in the evoked cortical response whigfyesthanges

in the corticalexcitatory and inhibitorynetwork including a deceasein fluorescence
during thepost responsgeriod anda decrease in overall evoked spatial area. During
periods of hyprpolarization of the thalamusve found that after the stimulus was
presented there was a consistent dip in the evoked cditicedscenceompared to pre
stimulus activity that suggessin increase in the stimulus evoked inhibitory responises.

post response decreasdluorescencashoweda monotonic relationship with the increased
light levels and suggesg relationship betweethe level of thalamic hyperpolarization
and the cortical inhibitory response to sensory featurlealamic prestimulus activity
could be priming the cortical inhibitory networks which cause an enhanced stimulus
evoked inhibitory responseddditionally, we found that the average area activated by the
stimulus was reduced comparedctmtrol conditionsThe reduction in cortical area was
even beyond the expected reduction in spatial spread due to a decreased evoked amplitude.

Spatial area is likely a measuof the cortical inhibitory response to sensory information
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and suggests an increase in the network inhibitibagether, these results suggest that
during periods of hyperpolarization and increased thalamic bursting the cortical inhibitory

network is hcreased.

Bursts themselves have been found toveey efficient at driving both excitatory and
inhibitory*”*® downstreamcortical responses. Furthermore, bursts compared to tonic
spikes have been found to differentially aated somatostatin (SOM) positive
interneurons, which require multiple action potentials to dspi#ing activity?**. SOM
interneuronhave a complex role in the cortex from general inhibition to lsyrizing

other majoiinterneuron networksand are only now beginning to be explaréd’s28!

Onepotentialreason theortical response wagpresentative of thieedforwardthalamic
inputs in the anesthetized condition wadsie to overall suppression of the inhibitory
network under isoflurane. Previous work has found that, in general, inhibitory networks
are much more active in the awake b¥giandaresuppressed under anesthésialuding

the anesthetic used in this studygflurane) While the exact mechanism of isoflurane is
unclear, soflurane is a known GABAreceptor agonist, that also disrupts synaptic
transmissioff®. Importantly, soflurane has been found to preferentially reduce cortical
cortical responses compared to thalamocortical respams@so andin vive’®’. Based on
these findings, we theorize that the ongoing thalamic interactions with the cortical
inhibitory network (and potentially SOM interneurori§® may be a critical factor in
controlling the evoked cortical response, andy play a pivotal role in the control of

sensory information.

5.3.2.2Thalamocortical Synaptic Depressi@GontrolsEvokedResponse (Theory2¥
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A Anesthetized (1so) B Awake

CTX CTX
CTX, CTX, CTX, CTX,
‘ =] “Inhibitory” A —] “Inhibitory”
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\__/} \__/}

Sensory Input Sensory Input

Figure 5.3.Theory#2 Thalamic State Controls TC Synaptic Depression.

A . Under anesthesia, the thalamic response is enhanced during periods of
hyperpolarization. Under asthesia, the TC synapse is not depressed due to low
backgroundhalamicactivity. Increased thalamic drive therefore results in an increase in
the cortical respons@. In the awake animahyperpolarization increases spontaneous
thalamic activity whichesults in a depression of the TC synapse. Increased stimulus
thalamic evoked response, therefore, does not correspond with an increasieah

evoked activitydue toincreased’ C synaptic depression during periods of
hyperpolarizationThick verses thi lines represent different levels of synaptic
depression.

One additional theory explaining th@ecreased cortical response with an increéase
thalamic dive in the awake brain is@ange in synaptic demsion under hyperpolarized
states (Figure 5.3. In particular, we foundhat baseline activitincreased during periods

of hyperpolarizationespecially in the awake braiMany studies have found that the
thalamocortical synapselepress rapidly duto increased levels of ongoing firing r&te

291 Again, this increase spontaneous activity was higher in overall magnitude in the
awake brain, and therefore could have a larger effect on synaptic depré&ssiba.best

of our knowledgeit is unclear the effect thétalamic burstiaveon synaptic depression.
Bursts may interact more dynamically with the synapse and cause even further depression
compared to tonic spikeslherefore, increases in thalamic spontaneous bursting in
hyperpolarized states may dramatically reduce the dvkaddmic EPSP onto downstream

cortical neuronsAlthough the thalamic drive imcreased, the net effect is a decrease in
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evoked responses because the synapses are very depnebgpérpolarized bursting
states The theories of cortical inhibition angynaptic depression are not mutually
exclusive, and couldven work in combination to explain how hyperpolarized states

changehe transmission of sensory signals in the thalamocortical network.

5.3.3 Relating Bursting Statesto Thalamic Function in Sensory Pocessingand

Sleep
Given our observed result of a decrease in evoked sensory response with an increase in
thalamic evoked spiking, we proposed a theory of increased cortical inhibition due to an
increase in network burstinsee Section 5.3.2)n particubr, an increase in SOM
interneurons may have dynamic effects on the cortical network and may explain our
observed resultsWhile this framework may explain our data presented here, we also
consideredhow our model compared with additional theorfs thalanic bursting
specifically with bursting in sleep statesnd stimulus evoked bursting foenhanced
sensoryfeaturedetection

The intersection aheSOMnetwork activityand bursting behavior has some merit,
and both phenomena are widely foundrindelsof sleep. As previously stated, thalamic
bursts are extremelgrevalentduring SlowWave Sleep(SWS) with both an increase in
thalamic and reticular thalamic bursting. SOM interneurons are also widely active during
Slow-Wave Sleep, and have been foundresponsible fogeneratinghe characteristic
delta waves that name this peri@lowWave Sleep is associated wigtdissociation with
the outside world, wherperception of sensory stimuk absent. Therefore, SOM and
prolonged periods of burstingorrelate very well with a decrease in perception of sensory
information during priods of sleep. Additionally, ehalamic hyperpolarizegdtate has
shown to cause dramatic increase in cortical slemave activity®%2%2 suggestinghat

thalamicstates and activity may also be involved witie maintenance ddw frequency
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activity. In terms of ongoing bursting and consciousnessyipus work in the visual

system and somatosenga@ystemfound prolongedhalamic burst states the awake
animaloftenresultinthei d r ows y o and #Alfi®hAwbke thalamic budst a n i ma
states also appear duripgriods of quiescené¥, when the animais awake but not

moving. SOM interneurons have also been found to be selectively increased during periods

of quiecens®®, and have been shown to be generally suppressive of excitatory neurons.
Therefore, prolonged periodsf bursting may be used to dissociate cortical networks

during quiescent periodfor synaptic hemostasis memory consolidation, and other
purposes of sleeffaken together, we predict that prolonged coordinated burst states are
responsible for controlling cortical SOM neurons, and initiating large sy=tiag of

cortical circuits forinattentive and sleep states.

SOM neurons are found assomost of the cortical layerg\uwever, the thalamic targets of
Layer IV and V would be the candidates for activation during bursting gfatagview
seé%). While SOM interneurons represent only-20% of the inhibitory populatigrthey
have large effects on cortical processesyer IV SOM interneuronare suggestetb
inhibit Layer 2/3 pyramidatellsand to inhibit Layer IV FS interneuroisee review®).
This result of inhibiting one layer and drghibiting another layer would sggst dynamic
control of cortical sensory encoding. Howevesgent research has found that Layer IV
SOM interneurons may actually increase the synghroof the inhibitory
populatiort’®281.2% |n Cortical LayerV, SOM interneurons have been found to be
generally inhibitorybut also form complex nonlinear transformagdf Therefore the
SOM neuronscross both layensould provide a dynamic control of suppressing evoked
cortical signals. Based aurresultsand published workve speculateéhat thalamic bursts
may beactivating SOM networks whiclboth increase the net inhibition on cortical

networks and facilitate the synchronization of fast spiking responses for net decrease in
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sensory evoked activityln summary, our data casponds to previous work that
demonstrate that thalamic bursts may be a critical mechanisiofdrolling sensory
gating in cortical sensory systems and suggest that prolonged burst states operate to

decrease the sens@grception

5.3.4 Relating Observationsof Bursting and Enhanced Sensory Detection

With our prediction and theory relating prolonged burst states with an activation of
inhibitory networks, the questiaemains:canthalamic bursté$ncrease cortical detection

of sensory events?

We suggest thathalamic burststill can enhance sensory responses, depending on the
overall state of the thalamocortical network as a whalkile we suggest that thalamic
hyperpolarized states madye involved insensorydissociation, wetheorize that these
changesare contingent on thenteraction with cortical networksln the awake animal
(Chapter 3 we imposed a large scale thalamic hyperpolarization which had the net effect
of initiating burststate across the entitlgalamuswhich resulted ira decrease in cactl
responseHowever, when we investigated the thalamic response iartesthetizedase
(Chapter 3 we found that thaamic hyperpolarization increaselde cortical response.
Under anesthesidhe cortical inhibitory circuits either were not activates do the low
spontaneous activity or were gengraluppressed and therefore did not alter the evoked
cortical response8ased on tése data, the level of either enhancement or depression of
cortical responsemay bea function of the interaction of pgimulus activity on the

cortical network.
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Underour hypothesisany stimulus evoked bursting that would occur without lscpe
changes to thalamic firing would still increase cortical activity. For exansgilaulus
evoked thalamic bursts that aeedked through excitatory and inhibitory kernels the
visual pathwayvould therefore still incrase the cortical detectabilignd cortical evoked
responsePrevious research in thissual thalamus (LGN} has found that stimulus evoked
bursts are associated wittaturalistic scenes and therefore may represent encoding of
particular features. Additiongll stimulus evoked thalamic bursts correlateidh an
increase in behaviorafletection inmonkey?® and therefore may still represent an

enhancement of ensory information.

Additionally, due to our observations, we predict that enhancement oredsjan of
sensory information magiso beattributed to the timescale of thalamic hyperpolarization.
The hyperpolarized states that we imposed in this work epassed the entire thalamic
regonand | asted f or 10 Olikedy représentad d domptete nebmorkd s
transitionto a burst state. Under shorter periodshgperpolarization thalamocortical
sensory representatiomsay be increasedTaken to@ther, thalamic bursting may still
enharce featuraletection; however, this may depend on the timescale of thalamic changes

and the overall thalamocortical state.

5.3.5 Future Directions: Investigation of Thalamocortical Networks
Upon completing Chapter 3 add there are several unanswered questions that should be
explored with additional research. While not conclusive, we hope these areas help guide

future research into novel areas of insight.

In the Chapter 3 and 4 discussions, we have highlighted twot@texplanations relating
thalamocortical states to the interaction of cortical networks and cortical synaptic

depression. Future work should specifically examine if and how these mechanisms
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combine with thalamic states to enter new regimes of sensocggsing. In particular,

future experiments should determine how cortical inhibitory networks (including
interneuron subtypes) in general interact with different thalamic states. We propose that
the SOM interneuron network may become particularly activengistates of thalamic
bursting. Novel GEVI and calcium imaging would allow a targeted view of SOM
interneurons during various states of processing in the awake animal and during periods of
imposed thalamic activity (i.e. optogenetics). Cell type spedifiaging could be
generalized to examine how different neural subtypes are modulated by changes in

thalamic polarization.

Additional work should focus on understanding the impact okpineulus activity on the
evoked responses in the awake animal. Wepgse that the depression of the
thalamocortical synapse is highly dynamic and dependent estiprelus thalamic firing

rate, and dependent on thalamic firing modes (tonic and bursts). While insightful, previous
studies have lacked the specificity to targ@ecific thalamocortical synapses directly, and
control for other changes in ongoing thalamocortical activity. Using novel methods of
optogenetics, terminal excitation can be used to determine the impact of the thalamocortical

synaptic changes on the pessing of sensory information.

While it went beyond the scope of this work, additional research should examine other
dimensions of thalamic state on thalamocortical processing. The research presented here
only explored a limited axis of thalamic polation by applying different levels of
hyperpolarization, which excluded levels of depolarization or temporal modulations. We
found two distinct states during periods of hyperpolarization which suggest temporal
aspects may impact sensory thalamocorticatgssing. Our preliminary findings suggest

t hat shorter periods of thal amic hyperpol
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bursting, may change the inpotitput relationship of thalamocortical states. Additionally,
recent research in the Stanley Lab #sionstrated novel tools for closed loop optogenetic
controf®82%7of thalamic and cortical neural activity, which further expands the possibilities
of future studies to explore the impact of more complex frequency modulated thalamic

stateson sensory processing.

Our results suggested a profound effect on the cortical responses; however, we only
investigated a single sensory modality, the mouse whisker system. While the mouse
whisker system is an ideal model system of thalamocortical sepsocgssing, other
sensory systems have been shown to have distinct dyrtgfiidherefore, future research
should consider exploring visual and auditory sensory modalities to determine if the

obseved effects are a general thalamic phenomenon.

Finally, the results shown in Chapters 3 and 4 are only thoroughly investigated using large
scale GEVI cortical widefield imaging with gross modulation of thalamic structures. These
observed trends may repees problems with the fluorescence imaging technique.
Al t hough wunlikely, the normalization techr
ArcLight indicator may prevent a true measurement of evoked voltage in the recorded
cortical regions. Additionallywe only assumed the effect of thalamic halorhodopsin
activation on the overall level of thalamic polarization. With the advent of robotic assisted
technique®®, intracellular thalamic recordings are becoming more feasible which would
enable alirect measurement of thalamic membrane potential. Therefore, future research
should investigate how specific thalamic polarized states shape the evoked cortical
response using more targeted electrophysiology techniques, such as intracellular

recordingspr high density extracellular probes.
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5.3.6 Concernsand Caveats

Throughout this document, we have highlighted several caveats for the presented research
whichshould be noted during the interpretation of this.daflaile we have discussed many

of these conaas in each individual chapter, it is important to take into consideration
several of these points while examining the document as a whole. Below, we will address

the serious caveats of this work, andithplicationsfor the interpreting these data.

One of the largest areas of concern is the analysis of the ArcLight GEVI fluorescence
signal. In particular, the fluoresnceis measured as a relative chaiigepF/ Fo) , wher e
ongoing fluorescence signal (F) is subtracted and divided by a baseline signalJ&iy)

common analysis for this type of technique. The objective of this analysis is to normalize

slight variations in fluorescence expression to allomafuniform measurement in changes

in activity. What is pivotal for this type of analysis is the selection of an Fo baseline that is
distinct from any manipulation that is undergone. Here, we provide a modulation of
ongoing thalamic activity using optogstits. We found that the observed trends presented

here were robugb variations in the selection of the Fo (data not shown). In a majority of
cases, we selected an Fo that was before a
technique allows for a normalization of fluorescence, it also can distort the absollge leve

of the observed change. For example, since the ongoing background activity is known to
change in the anesthetized and awake brains, the underlying Fo will be different. Therefore,
the same evoked signal magni t udaeas, whichul d ha
could skew the observed effect when comparing across different states with different levels

of activity. For this work, it is important to examine the relative changes in the fluorescence

signals (i.e. increasing and decreasing) during diftaremipulations to ongoing states.
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Another concern with the fluorescence technique is the overall limitations of the
fluorescence probe in relating changes in voltage to changes in fluorescence. These
limitations are mainly due to the dynamics of eaah pre , and the | imitat
verses @F curve. Mo s t voltage probes do
corresponding oF. A ArtlLiglg hasan ialsostrimear eegimee pt i 0
between-70mV and +25mV; however, the mapping of voltage to fluorescence is not 1:1.
Additionally, these probes have resolution limits, and therefore, it is unclear if the probes

are either hitting a floor or ceiling on the voltage spectrum. While currentiyoidable in

the GEVI landscape, the voltage to fluorescence curve underlies all of the reported GEVI
signals, including the work shown here. Therefore, in the final chapter, the observed trends
could be due to the limitations of the probe to resolve orugper end of membrane
potentials. Future work should investigate the observations we presented here in more
detail specifically using techniques that have fewer limitations with normalization, and

overall resolution limits, such as traditional electragpblpgy.

One final concertis the possible confounds associated with the optogenetic manipulation

used in this study. Here, we use a optogenetic construct (halorhodopsin) to control the level

of polarization by actively pumping chloride into the neur@revious work has shown

t hat under prol onged stimul ati on hal or hod
hemostatic mechanisms for regulating chloride (See Appendix 3 for details), causing a
dramatic increase in intracellular chloride. These large chaimgebkloride can have

dramatic implications for theeuron andlter the communication of synaptic inputs. While

we do not believe this is the case (see Appendix 3 for a detailed description), this is a
possible concern and a limitation of our techniquesdugere. Throughout this work, we

do not have a definitive measurement of intracellular chloride during optogenetics;

however, based on our observations, we do not believe this is a concern with this work.
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Future studies could use different opsins (Arbla} are proton pumps or stimulation of the

GABAnergic inputs to determine if our results are contingent on halorhodopsin.
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5.4 Thalamus as a Dynamic Gate to Grtex

In conclusion,this thesis has utilized novel tools and technologies to investigate how
thalamic states shape and transform thalamocortical spatiotempseakory
representations. The thalamus is a central component of signal processing that is often
overlooked as an important center for controlling how and what information is transmitted
downsteam.The work presented herg, ito our knowledge, the first of its kindeaplore

how direct modulation of thalamic membrane potential alters thalamocortical processing
of sensory inputsOur dataillustrated thatinduced thalamic states producedaageof
effects on the cortical sensory responses that differed depemdihg overall neural state
and,perhapsinteraction with cortical network particular, we found thaityperpolarized
states increased the evoked thalamic responses through indredaedc burstingwhile

the evoked cortical response was highly dependerthemeuralcircuit (anesthetized vs
awake) Using this infomation, we predicthat stimulus evoked thalamic burgtiand
ongoing thalamic burstinfiprm multiple thalamocorticalegimes, and it is the interaction

of thalamic information with cortical networkand viceversa thatis pivotal in how that

information is transmitted

In this thesis we performedonly a limited investigation of thalamic states through
application & a simple hyperpolarizednput with a singleoptogeneticgool, and found
highly dynamic resultslt requires very little imagination to extrapolate hother subtle
effects such as slighthanges irdepolarizationor even more complicataetdetabotropic
systems,could shape thalamocortical process&aken everfurther, thissuggests that
statedependent processing may play a paramount role in neural circuitry that extends
beyondeven thalamocortical circwit While we are still only beginning to invessg
neural circuitry, fiturework shouldexplorehowthese statelependent processes modulate

the same neural circuits for multiple taskke thalamus, or any neural component, is not
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just a simple relay, but a complex part in the emerggstiem thaforms the conscious

brain.

It is through question, experimentation, and philosophy that we tegnravel the secrets
and innetworkings of thenervous systenThrough my work, | haveontinuallymarveled

at the robust nature tie brainandits ability to filter vast amounts of informatiadhrough
webs ofcomplexrecurrent circuitsin this work, | have proposed that the thalamocortical
networkform even more dynamic states thaeviously thoughtthrough the interactions
of thalamicstate thalamic busts, and cortical network®Vhile | haveonly scratcledthe
surfaceof thalamocortical interactions the most basic neural circuitshope my work
will lay a foundation of knowledge that will be built upon fpgnerations of scholate

come.
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APPENDIX

A.1. ArcLight Overlap with Hemodynamic Signals

A.1.1. Removal of Hemodynamic Frequency using Notch Filtering
Due to the hemodynamic noise found in the captured fluorescence signal gE3juceir

first approach for removing the noise was a simple common nolieh &t the
hemodynamic frequencies (main and corresponding first harmonic). We found that the
hemodynamic signal we observed was correlated with the ongangrate of the animal
(Figure 2.3 between approximately-50 Hz which corresponds to a heater between
300600 bpm. This estimated heart rate range matches the typical physiological heart rate
of an anesthetized mouse. Below (Figure\Jre two examples of ArcLight evoked
sensory responses and the corresponding power spectral density ok favorescence

with and without notch filtering (¢ Order Butterworth, Bandstop betweet2@Hz). We

found that due to the total event time of the ArcLight response {3Q0ts), simple notch

filtering at 520 Hz would greatly disrupt the ArcLight waoem.
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Figure A 1.1 Notch Filtering of Fluorescence Response.
A. Top- Average (102 trials) region of interest (ROI) time series ArcLight fluorescence

response during a whisker deflection (stimulus delivered at time = 0). The red trace
response shows a sh@ fluorescence response to the sensory stimulus. The blue trace
illustrates the change in waveform caused by notch filteAnddottom- Corresponding
average power spectral density of the fluorescence signal. Notice the large peaks at ~10

and 20 Hz corrgponding to the hemodynamic responBeSame as A, but for a different

experiment.
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A.1.2. Removal of Hemodynamic Frequency using OfROI Subtraction Methods:
Throughout this work, we utilized an @®&Ol (region of interest) to subtract ongoing

hemodynamic nige observed in the fluorescence signal. ThisRIM technique utilized

the highly correlated structure of the hemodynamic signal through the cortical tissue to
subtract common noise. Below are two figures that detail the removal of the hemodynamic
noise through the OHROI subtraction (FigureAl.2), and the effect of the oROI

placement on the spiatemporal response (Figure AL.3

Raw AF/Fo

Figure A 1.2. Reduction of Hemodynamic Noise.
A. - Average power spectra of the ROI of the fluorescence before-{Blamnd after (red

F-ROI Sub.) offROI subtraction. The ofROI subtraction reduces the peak eft@ Hz
frequency poweB Similar to A, theaverage power spectra of the Rf@toss experiments
(n=23) before (blue) and after (red)-&fI subtractionC. Off-ROI subtraction causes a
mean reduction of 95.8% (2.8% SD, n=23, p=0.0033, pairetest) frequency power in
the 710 band.
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