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ABSTRACT

MOLECULAR CONTROL OF SYNAPTIC EFFICACY WITHIN STRIATAL CIRCUITS
Mariexcel Felicia Davatolhagh

Marc V. Fuccillo

As the input nucleus of the basal ganglia, the striatum integrates diverse excitatory
projections governing cognitive and motor control. Over the last decade, substantial progress has
been made in the identification of striatal cell-types, distinguishing their molecular profiles and
local connectivity patterns. Nevertheless, our understanding of the functional organization of
striatal circuits remains limited. The studies presented in this thesis focus on delineating the
synaptic properties of excitatory inputs originating from dorsal prefrontal cortex and parafascicular
thalamus innervating neuronal populations within dorsal medial striatum. In these studies, we use
gquantitative optogenetic measures to investigate striatal projections in an input-specific manner
onto distinct striatal neuronal populations. In the first study, we find a divergence between cell-
type specific anatomical connectivity and measures of excitatory strength. Furthermore, we find
that synaptic strength is modified according to both presynaptic region and postsynaptic cell type.
As a substantial degree of synaptic function is determined by the molecular composition of
individual neurons and their synapses, the second study examines the role of a cell-adhesion
molecule, Neurexinld, at these synapses. We found Neurexinld, a gene with broad
neuropsychiatric disease association, regulates synaptic efficacy at these synapses in an input-
and postsynaptic cell type manner. Together, these studies demonstrate a significant amount of
diversity observed in physiological connectivity can be attributed to presynaptic-postsynaptic
interactions and their underlying molecular composition. Ultimately, forming a comprehensive
map of striatal circuits will be essential in understanding how the convergence of inputs from

various sources convey information for distinct behavioral functions.
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Chapter 1

Introduction

Overview of Dissertation

The striatum is an evolutionarily conserved structure composed of parallel
neural connections that function to integrate sensory, limbic, motor, and
associative information. Elucidating the anatomical and functional connectivity of
striatal circuits has been of longstanding interest due to its relevance in human
disease. Recent work exploring the genetic underpinnings of autism spectrum
disorders (ASD) has demonstrated that spiny projection neurons (SPNs) of the
striatum are among the cell types and brain areas impacted by ASD-associated
mutations. Furthermore, these studies demonstrate that genetic variations
associated with ASD and other psychiatric disorders converge on biological
pathways involved in synaptic function (Chang et al., 2015; Gilman et al., 2011;
Velmeshev et al., 2019; Zoghbi and Bear, 2012). Thus, a complete
understanding of striatal synaptic connectivity will provide insight towards our
comprehension of striatal-dependent physiology and behavior observed in ASD
and psychiatric disease. This necessitates the functional mapping of striatal
inputs to distinct cell-types which has now become achievable by means of

interrogating genetically defined cell-types using light-activated opsins. Here, we



employ these methods to target specific striatal projection regions and their
inputs onto distinct cell-types.

In Chapters 2 and 3, we develop quantitative optogenetic measures to
examine striatal afferents in an input-specific manner targeting projections
originating from dorsal prefrontal cortex and parafascicular thalamus onto
neuronal populations within dorsal medial striatum. We demonstrate measures of
synaptic efficacy are modified according to projection region and postsynaptic
cell type.

In Chapter 4, the electrophysiological approaches described in Chapters 2
and 3 are applied to identify circuit-specific physiological changes that
accompany genetic manipulations. Towards this end, we examine the role of
Neurexinlo, a synaptic adhesi aafric dseaset ei n w
association, within striatal circuits. We found impairments at prefrontal synapses
onto indirect but not direct pathway striatal spiny neurons. In contrast,
thalamostriatal inputs have normal synaptic release but lower NMDAR content
onto both SPN subtypes.

Finally, in Chapter 5 | provide concluding remarks and an overview of
future directions.

The following introduction presents background on the basal ganglia with
an emphasis on the striatum and its projections. It follows with a brief introduction
to synapse dysregulation in pathology and concludes with an overview of a

Neur exi nl o relesantgresynapicsnelecule.



Striatal afferents and microcircuitry

Basal ganglia circuits and function

All animals must adapt their behaviors to changing environments to
survive. These adjustments in behavior are accompanied with a myriad of
decisions and changing motor programs. Clinical and fundamental studies have
identified circuits that are essential for these behavioral programs including those
in a collection of highly interconnected nuclei, the basal ganglia. The importance
of these nuclei is emphasized by emerging studies elucidating their anatomical

and functional connectivity.

The basal ganglia are a group of subcortical nuclei that are composed of
the caudate nucleus, putamen, globus pallidus, substantia nigra, and
subthalamic nucleus. The caudate nucleus and putamen form the dorsal
striatum, the main input nucleus of the basal ganglia. The dorsal striatum can be
subdivided into the dorsomedial (DMS) and dorsolateral (DLS) regions. The
principal cell-type of the striatum is spiny projection neurons (SPNs), also known
as medium spiny neurons (MSNs), which constitute ~95% of the striatal
population (Gerfen et al., 1990) while the remainder are cholinergic (ChINs) and
GABAergic interneurons (Kawaguchi, 1993). SPNs are GABAergic and are
distinguished by the expression of D1 or D2 dopamine receptors, neuropeptide
expression - substance P or enkephalin, intrinsic excitability properties, and

target output projections. SPNs diverge downstream of the striatum, where D1-
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expressing SPNs form the direct pathway and project to the SNr/GPi while D2-
expressing SPNs form the indirect pathway, projecting to GPe (Kreitzer and
Malenka, 2008). As a result of their differing axonal projection patterns, these two
pathways exert opposite effects on downstream activity when they converge
again in the substantia nigra pars reticulata (SNr) and the internal segment of the
globus pallidus (Figure 1). The information that flows through these parallel
pathways is essential for controlling movement and action selection (Balleine et
al., 2009; Graybiel et al., 1994) but how neural activity in these pathways

influences emergent behaviors is still an area that requires further examination.

There are multiple models that exist describing how activity downstream of
SPNs can shape behavior. Early models described roles of the direct and indirect
pathways as segregated streams of information that had opposing roles in
movement (Albin et al., 1989). This model is strongly influenced by attributing
movement-facilitating actions to the direct pathway and movement-suppressing
actions to the indirect pathway. Despite its prevalence in the field, this model has
limitations and recent findings suggest that basal ganglia function is much more
complex. An alternative model proposes that dSPNs and iSPNs are activated
concurrently, synergistically working to initiate and terminate behavioral
sequences (Calabresi et al.,, 2014; Cui et al.,, 2013). Therefore, rather than
antagonistic roles, these pathways support the selection of various action

strategies. It will be important in the upcoming years to revisit and update these



models as emerging studies provide insight on the neural computations that the

basal ganglia perform.

Excitatory inputs to spiny projection neurons

Striatal activity is driven by excitatory inputs, receiving widespread
forebrain glutamatergic projections predominantly from cortex and thalamus
(Ding et al., 2008; Pan et al., 2010). Cortical and thalamic inputs can be identified
by the selective expression of vesicular glutamate transporter 1 (VGlutl) and
vesicular glutamate transporter 2 (VGIlut2), respectively (Fremeau et al., 2001).
This distinction has been employed to perform electron microscopy studies,
which have revealed preferential innervation of SPN dendritic spines by cortical
terminals whereas thalamic terminals primarily form synaptic contacts onto the
dendritic shaft. Furthermore, these studies have demonstrated that SPNs,
regardless of subtype, receive similar proportions of glutamatergic input from

cortex and thalamus (Doig et al., 2010).

As SPNs have a hyperpolarized resting membrane potential, excitatory
inputs exert a substantial degree of influence over striatal activity. Studies have
supported this framework as SPNs have been observed to exhibit up-states and
down-states in activity (Stern et al., 1998). In the down-state, SPNs are
dominated by a hyperpolarization-activated potassium channel, resting at
approximately -90mV. Given enough sustained excitatory input SPNs are

depolarized, bringing them to an up-state where they approach spike threshold



and elicit action potentials. Therefore, these excitatory inputs have a significant

role in shaping striatal activity.

Striatal excitatory projections have a topographical organization (Deng et
al., 2015; Gerfen, 1989; Hintiryan et al., 2016; Hunnicutt et al., 2016) controlling
distinct striatal domains associated with behavioral output. Recent technological
advances in high-density electrophysiological probes have allowed for
simultaneous recordings of cortical and striatal activity. Using this approach, a
study demonstrated striatal activity topographically reflects cortical activity during
a visually guided task (Peters et al., 2021). Topographical organization of inputs
is postulated to confer dissociable behavioral functions including the linkage
between DMS and goal-directed behaviors and the role of the DLS in habit
formation. A thorough understanding of synaptic integration within striatum and
the inputs that drive striatal activity is essential as this structure has been
implicated in the pathophysiology of several neuropsychiatric diseases. Chapter
2 and Chapter 3 of this dissertation use quantitative electrophysiology
approaches to examine synaptic efficacy at two striatal-targeting projections onto

SPNs within DMS providing the beginnings of a functional connectivity map.

Striatum as a converging site for neuropsychiatric disease

In the past, dysregulation of basal ganglia circuits has focused on motor
and movement disorders including Parkins o n 6 s and H disedse.
However, it is becoming evident based on animal models and human patients

that these circuits are also implicated in psychiatric and neurodevelopmental
6
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disorders (Fuccillo, 2016; Macpherson and Hikida, 2019). Motor control and
reward processing are behaviors mediated in part by basal ganglia circuits, and
these behavioral functions are central components of schizophrenia, autism
spectrum disorders (ASD), obsessive-compulsive disorder, Tour et t e 0 s
and major depressive disorder. Neuroimaging studies performed in
neuropsychiatric patients have described functional and connectivity alterations
in striatum (Langen et al., 2014; Li et al., 2020; Menzies et al., 2008).
Furthermore, functional network analyses have found genes enriched in striatal
medium spiny neurons among the cell-types and brain regions strongly impacted
by schizophrenia and ASD genetic mutations (Chang et al., 2015; Skene et al.,
2018). Thus, striatal dysfunction is poised to underlie the repetitive motor

behaviors and deficits in decision-making observed in neuropsychiatric disease.

The identification of specific neuronal connections that are both
vulnerable to genetic insult and govern behaviors central to disease is essential.
Genetic mouse models provide a unique opportunity to identify circuit-specific
physiological changes that accompany genetic manipulations. Loss-of-function
studies in genetic models of ASD exhibit striatal-dependent alterations in
physiology and behavior. Studies in mice have demonstrated that molecular
perturbations alter striatal circuits and behavioral function in two key
neuropsychiatric behavioral domains i motor output and the rewarding properties
of social interaction (Blundell et al., 2010; Dolen et al., 2013; Rothwell et al.,
2014). Beyond the identity of circuits vulnerable to dysregulation, it is essential to

7
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understand how disease-associated mutations can alter the physiological

function at these circuits.

Synaptic dysregulation in health and disease

Autism spectrum disorders (ASD) are neurodevelopmental abnormalities
characterized by deficits in social interaction/communication and restricted,
repetitive behaviors. Autism is an early onset neuropsychiatric disorder that is
highly heritable with a concordance rate ranging from 60% to 90% in
monozygotic twins as compared to 0% to 30% in dizygotic twins (Bourgeron,
2015). The genetic origins of ASD can vary across the human population and
exhibit complex inheritance patterns 1 rarely individuals display ASD associated
symptoms from a single fully penetrant mutation while more frequently it is
believed to be the additive effect of many low-risk alleles (Rosti et al., 2014).
Given its extensive heritability, great effort has been made towards the

identification of candidate genes.

Many ASD candidate genes implicate synaptic dysfunction, including
perturbations in genes encoding the synaptic adhesion molecules neurexin and
neuroligin (Chen et al., 2014; Sudhof, 2008). Mice with mutations in these genes
exhibit an array of physiological abnormalities, consistent with their requirement
for normal synapse development and maintenance (Etherton et al., 2009;
Poulopoulos et al., 2009; Rothwell et al., 2014; Sudhof, 2008; Varoqueaux et al.,

2006).



Neurexin in autism spectrum disorders

During the last decade, considerable effort has been made in the
identification of genetic risk factors using state-of-the art sequencing techniques
which have repeatedly identified mutations in Nrxnl, Nrxn2, Nrxn3 in patients
with ASD and neuropsychiatric disease (i.e., schizophrenia). The Autism
Genome Project and subsequent studies strongly implicate mutations in Nrxnl
as having a deleterious effect that increases susceptibility to ASD. These studies
have found both CNV and single point mutations and have noted that subtle
reductions in the Nrxnl protein levels can have dramatic effects. Subsequent
studies have found mutations in Nrxn2 and Nrxn3, suggesting that mutations in
these genes also contribute to ASD pathogenesis. It is striking that mutations in
neurexins are also observed in other disorders, suggesting that there may be an

overlap between the biological pathways that are impacted.

Of the isoforms of Nrxnl, genome-wide association and CNV studies have

identified Nrxn 1 Us am ASD susceptibility gene. An estimated 0.5% of the ASD

popul ation carries a mutation in the

individuals affected (Kim et al., 2008; Reichelt et al., 2012). As nearly all affected

individuals harborh et er ozygous Nrxnl1lU mutations,

to analyze both heterozygous and homozygous mutant mice to simultaneously
increase phenotypic detection and disease pathophysiology relevance. To be
relevant to human pathology, genetic mouse models for ASD must fulfill a

multidimensional set of criteria. ldeal mouse models display three types of

9
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validity: construct, face, and predictive (Crawley, 2004). As predictive validity has

not yet been determined in animal models for ASD, we will focus on construct

and face validity meuseroela Ag aluded hoeaboter x n 1 U
NrxnlU is an ident i f ileggnomicstulliesgne thegemeticr oss m
mouse model was generated with disruptions in the same gene, therefore
addressing construct validity. Face validity specifies that the symptoms that are

used to define ASD are displayed in the animal model in an analogous manner.

For ASD, this would be observed as an impairment in social interactions and an

increase in repetitive behaviors. Initial behavioral analyses in the Nr x nKQU

mice observed abnormalities in the motor domain similar to ASD including
alterations in motor learning and repetitive grooming, but no deficits in sociability
(Etherton et al., 2009). Changes in pre-pulse inhibition, a behavior noted in

patients with schizophrenia, and impaired nest building were also observed in

Nr xn1U K Givemihestrang association of neurexins with ASD, significant

attention has been focused on elucidating their function and understanding how

these genetic disruptions affect neural circuits.

Neurexin function at synapses

Neurexins are cell-adhesion molecules localized at the presynaptic
terminal (Dean et al., 2003). The neurexin family consists of three genes (Nrxn1,
Nrxn2, Nrxn3) each containing two independent promoters -an al phnd ( 6) é
beta ( pyomoter. Un e ur e x i n sneuraxingl have identical intracellular

domains, consisting of the C-terminus tail and a PDZ-binding motif, but different

10



extracel | ul a-neuredirs nagei composedUof a large extracellular
sequence that consists of six LNS (laminin-neurexin sex hormone binding
globulin) domains with three interspersed epidermal growth factor (EGF)-like
regions wihearexmsa Isave a single LNS domain. The extracellular
domain interacts with proteins in the synaptic cleft and determines the specificity
for binding partners including Neuroligin 1-4, Leucine-rich repeat transmembrane
proteins (LRRTM1, LRRTM2, LRRTM3, LRRTM4), Dystroglycan (Sugita et al.,
2001), Cerebellin 1 (CBLN1), the G-protein-coupled receptor CIRL1/latrophilin-1
(Boucard et al., 2012) and Calsyntenin 3 (de Wit et al., 2009; Ko et al., 2009;
Pettem et al., 2013; Siddiqui et al., 2010). Given the multitude of extracellular
binding partners, neurexins are considered a hub of presynaptic organization and

more novel ligands are likely to be discovered in the coming years.

Extensive alternative splicing of neurexins occurs at six splice sites (SS1-
6) producing thousands of isoforms (Treutlein et al., 2014; Ullrich et al., 1995).
Among the alternative splicing sites, splice site 4 (SS4) has been studied in
depth and exists in two forms, SS4+ or SS4-. These two forms have been shown
to have different affinities for binding partners and can promote selective synaptic
connectivity (Boucard et al., 2005). This molecular heterogeneity provided by
combinatorial use of isoforms supports the functional diversity that is observed of

neurexins and their cell type and brain region specific functions.

The subcellular localization o f -nelrexins is incompletely understood, but

there is strong evidence that neurexins are localized presynaptically. First,
11



neurexins serve as a-latromxne thed poison dflihe black i nd s
widow spider triggering massive neurotransmitter release (Geppert et al., 1998;
Ushkaryov et al., 1992), suggesting their presence in presynaptic terminals.
Secondly, electrophysiological studies find presynaptic alterations resulting from
genetic manipulations in neurexin (Missler et al., 2003). Lastly, immunolabeling
studies detect the presence of endogenous neurexins localized to axons and
presynaptic terminals (Taniguchi et al., 2007). However, it should be noted that
neurexins were also observed in the postsynaptic density (Taniguchi et al., 2007)
and changes in NMDAR currents have been observed in loss-of-function

approaches (Kattenstroth et al., 2004).

Genetic loss-of-function studies provide insight into the functional role of
neurexins at synapses and how mutations might modify neural circuits and
behavior. Initial studies examined deletions of one, two, or all th r e eneutgxins
demonstrating their essential role at synapses. These studies highlighted the role
of -nBurexins in synaptic function, finding dramatic reductions in evoked and
spontaneous neurotransmitter release at excitatory and inhibitory synapses
(Missler et al.,, 2003). Fur t her mor e, t h-meyrexidsecouple @a*ned U
channels to presynaptic machinery, selectively regulating N- and P/Q-type Ca?*
channels (Zhang et al., 2005). I n cont r as-heyrexinewa®fouad to o f
dysregulate tonic endocannabinoid signaling mediated by 2-AG at excitatory
synapses (Anderson et al., 2015). Conditional deletion of neurexins at synapses
in the cerebellum and medial prefrontal cortex show differential synaptic

12



phenotypes ranging from impaired synaptic transmission to reductions in
synapse numbers (Chen et al.,, 2017). These context-dependent phenotypes
resulting from pan-neurexin deletion reveal the complexity underlying the
functional role of neurexins as their precise role is specified by cell-type and brain

region.

Regarding single neurexin gene deletions, physiological studies have only
been performed in neurexin-1 and neurexin-3 KO mice (Aoto et al., 2013;
Etherton et al.,, 2009). I ni t i al physi ol ogy studies of
performed in the hippocampus showed an impairment in excitatory synaptic
transmission (Etherton et al., 2009). Mor e r ecent | -yispforrmofthat i ons
neurexin-1 gene have shown impaired synaptic transmission within amygdala
and projections to mPFC (Asede et al., 2020). Interestingly, neurexin-3 ¢ /
deletions led to distinct phenotypes at separate synapses, resulting in a loss of
AMPARs at excitatory synapses in hippocampal neurons and a decrease in
release probability at inhibitory synapses in olfactory bulb neurons (Aoto et al.,

2015).

The synaptic function of neurexins has been examined in numerous
circuits including those within the brain stem, hippocampus, amygdala, prefrontal
cortex, thalamus, and cerebellum (Asede et al., 2020; Chen et al., 2017;
Davatolhagh and Fuccillo, 2021; Etherton et al., 2009; Missler et al., 2003).
These studies have demonstrated divergent functions of neurexins based on

cellular context and promote investigating the function of neurexins in a cell type
13



and circuit specific manner. Chapter 4 of this dissertation extends these
synaptic analyses to striatal circuits, finding divergent synaptic phenotypes at

frontostriatal and thalamostriatal synapses.
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Figure 1. Basal Ganglia Circuitry

Simplified circuit diagram of the basal ganglia nuclei and their major connections.
The direct pathway is shown in blue, and the indirect pathway is represented in
orange, both pathways originating from distinct subpopulations of spiny
projection neurons within the striatum.

Abbreviations - GPe: globus pallidus pars externa, GPi: globus pallidus pars
interna, STN: subthalamic nucleus, SNc: substantia nigra pars compacta, SNr:
substantia nigra pars reticulata
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Abstract

The dorsomedial striatum, a key site of reward-sensitive motor output,
receives extensive afferent input from cortex, thalamus and midbrain. These
projections are integrated by striatal microcircuits containing both spiny projection
neurons and local circuit interneurons. To explore target-cell specificity of these
projections, we compared inputs onto D1-dopamine receptor positive spiny
neurons, parvalbumin-positive fast-spiking interneurons and somatostatin-
positive low-threshold-spiking interneurons, using cell-type specific rabies virus
tracing and optogenetic-mediated projection neuron recruitment in mice. While
the relative proportion of retrogradely labeled projection neurons was similar
between target cell types, the convergence of inputs was systematically higher
for projections onto fast-spiking interneurons. Rabies virus is frequently used to
assess cell-specific anatomical connectivity but it is unclear how this correlates to
synaptic connectivity and efficacy. To test this, we compared tracing data with
target cell-specific measures of synaptic efficacy for anterior cingulate cortex and
parafascicular thalamic projections using novel quantitative optogenetic
measures. We found that target-specific patterns of convergence were
extensively modified according to region of projection neuron origin and
postsynaptic cell type. Furthermore, we observed significant divergence between
cell type-specific anatomical connectivity and measures of excitatory synaptic
strength, particularly for low-threshold-spiking interneurons. Taken together, this
suggests a basic uniform connectivity map for striatal afferent inputs upon which
presynaptic-postsynaptic  interactions impose substantial  diversity  of

physiological connectivity.
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Introduction

The dorsomedial striatum (DMS) receives broad input from cortical,
thalamic, and limbic regions and is a critical node for the integration of
sensorimotor, motivational, and cognitive information (Balleine et al., 2009;
Hunnicutt et al., 2016). The striatum is comprised of D1 and D2 dopamine
receptor positive spiny projection neurons (D1R+/ D2R+ SPNs), as well as
cholinergic (ChINs) and GABAergic interneurons (Kawaguchi, 1997; Kawaguchi
et al., 1995; Kreitzer, 2009). Mounting literature points to distinct roles for these
neuronal populations in goal-directed behaviors (Lee et al., 2017; Shan et al.,
2014; Tai et al., 2012). Given the preponderance of GABAergic connections
within the striatum, it seems likely that excitatory projection neurons play a key
role in shaping the activity of striatal circuits. Understanding this regulation
should provide insight into the striatal contribution to normal and dysfunctional

reward-related behavior.

Prior studies have compared the anatomical distribution of inputs to D1R+
and D2R+ SPNs as well as ChINs, noting subtle shifts in the relative contribution
of projection neurons (Guo et al., 2015; Wall et al., 2013). However, the afferent
connectivity of striatal GABAergic interneurons has yet to be explored. Although
sparse, these local interneurons broadly and potently inhibit SPN activity (Gittis
et al.,, 2010; Kawaguchi et al., 1995; Straub et al., 2016; Tepper et al., 2004;
Tepper et al., 2010), thereby modulating behavioral output (Lee et al.,, 2017

Rapanelli et al., 2017; Xu et al.,, 2016). Two of the most numerous striatal

22



GABAergic interneuron subtypes exhibit highly divergent circuit functions -
parvalbumin-expressing fast-spiking interneurons (PV+ FSIs) mediate peri-
somatic inhibition while somatostatin-expressing low-threshold spiking
interneurons target the distal dendritic compartment of SPNs (SST+ LTSIs;
(Kawaguchi et al., 1995; Straub et al., 2016; Tepper et al., 2004). Given these
divergent functional roles, it is important to understand whether inputs to the
DMS differentially regulate these cell types and how this relates to activation of

spiny projection neurons that output to downstream basal ganglia nuclei.

While rabies virus-mediated monosynaptic tracing has been used to
explore connectivity onto intermingled neuronal populations (Beier et al., 2015;
Lammel et al., 2012; Schwarz et al., 2015; Weissbourd et al., 2014), it is unclear
how quantitative analysis of retrogradely labeled neurons relates to synaptic
connectivity or strength (Ogawa and Watabe-Uchida, 2017). The ability of
specific projection neurons to influence striatal processing depends on multiple
factors including the convergence of inputs (number of projections that synapse
on a given postsynaptic neuron) and the individual synaptic strength of these
connections. It is presently unclear whether target cell-specific rabies virus
tracing can provide any information on these variables. Furthermore, cell type-
specific mapping of intermixed populations in other brain regions has
demonstrated little specificity with regard to the fractional contribution of inputs
(Beier et al., 2015; Lammel et al., 2012; Schwarz et al., 2015; Weissbourd et al.,

2014), suggesting postsynaptic-driven differences in connectivity may be an
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essential determinant in creating physiological diversity in mature neural circuits

(Reyes et al., 1998).

To probe these issues, we systematically analyzed the anatomical input
from frontal cortex and thalamus to three cell types in the DMS i D1R+ SPNs,
PV+ FSIs and SST+ LTSIs. We then compared these data with quantitative
electrophysiological measures of synaptic efficacy for all six connections. Overall,
we found that overarching patterns of cell type-specific anatomical connectivity
were not representative of the intrinsic strength or reliability of synaptic
transmission for these circuits. Furthermore, comparisons between the cortical
and thalamic inputs suggested that a basic framework of projection neuron
anatomical connectivity was modified by both region of presynaptic origin and

target cell type to generate the full diversity of connectivity within the DMS.

Materials and Methods

Animals

Male mice were housed in groups of 2-5 on a 12-hour light/dark cycle (lights on
at 7 am) with ad libitum access to food and water. Drd1a-Cre (Jackson Labs,
#37156-Jax), PV-2a-Cre (Jackson Labs, #012358), SST-ires-Cre (Jackson Labs,
#013044) mouse lines were maintained on a C57BI/6J genetic background. Mice
were at least 60 days old for stereotaxic injections (Drdla-Cre, n=17; PV-2a-Cre,

n= 16; SST-ires-Cre, n= 14). All procedures conformed to National Institutes of
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Health Guidelines for the Care and Use of Laboratory Animals and were
approved by the University of Pennsylvania Administrative Panel on Laboratory

Animal Care (Protocol Number: 805643).

Virus Production

In brief, HEK cells were transiently transfected with helper plasmids (pTIT-N,
pTIT-P, pTIT-G, pTIT-L, pCAGGS-T7) and either SAD-qoGEGFP or SAD-p G
tdTomato constructs (full length cDNA plasmid containing all rabies virus
components except the G glycoprotein), and supernatant was transferred to
BHK-B19G cells after 3 days. Following two amplification steps, benzonase-
treated supernatant was fitere d t hr ough a 0. 22 20000 | ter,
RPM for 2 hr at 4°C and resuspended in Opti-MEM (Life Technologies) (Lim et
al., 2012). SAD-qpGEGFP rabies virus was pseudotyped with the EnvA
glycoprotein as previously described (Wickersham et al., 2007; Wickersham et

al., 2010).

Stereotaxic Surgery

All intracranial injections were conducted in adult mice under general isoflurane
(1-2%) anesthesia. In brief, mice were placed in a stereotaxic frame (David Kopf
Instruments; Tujunga, CA, USA) and their head was shaved, followed by anti-
bacterial scrub with betadine. Small (0.5 mm) holes were drilled above target
coordinates, and a pulled glass needle, containing virus was lowered to injection
sites. Virus was infused at 0.125 pL/min by using a microinfusion pump (Harvard
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apparatus; Holliston, MA, USA) and the injection needle was left in place for at
least 5 minutes to prevent back-flow. For slice physiology, channelrhodopsin-
expressing virus (AAV.DJ-hSyn-ChiEF-2a-Venus) was injected at the following
coordinates: ACC: 0.3 ML, +0.75 AP, -1.3 DV; PFas : 1.7 ML, -2.2 AP, -3.2
DV. While care was taken to minimize viral spread, there is always some degree
of labeling of adjacent structures. For ACC, we noted infection of adjacent M2
and for PFas we noted infection of thalamic structures dorsal to the PFas. In both
instances, we labeled our injections according to the predominant projection
population. To visualize specific striatal cell types, 500n! of AAV.1-hSyn::DIO-
tdTomato (UPenn vector core) was injected into the DMS (+1.75 ML, +0.75 AP, -

3.0 DV) . All mice were allowed to recover for 3-6 weeks prior to recording.

Cell-type specific retrograde tracing

Mice (D1-Cre n=5, PV-Cre n=4, SST-Cre n=4) were injected with a 1:1 mixture of
AAV5-CAG-DIOM*P-TVA®T-2a-mCherry and AAV8-CAG-DIO'P-G (500nl) into
the DMS (+1.75 ML, +0.75 AP, -3.0 DV) and allowed to recover for 7 days prior
to rabies virus injection. While this two-part helper system may generate some
starter neurons that cannot undergo retrograde labeling, we have no evidence
that this phenomenon would be different amongst the target neurons studied.
(EnvA)-SAD-qgp GEGFP rabies virus was subsequently injected under the same
conditions and injection volume as initial AAV injection. One week later, mice

were deeply anesthetized with i.p. injection of 100 uL Pentobarbital Sodium
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(Nembutal, 50 mg/mL) and transcardially perfused with phosphate buffered
saline followed by 4% formalin. Brains were removed, placed in 4% formalin 12-
24 hours, followed by 30% sucrose for 24-48 hours, after which they were stored
at -803 until cryo-sectioning. Cor on al 2 5 ¢ were cdlected, mousted
and stitched large-field images were obtained with a 4x objective (Olympus, 4x,
0.16NA) on standard epi-fluorescent microscope (Olympus, BX63). Generally, all
neuron counts were done manually using ImageJ software. Starter cells were
defined as neurons co-labeled with both GFP (rabies infected) and mCherry

(TVA expressed), and projection neurons were those labeled only with GFP.

GFP-positive input neurons were manually counted from every 10th 25-e m s |

throughout the entire brain (27°1 sections per mouse), except within the DMS
itself. Starter cells were counted from all DMS slices (5°0.4 sections per mouse).
As each brain had a different number of starter neurons, we normalized inputs by
number of starter cells (anatomical convergence). For analysis of transgenic
animal specificity, contiguous 50e m sl i ces of dor somedi
in ImageJ, specifically looking for the PV or SST immunoreactivity of neurons

labeled by AAV5-CAG-DIQP-TVAST-2a-mCherry virus.

Electrophysiology

Mice were deeply anesthetized trans-cardially perfused with ice-cold aCSF
containing (in mM): 124 NacCl, 2.5 KCl, 1.2 HaH2PO4, 24 NaHCOs3, 5 HEPES, 13

Glucose, 1.3 MgSO4, 2.5 CaCl.. After perfusion, the brain was quickly removed,
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submerged and coronally sectioned on a vibratome (VT1200s, Leica) at 250-300

€ mhidkness in ice-cold aCSF. Slices were transferred to NMDG based recovery
solution at 32°C of the following composition (in mM): 92 NMDG, 2.5 KClI, 1.2
NaH2PO4, 30 NaHCOs, 20 HEPES, 25 Glucose, 5 Sodium ascorbate, 2
Thiourea, 3 Sodium pyruvate, 10 MgSOa4, 0.5 CaClz. After 12-15 min. recovery,
slices were transferred to room temperature aCSF chamber (20-22°C) and left for
at least 1 hour before recording. Following recovery, slices were placed in a
recording chamber, fully submerged at a flow rate of 1.4~1.6 mL/min, and
maintained at 29-30°C in oxygenated (95% 02, 5% CO2) aCSF containing

picrotoxin (100 uM, Sigma).

For voltage-clamp recordings, recording pipettes were pulled from borosilicate
glass (World Precision Instruments, TW150-3) that had a tip resistance of 3~5
Mq when filled with internal solution containing (in mM) 115 CsMeS0O4, 20 CsCl,
10 HEPES, 2.5 MgCl, 0.6 EGTA, 1 QX-314, 10 Na-Phosphocreatine, 4 NaATP,
0.3 NaGTP, 0.1 spermine (pH adjusted to 7.3-7.4 with CsOH). Current-clamp
recordings were made with electrodes containing (in mM): 140 K-gluconate, 5
KCI, 2 MgCI2, 0.2 EGTA, 10 HEPES, 10 Na-phosphocreatine, 4 Mg-ATP, 0.3
Na-GTP (pH to 7.3 with KOH). For striatal field recordings, pipette was filled with
aCSF and their access resistance was fixed 0. 8 ~1 . éd eMayrode Wwass
positioned within 50 um distance from the patched cell. Optical fiber volley was

calculated as the peak of the first negative deflection (N1) and field slope was
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calculated as the first negative peak of the N2 deflection. Every whole cell
recording was performed together with field recording to normalize viral
expression of excitatory opsin. Voltage-clamp recordings from striatal neurons
were obtained under visual control using IR-DIC optics (Olympus, BX51). Visual
identification of D1-MSN, PV+ or SST+ neurons was based on expression of
tdTomato (Chroma, #49005). Cells were voltage clamped at -70 mV unless
otherwise noted. Recordings were performed using a MultiClamp 700B
(Molecular Devices), filtered at 2.8 kHz and digitized at 20 kHz. ChIEF
expressing axon terminals were stimulated with brief (1 ms) pulses of 473 nm
blue light from a collimated LED illuminator (CoolLED, pE-300). We initially
tested for the presence of target-field opsin contamination by giving elongated
light pulses at the beginning of each recording. If any neuron was found to have
a prolonged fAsomatico current, we dhatscar de
hemisphere. Input and series resistance were monitored continuously and
experiments were discarded if either parameter changed by >20%.
AMPAR/NMDAR ratios were determined by comparing peak amplitude of
averaged AMPAR EPSCs at -70 mV, with average amplitude of EPSCs recorded
at +40 mV, 50 ms after afferent stimulation (NMDAR EPSC). For the input-output
plot, 1ms light stimulus of increasing intensity was employed (0.35, 0.78, 1.2, 1.7,
2.1, 3.2, 4.3 mW/mm?). For asynchronous miniature experiments, calcium was
substituted by strontium (2.5 mM). Strontium-evoked asynchronous miniature

events were analyzed from 40-300 msec. temporal window following optical
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excitation. All miniature synaptic currents were recorded in the presence of

tetrodotoxin (1 pM).

Immunohistochemistry

25-um cryosectioned brain slices were permeabilized in 0.6% Triton X-100 and
blocked in 3% normal goat serum in PBS for 1 hr in free-floating conditions.
Primary antibody was incubated overnight in 1% normal goat serum and 0.2%
Triton X-100 in PBS (Rat anti-Somatostatin, 1:500, Millipore; Mouse anti-
Parvalbumin, 1:500, Sigma-Aldrich). For visualization, slices were incubated with
secondary antibody for 1 hour (Goat AMCA-conjugated anti-Rat, 1:500, Jackson
immunoResearch laboratory; Goat Alexa350-conjugated anti-Mouse, 1:500,
Molecular probes). Immunostained slices were mounted and scanned on a
standard epi-fluorescent microscope (Olympus, BX63) under both 10x (Olympus,

0.4NA) & 20x (Olympus, 0.75NA) objectives.

Data analysis

All data are presented as mean = SEM. Significance was assessed by one-way
analysis of variance (ANOVA) or paired St u d e fiestpas appropriate, with
Tukey correction for multiple comparisons. Mean differences between groups
were considered significant when P<0.05. Electrophysiology data were acquired
using custom-built Recording Artist software (Rick Gerkin, Igor Pro6

(Wavemetrics)), and analyzed using Igor Pro7 (Wavemetrics), MATLAB
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(Mathworks) and Minianalysis (Synaptosoft). Anatomical data was analyzed
using ImageJ (NIH). All data were visualized with Graphpad Prism 7 (Graphpad
Software). For input-output analyses, multiple data points were collected across
a range fiber volleys and subject to linear regression modeling. All slope

coefficients for regression lines with R? >0.7 were used for subsequent analysis.

Results and Statistical Analysis

Mapping Anatomical Connectivity to Local Striatal Interneurons

To explore inputs that regulate the local striatal GABAergic network, we
employed EnvA-pseudotyped rabies virus tracing, which permits G-protein
dependent monosynaptic retrograde labeling from genetically defined starter
populations (Fig.1A,B) (Wall et al., 2010; Wickersham et al., 2007; Wickersham
et al, 2010). We examined anatomical connectivity onto parvalbumin-
immunoreactive fast-spiking interneurons (PV+FSIs) and somatostatin-
immunoreactive low threshold-spiking interneurons (SST+LTSIs), via the
Parvalbumin-2a-Cre (PV-2a-Cre) and Somatostatin-ires-Cre (SST-ires-Cre)
transgenic lines (Fig.1C,D). As a comparison point for previously published
striatal tracing studies (Fuccillo et al., 2015; Guo et al., 2015; Wall et al., 2013),
we employed a D1-Cre BAC transgenic allele to map inputs to direct pathway
D1R+ SPNs. To test the fidelity of our mouse strains for labeling striatal
interneuron populations, we injected adeno-associated virus (AAV) that
expresses mCherry in the presence of Cre recombinase (AAV5-CAG-DIO:: TVA-

2a-mCherry). Immunohistochemical staining of injected brains with either
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parvalbumin or somatostatin antibodies demonstrated a high degree of specificity
for each Cre line within DMS (Fig.1C,D), with 97% of mCherry+ neurons
expressing parvalbumin in the PV-2a-Cre line and >99% of mCherry+ neurons
expressing somatostatin in the SST-ires-Cre line (Fig.1E). Furthermore, we found
that the PV-2a-Cre mice labeled a population of weakly immunoreactive PV+
neurons in the DMS that exhibited electrophysiological properties similar to the
larger, more strongly PV-immunoreactive FSls of the dorsolateral striatum (DLS),
including brief spike-width, low input resistance and sharp after hyperpolarization

(data not shown).

The relative contributions of projection neurons to the striatum is strongly
linked to the medial-lateral location of striatal target region, with DMS generally
receiving more medial cortical and thalamic populations than DLS (Voorn et al.,
2004). We explored these findings by simultaneously injecting rabies virus (RV)
expressing tdTomato (SAD-gqG-tdTOM) in the DMS and RV expressing EGFP
(SAD-qG-EGFP) in the DLS of adult male C57BI6J mice (Supp. Fig.1A). We
found well-demarcated boundaries of retrogradely labeled projection neurons
along the medio-lateral axis within the cortex, thalamus and substantia nigra
(Supp. Fig.1B-D, not shown). In light of these results, we restricted analyses of
rabies tracing to brains where starter cells (defined as mCherry+/EGFP+ double-
positive) were exclusively within a defined DMS region (see Fig.1F). Overall
numbers of starter cells (sampled over 250em intervals) were roughly

comparable between both interneuron lines (PV: 53.8+15.2 vs SST: 70.8+16.2),
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and ~4-fold higher in D1R+ SPNs (217+40; Fig.1H). The total number of labeled
projection neurons per starter cell was significantly different between target cell
types, with a ~2-fold increase in FSIs compared to D1R+ SPNs and LTSIs (D1:
23.6£2.1; PV: 55.5£3.1; SST: 32.4+3.8; ANOVA [F (2,10)=30.96, P<0.0001;
Fig.1G). Importantly, several controls confirmed the fidelity of our pseudotyped
RV system: (1) injection of EnvA-RV-EGFP did not label any neurons in wildtype
C57BI6 mice, demonstrating high pseudotyping efficiency (not shown); (2)
injection of mixed AAV-CAG-DIO:: TVA-2a-mCherry/AAV-CAG-DIO::G-protein
viruses into wildtype C57BI6J mice, followed 10 days later with EnvA-RV-EGFP,
labeled a small number of cells locally but no projection populations outside of
striatum, suggesting minimal Cre-independent AAV expression (Supp. Fig.1E;

(Beier et al., 2015; Ogawa and Watabe-Uchida, 2017).

To quantify these data, we counted the number of projection neurons as a
fraction of total labeled cells in representative sections spanning the A-P extent
of the brain (Supp.Fig.2-4) (Beier et al., 2015; Wall et al., 2013; Weissbourd et
al., 2014). Using this measure, we found bulk connectivity was highest in ACC
and secondary motor cortex (M2), followed by orbitofrontal (OFC) and S1
somatosensory cortices, the parafascicular thalamic nucleus (PFas) and the
globus pallidus external segment (GPe). Individual statistical analysis of cortical,
thalamic and remaining subcortical structures consistently uncovered a main
effect of projection neuron origin but no postsynaptic cell type-specificity

(Supp.Fig.2-4). In an attempt to precisely define connectivity at the target cell
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level, we normalized these counts by the number of initial starter cells to obtain a
convergence measurement - an average number of contacts per target neuron
(Do et al., 2016). These data revealed a trend whereby PV+ interneurons had
higher convergence than both D1R+ SPNs and SST+ cell types from all cortical
inputs (Fig.2), consistent with the differences in brain-wide convergence
measures (Fig.1G). The OFC was the only exception, with the medial OFC
(mOFC) demonstrating higher labeling from SST+ cells and the lateral OFC
(IOFC) demonstrated higher labeling from PV+ cells (Fig.2A-C,G). All 3 tracing
experiments displayed contralateral cortical labeling, although it was ~10% the
number of ipsilateral neurons (Fig.2G). Furthermore, the basic patterns of cell
type connectivity were similar for contralateral and ipsilateral projections

(compare left and right bars in Fig.2G).

Although cells were present across 16 distinct thalamic nuclei, the majority
of labeled neurons were found in the PFas, followed by the mediodorsal and
paracentral nuclei (Supp. Fig.3). There were no contralateral projecting neurons
identified in the thalamus of any sample. While the overall convergence
measures were lower for thalamus than cortex, the distribution between target
populations (biased towards PV+ cells) was similar to cortex (Fig.3). The only
exception was the PFas nucleus, where convergence onto SST+ neurons was
similar to that onto PV+ neurons. Together with previous tracing studies, these
data suggest only modest anatomical specificity for projection neurons targeting

striatal microcircuits (Guo et al., 2015; Wall et al., 2013).
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Divergence between Anatomical Tracing and Synaptic Properties of

Projections Neurons to Striatum

To see how RV-mediated anatomical tracing data correlated with
physiological measures of synaptic connectivity and strength, we employed
simultaneous striatal field/whole cell recordings to create a normalized input-
output assay (Xiong et al., 2015). In this manner, we could describe synaptic
strength and neuronal firing as a function of afferent recruitment, one of the main
parameters measured by our anatomical studies. To explore the validity of this
approach, we performed targeted cortical injection of ChlEF (Lin et al., 2009) and
labeled D1R+ SPNs via hSyn-DIO::tdTOM reporter virus injection into D1-Cre
BAC transgenic mice. Optical stimulation (473nm LED) of coronal acute slices
through a 40x-objective generated a two-component cortico-striatal field (N1,N2,
Fig.4A-C) . We considered N1 t he predgyanaptic
channelrhodopsin dependent waveform representing the total number of cortical
axons recruited to a specific patch of striatal tissue (Xiong et al., 2015).
Consistent with this idea, N1 was minimally reduced by the sodium channel
blocker TTX (Fig.4C), remained stable across multiple divalent cation
concentrations (Fig.4D) and increased hyperbolically with increasing LED
intensity (Fig.4E). The slope of the N2 component was considered a quantitative
measure of the postsynaptic excitatory response, as suggested by its
pharmacological sensitivity to the AMPAR blocker NBQX (Fig.4C), insensitivity to

the NMDAR receptor antagonist AP5 and the GABAAR antagonist picrotoxin
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(Fig.4C), stepwise decrement in conditions of decreased release probability
(Fig.4D), and sigmoidal increase with higher LED intensities (Fig.4E). D1R+
SPNs patched in whol e cel | configuration within
demonstrated a similar sigmoidal increase in synaptic currents (Fig.4E, right),
with both measures plateauing at LED intensities of ~20% power. We attributed
increases in fiber volley and synaptic current to the step-wise recruitment of
ChiEF-expressing cortical fibers. Consistent with this, whole cell recordings in the
presence of strontium (Sr?*), which desynchronizes neurotransmitter release
from recently active synapses (Xu-Friedman and Regehr, 1999, 2000),
demonstrated an LED-dependent increase in the frequency of asynchronous

events without alterations in event amplitude (Fig.4F,G).

For electrophysiology analysis, we attempted to express ChiEF primarily
in the ACC, the largest cortical input to the DMS (Fig.2; see Methods). Given the
two-fold higher convergence onto PV+ neurons, we hypothesized that ACC
inputs would exhibit larger synaptic weights onto PV+ neurons than onto D1R+
SPNs or SST+ cells. Injection of hSyn-ChiEF-2a-Venus into ACC (Fig. 5A,B) was
accompanied by striatal injection of hSyn-DIO::tdTOM reporter virus into either
D1-Cre, PV-2a-Cre or SST-ires-Cre mice, permitting reliable labeling of these
postsynaptic cell types as judged by intrinsic and active membrane properties
(Fig.5C). Increasing LED intensity led to enhancements in fiber volley amplitude,
irrespective of the postsynaptic cell type (Fig.5D). To generate robust,

guantitative data on synaptic strength, we measured field slope and whole cell
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current across a range of optical fiber volley amplitudes, fit these data with a
linear regression model, and compared the slope coefficients for each
postsynaptic cell type (Fig.5F,G,l,J). We found that the change of field slope as a
function of afferent fiber volley was similar across slices with labeled D1R+
SPNs, PV+ FSlIs and SST+ LTSIs (D1: 2.41+.33; PV: 2.16+.2; SST: 2.26+.31;
ANOVA [F (2,24)=0.213, P=0.81; Fig.5E-G). In contrast, whole cell currents
recorded from labeled SST+ LTSI neurons near the field electrode diverged
significantly from D1R+ SPNs and PV+ FSlIs (Fig.5H-J). While ACC-D1R+ SPNs
and ACC-PV+ connections reliably exhibited evoked synaptic currents beginning
at 10eV fiber volleys and had comparable slope coefficients, ACC-SST+
connections were not observed until 40eV fiber volley and exhibited a >10x lower
rate of synaptic current change per fiber volley unit (D1: 52.42+14.1; PV:

62.27+11.2; SST: 3.46+.47; ANOVA [F (2,19)=7.32, P=0.004; Fig.5H-J).

The contrast between these measures and previous anatomical data
(Fig.2) could result from differences in presynaptic release probability, number of
release sites or sensitivity of postsynaptic detection, all of which have an unclear
relationship to RV-mediated anatomical tracing (Ogawa and Watabe-Uchida,
2017). To explore this, we performed Sr?*-evoked asynchronous release of
optically activated fibers, across a range of optical fiber volley amplitudes
(Fig.5K, Supp.Fig.5A; See Methods). We found that the frequency of Sr?*-evoked
asynchronous excitatory postsynaptic currents (aEPSCs), a proxy for presynaptic

guantal content, was dramatically reduced in SST+ LTSIs, yielding a ~4x lower
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regression coefficient as compared to D1R+ SPNs and PV+ FSis (D1: 1.23+.21;
PV: 1.76£.29; SST: 0.27+.07; ANOVA [F (2,19)=8.37, P=0.0025; Fig.5K-M). We
next performed optically evoked paired pulse, a rough measure of presynaptic
release probability, and found ACC-SST+ connections had a higher paired-pulse
ratio than ACC-D1R+ or ACC-PV+ connections across multiple inter-pulse

intervals, suggesting lower release probability at these synapses (Fig.5N).

To probe whether differential postsynaptic sensitivity to neurotransmitter
also contributed to synaptic strength differences, we recorded optically evoked
aEPSC amplitudes in Sr?*. We found that the mean aEPSC amplitude from ACC-
SST+ synapses was significantly smaller than that of ACC-D1R+ or ACC-PV+
connections (D1: 22.4+.21; PV: 23.8+.29; SST: 12.9+.07), revealing an additional
postsynaptic mechanism for the divergence in synaptic strength observed in
field-normalized recordings of SST+ LTSIs. Given this difference, we explored
other aspects of the postsynaptic compartment, including receptor composition
and subtype. We discovered target cell-specific differences in the ratio of AMPA
and NMDA glutamate receptors (Fig.50), with ACC-PV+ connections having
virtually no NMDAR-mediated currents, as well as target-specific differences in
NMDAR composition, with ACC-LTSIs exhibiting decay kinetics consistent with a
larger proportion of NR2B subunits than ACC-D1+ SPN and ACC-PV+ synapses

(Fig.5P) (Gittis et al., 2010).
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Comparing properties of parafascicular-striatal and prefrontal-striatal
projections

Together these data demonstrate a divergence between RV-tracing
anatomical connectivity and the physiological properties of these connections
that determine overall synaptic strength. To test the generalizability of these data,
we optogenetically isolated thalamo-striatal inputs predominantly from the
parafascicular nucleus (PFas; see Methods), the densest thalamo-striatal
projection to DMS (Fig.3). Five-week incubation of hSyn-ChiEF-2a-Venus yielded
widespread expression of mVenus in the parafascicular nucleus as well as fiber
staining in cortical white matter and neighboring thalamic nuclei (Fig.6B,C). While
increasing optogenetic stimulation caused a more shallow increase in fiber volley
amplitude as compared with ACC recordings (compare Fig.6D & 5D), the slope
coefficient of the regression for field strength was similar to ACC projections and
did not vary between D1-Cre, PV-2a-Cre and SST-ires-Cre mice (D1: 2.16+.43;
PV: 2.68+£.38; SST: 2.58+.27; ANOVA [F (2,27)=0.545, P=0.59; Fig.6E-G). Cell
type-specific synaptic strength measures once again diverged from anatomical
data, but also could be distinguished from the ACC projections in three ways: (1)
overall synaptic efficiency as measured by change in whole cell current per fiber
volley increment was reduced for all PFas connections (compare Figs.5J & 6J);
(2) PFas-PV+ FSI connections were significantly less efficient then PFas-D1R+
SPN connections (D1: 26.5+3.5; PV: 15.47+2.6; Bonferroni posthoc, P=0.025;

Fig.6H-J); (3) we could not reliably detect PFas-SST+ LTSI synaptic connections
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in the majority (~2/3rds) of recorded cells (Fig.6K, note only 2/36 had a maximum
synaptic response >30pA), so we omitted these sparse connections from further

analysis.

To explore the underpinnings of these target cell-specific difference in
synaptic strength, we again generated optogenetic input-output functions in the
presence of Sr?*. Similar to ACC projections, we did not note differences
between D1R+ SPNs and PV+ LTSIs in the slope coefficient for aEPSC
frequency as a function of fiber volley (Fig.6L-N), and there was no difference
between these populations in aEPSC amplitude (Supp.Fig.5C). However, PFas-
PV+ FSI connections exhibited a significantly higher paired-pulse ratio than
PFas-D1R+ SPN synapses (Fig.60), suggesting that the reduced synaptic
strength of PFas-PV+ connections may result from lower probability of release. In
contrast to this target cell-specific presynaptic property, we found that
postsynaptic receptor composition and subtype were similar for both prefrontal

and thalamic inputs (Fig.6P).

Synaptic current-action potential coupling

Recruitment of striatal neuron firing requires integration of synaptic drive
with the electrical properties of the postsynaptic cell, which vary widely across
the examined subtypes (Fig.5C). To see how synaptic connectivity translated to
neuronal spiking, we performed similar field-normalized measures while
recording nearby neurons in current clamp (Fig.7). While ACC connections to

D1R+ SPNs and PV+ cells occasionally evoked action potentials (APs), the
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majority of responses were sub-threshold (Fig.7A,B,D). In contrast, despite the
weak synaptic connections of ACC-SST+ neurons, all recorded cells were driven
to threshold and the reliability of AP-coupling was dynamic over the range of fiber
volleys examined (Fig.7C). Overall, the trajectory of target cell-specific sub-
threshold responses roughly aligned with voltage clamp measures of synaptic
strength (compare Fig.7D with Fig.5J). Consistent with the reduced density of
PFas fibers projecting into the DMS (Fig.3G & Fig.6D), we were largely unable to
drive spiking in any postsynaptic cell type (Fig.7E). Notably, while the sub-
threshold responses in D1R+ SPNs and FSIs were similar, the LTSIs recorded

did not show any synaptic connectivity (Fig.7E).

Discussion

Projection Origin and Striatal Target Neuron are Associated with Specific

Anatomical Connectivity Patterns

EnvA-pseudotyped RV tracing of DMS circuits produced distributions of
labeled neurons consistent with non-cell type-specific approaches (Pan et al.,
2010), including substantial OFC, ACC, M2, PFas and GPe labeling
(Supp.Fig.1). In addition to regional differences in the fractional number of
retrogradely labeled cells, postsynaptic cell type was reproducibly associated
with specific patterns of anatomical convergence, with PV+ tracings exhibiting 2-
3x higher numbers of retrograde neurons per starter cell than D1R+ SPNs and
SST+ neurons (compare Fig.1G, Fig.2&3). Given the preponderance of D1R+

SPNs compared to interneurons (~40% vs <1% of total striatal neurons), one
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would expect much higher anatomical convergence values for PV+ neurons if
both cell types sampled the same number of ACC inputs. Nevertheless, it is
important to note that anatomical convergence, defined here as the total number
of retrogradely-labeled inputs per starter cell, should be considered the upper
bound of this number. More accurate estimates should consider the number of
common inputs to a given postsynaptic cell, which would change the density of
inputs at the single-cell level (synaptic convergence) while maintaining a fixed
anatomical convergence. In fact, a greater sharing of inputs may explain the
similarity in single-neuron synapse strength between ACC-D1R+ and ACC-PV+
connections, despite the higher anatomical convergence onto PV+ interneurons

(Fig.5M).

The only brain regions exhibiting target cell-specific differences in labeling
not conforming to PV+ biased convergence patterns were the mOFC and the
PFas nucleus. In contrast to the PV+ bias of the IOFC, mOFC had the highest
density of retrogradely labeled neurons from SST+ starter populations. This
result is particularly intriguing given the proposed functional differences between
medial and lateral orbital cortices for value processing and decision-making
(Rushworth et al., 2011). Further work is necessary to explore whether different
striatal inhibitory cell types may mediate these region-specific differences in

reward processing.

42



Insights from Novel Field-Normalized Synaptic Measures

In order to relate synaptic connectivity with our RV-mediated tracing, we
employed novel field-normalized input-output curves that reported synaptic
measures as a function of increasing afferent recruitment. The
channelrhodopsin-e voked opti cal waveform (fAoptical
proxy for the number of opsin-expressing fibers that were activated in proximity
to our recording electrodes. We interpreted the stepwise increase in fiber volley
amplitude with increasing LED intensity (Fig.4E) as activation of afferent fibers
with progressively lower levels of ChiEF expression, as opposed to enhancement
in the probability of synaptic release (Pr) of a fixed number of fibers. While the
observed increase in Sr?*-evoked frequency could formally represent either
component of quantal content, we favor changes in number of release sites
because: (1) paired-pulse ratios within a given cell did not decrease with
increasing LED intensity (not shown); (2) we did not observe the increase in
event amplitude with increasing LED intensity that should be seen if Pr was
increasing at these multi-vesicular release synapses (Higley et al., 2009);
Supp.Fig.5); (3) we demonstrated a clear dissociation between paired-pulse ratio
and Sr?*-event frequency for cortical and thalamic connections onto D1R+SPNs

and PV+ FSls (compare Fig.5M,N with Fig.6N,O).

Our results suggest several interrelated components work together to set
the strength of projection synapses onto striatal circuits. First, the density of
fibers from a specific projection nucleus will set lower limits on how effectively it
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can drive striatum. For example, PFas inputs represent ~7% of total inputs
irrespective of postsynaptic target, while ACC inputs are closer to 15% of the
total retrogradely labeled population (compare Sup.Fig.2,3) These distinctions
manifest physiologically as a reduction in the steepness of the LED intensity-fiber
volley plots for PFas versus ACC injections, such that the maximum elicited fiber
volley is ~40% lower in PFas slices (compare Fig. 5G,6G). These differences
may in part account for the inability of PFas connections to drive postsynaptic
firing as compared to ACC projections (Fig.7D,E). Second, the density of
incoming projections is modified by the synaptic convergence of these axons
onto individual postsynaptic targets to determine final synaptic strength. To
explore this, we used whole cell recorded currents and Sr?*-desynchronized
guantal events to estimate how projection density is modified at the individual
neuron level. For an equivalent fiber volley, larger postsynaptic currents or higher
Sr2*-evoked EPSC frequencies were interpreted as more release sites contacting
the recorded neuron. It should be noted that this physiological measure of
synaptic convergence integrates both anatomical convergence and the number
of shared inputs seen by a given postsynaptic cell (discussed below). Overall,
this approach provides a quantitative means of comparing optogenetically
recruited projection regions and is ideal for use with viral injection paradigms,

where differences in infectivity can create significant between-animal variability.
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Divergence between Anatomical and Physiological Connectivity

Our work suggests a substantial divergence between the anatomical
connectivityAi ma p o pr ov i despeciflt RV traeng bnd the pghyesiological
characteristics of those connections. The most striking examples are seen for
ACC and PFas connections to SST+ LTSI (Fig.5H-J, Fig.6H-J). In the case of
corticostriatal synapses, SST+ neurons display similar fractional distributions and
convergence values as D1R+ SPNs, but they exhibit dramatically reduced
synaptic strength, which results from multiple factors including reduced Pr
(Fig.5N), fewer release sites (Fig.5M) and reduced postsynaptic sensitivity
(Supp.Fig.5A). Nevertheless, these distinct synaptic connectivity measures are
transformed by the intrinsic properties of the target cell, such that small synaptic
currents on SST+ cells resulted in consistent postsynaptic spiking (Fig.6K,7C)
whereas the larger D1R+ SPN currents typically did not (Fig.7A). A similar result
was found for PFas projections to SST+ LTSIs, which despite similar fractional
distributions and higher convergence than D1R+ SPNSs, exhibited dramatically
weaker synaptic strength (Fig.6J). In contrast to prefrontal connections however,
the overall synaptic connectivity of PFas-SST+ connections was sparse, with
only ~1/3 of neurons showing detectable synaptic currents (Fig.6K). These
results are consistent with recent studies of the excitatory-inhibitory control of
LTSI activity by PFas projections (Assous et al.,, 2017), but conflict with other
anatomical and optogenetic data (Ellender et al., 2013; Kachidian et al., 1996).

The mechanistic basis of these anatomical-physiological discrepancies is
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currently unclear but could relate to the presence of silent synapses or a sparse
distribution of connectivity due to lower density of striatal-projecting PFas axons
or target specificity within patch-matrix compartments (Deschenes et al., 1995;

Herkenham and Pert, 1981).

Another interesting discrepancy between anatomical and physiological
data can be seen in comparisons between D1R+ SPNs and PV+ FSls. For both
cortical and thalamic projections, the two-fold higher convergence measure of
PV+ interneurons as compared to D1R+ SPNs is either accompanied by no
change (ACC, Fig.5J) or a paradoxical decrease in whole cell-recorded evoked
currents (PFas, Fig.6J). One possible explanation is that D1R+ SPNs exhibit
greater sharing of projection neuron inputs than PV+ interneurons. In a typical
situation with multiple starter cells, sharing of multiple projection neuron inputs
would leave the anatomical convergence measure unchanged while dramatically
increasing the number of release sites on a given postsynaptic cell. This
interesting circuit arrangement suggests that D1IR+ SPNs may sample inputs
from a wider population of projection neurons than PV+ FSls, a hypothesis that
could be tested via clonal starter cell tracing experiments. For all comparisons
between anatomical and synaptic measures, it is important to note that viral
expression of channelrhodopsin certainly labeled a larger, less selective cohort of
neurons than were retrogradely traced via RV. Nevertheless, we feel that whole
cell recordings under conditions of local axonal recruitment, pharmacological

blockade of all GABAergic currents and temporally isolated individual pulses, are
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likely to probe similar projection neuron-postsynaptic neuron connections as

those seen with anatomical tracing.

Implications for Striatal Microcircuit Control

This work demonstrates a complex picture of projection neuronal
connectivity within the local striatal network. It shows that region of projection
neuron origin dictates the density of striatal inputs, and postsynaptic target-cell is
associated with characteristic anatomical convergence patterns. Nevertheless,
the synaptic connections of striatal circuits are highly heterogeneous with regard
to both presynaptic and postsynaptic characteristics, and these differences are
not reflected by RV-mediated circuit tracing. By comparing RV anatomical
connectivity with physiological connectivity for two major inputs, we observed
basic organizational principles for striatal circuits: (1) site of projection neuron
origin determines density of projections in striatum irrespective of target-cell; (2)
postsynaptic target heavily influences anatomical convergence and postsynaptic
receptor subtype content and (3) release site density and release probability are
unique to particular pre-post pairings. This combined anatomical-physiological
approach further clarifies connectivity into striatum and provides a foundation for

work into the assembly and mature function of this region.
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Graphical Summary

Dorsomedial striatal microcircuits, comprised of spiny projection neurons and local
interneurons, integrate numerous projection neuron inputs to mediate goal-directed
action. This study integrates cell type-specific rabies virus tracing and input-specific
electrophysiology to explore these connections. Our data suggest a basic uniform
connectivity map for striatal afferent inputs upon which presynaptic-postsynaptic

interactions impose substantial diversity of physiological connectivity.
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Figure 1. (A) Experimental workflow for cell type-specific pseudotyped-RV tracing of
projection inputs into striatum. (B) Representative section of retrograde labeling from D1-
Cre mouse. Scale bar is 500 um. Sections of PV-2a-Cre mice or SST-ires-Cre mice
injected with hSyn-DIO::TVA-2a-mCherry, which have undergone immunohistochemical
staining for parvalbumin (C) or somatostatin (D). Scale bar is 100 um. (E) Both
interneuron lines exhibit high specificity for their respective cell types, as measured by
the fraction of mCherry-positive neurons that co-stain for either marker protein. (F)
Mapping of the distribution of starter neuron populations (area bounded by starter cells)
along the A-P extent of each mouse line. (G) Comparison of the total number of
projection neurons per starter cell across D1R+ SPNs, PV+ FSlIs and SST+ LTSIs. (H)
Relationship between sampled number of starter cells per animal and number of
retrogradely labeled projection neurons (each point represents one brain).
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Figure 2
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Figure 2. Representative coronal sections of retrogradely labeled cortical projection

neuron populations from orbitofrontal (A-C) and anterior cingulate cortex (D-F) onto
D1R+ SPNs (A,D), PV+ FSIs (B,E) and SST+ LTSIs (C,F). Note target cell-specific
medial/lateral (separated by dashed white line) distribution of orbitofrontal neurons. (G)

Graph demonstrating the anatomical convergence by region of cortical origin for
projections onto D1R+ SPN (red), PV+ FSI (blue) and SST+ LTSI (green). Convergence

values to the left and right represent projections form the side contralateral or ipsilateral

to the starter cells, respectively. Scale bar is 500em.
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Figure 3
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Figure 3. Representative coronal sections of retrogradely labeled thalamic projection
neuron populations from anterior thalamus (A-C) and parafascicular nucleus (D-F) onto
D1R+ SPNs (A,D), PV+ FSls (B,E) and SST+ LTSIs (C,F). (G) Graph demonstrating the
anatomical convergence by region of thalamic origin for projections onto D1R+ SPN
(red), PV+ FSI (blue) and SST+ LTSI (green). Note the exclusive ipsilateral projections

of all thalamic populations. Scale bar is 500e m.
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Figure 4
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Figure 4. (A) Experimental scheme of injection and recording sites. (B) Whole-cell and
field recording configuration shown in DIC (top, 4x) and under fluorescence (bottom,
40x). Scale bar is 1 mm, 50 um, respectively. (C) Pharmacological dissection of field
trace depicting N1 7 fiber volley, and N2 i striatal field. Dotted red line indicates fit line of
20-80% peak amplitude, which was used to calculate field slope. Pharmacological
manipulations are color-coded at right. (D) Changes in calcium-magnesium ratio affect
the N2 component of the field recording (red), but not N1 (black). (E, left) Plot of
changes in fiber volley amplitude and field slope across LED intensities. (E, right) EPSC
amplitude in nearby voltage clamped neuron similarly increases with higher LED
intensity. (F, left) Representative voltage clamp response to cortical optogenetic
stimulation in ACSF (grey) or in the presence of strontium (black) at 10% LED intensity.
Histograms showing average event number by 100msec bins (middle) and the
distribution of strontium mEPSC event amplitudes (right, dotted red line is average Sr?*
mMEPSC amplitude). (G) As in F except for 30% LED intensity stimulation of the same

recorded neuron.
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Figure 5
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Figure 5. (A) lllustration of the injection scheme for quantitative measurements of
anterior cingulate cortical projections onto specific DMS neuronal subtypes. (B)
Representative image showing ChiEF-2a-Venus expression in the ACC (injection site,
solid white) and DMS (target site, dotted white). Scale bar is 1mm. (C) Passive
membrane properties (left, membrane voltage; right, input resistance) of three DMS cell
types. (D) Plot of the average fiber volley amplitude across different LED intensities in
each transgenic mouse line. (E) Representative field traces recorded in slices from D1-
Cre, PV-2a-Cre, SST-ires-Cre mice showing response to optical stimulus. (F) Plot of
field slope against fiber volley with individual regression lines corresponding to field
response recorded contemporaneously with whole cell (4-5 datapoints/cell are shown in
the same color as regression). (G) The slope coefficient for regression analysis of field
slope versus fiber volley for each postsynaptic cell type. (H) Representative EPSC
traces recorded in each cell type in response to ACC optical stimulation. (I) Plot of
individual EPSC amplitudes against fiber volleys with individual regression lines for each
recorded neuron. (J) The slope coefficient for regression analysis of EPSC amplitude
versus fiber volley. (K) Representative traces of optically evoked strontium-mEPSCs
across the different cell types. (L) Plot of the individual strontium-mEPSC frequencies
against fiber volley with individual regression lines for each recorded neuron. (M) The
slope coefficient for regression analysis of strontium-mEPSC frequencies versus fiber
volley. (N) Representative traces of paired-pulse response in each cell type (left) and
plot of paired-pulse ratio across multiple ISIs (right). (O) Representative traces of
recordings used to extract NMDA/AMPA ratio in each cell type (left, black line marks
time point for NMDAR-mediated current measurement). Plot of NMDA/AMPA ratio by
postsynaptic target cell (right). (P) Plot of weighted decay value of NMDA currents.
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Figure 6
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Figure 6. (A) lllustration of the injection scheme for quantitative measurements of
parafascicular projections onto specific DMS neuronal subtypes. (B) Representative
image showing ChiEF-2a-Venus expression in the PFas and 40x confocal image of
ChiEF-2a-Venus axon terminals in DMS (C). (D) Plot of the average fiber volley
amplitude across different LED intensities in each transgenic mouse lines. (E)
Representative field traces recorded in D1-cre, PV-cre, SST-cre in response to optical
stimulus. (F) Plot of field slope against fiber volley with individual regression lines
corresponding to field response recorded contemporaneously with whole cell (4-5
datapoints/cell are shown in the same color as regression). (G) The slope coefficient for
regression analysis of field slope versus fiber volley for each postsynaptic cell type. (H)
Representative EPSC traces recorded in each cell type in response to PFas optical
stimulation. (I) Plot of individual EPSC amplitudes against fiber volleys with individual
regression lines for each recorded neuron. (J) The slope coefficient for regression
analysis of EPSC amplitude versus fiber volley. (K, top) Proportion of LTSI neurons
connected to ACC and PFas projection populations. (K, bottom) Histogram of maximal
optically-evoked EPSC for PFas-LTSI connections (grey bar represents failures). (L)
Representative traces of optically evoked strontium-mEPSCs across the different cell
types. (M) Plot of the individual strontium-mEPSC frequencies against fiber volley with
individual regression lines for each recorded neuron. (N) The slope coefficient for
regression analysis of Sr>*-mEPSC frequencies versus fiber volley. (O) Representative
traces of paired-pulse response in each cell type (left) and plot of paired-pulse ratio
across multiple ISIs (right). (P) Representative traces of recordings used to extract
NMDA/AMPA ratio in each cell type (left, black line marks time point for NMDAR-

mediated current measurement). Plot of NMDA/AMPA ratio by postsynaptic target cell
(right).
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Figure 7. (A-C, left) Representative current clamp traces recorded in each cell type. (A-
C, middle) Pie chart depicting the fraction of recorded cells that exhibited AP firing upon
optical stimulation of ACC fibers. (A-C, right) Probability of action potential generation for
10 consecutive optical stimuli across a range of fiber volleys (right). Representative
traces of sub-threshold EPSP amplitude (D, left) and scatter plot of EPSP amplitude as a
function of fiber volley (D, right). (E) The fraction of recorded cells that exhibited AP firing
upon optical stimulation of PFas fibers. (left). Scatter plot of fiber volley versus EPSP

amplitude for sub-threshold response to PFas stimulation (right).
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Supplementary Information

— C57BI6
| RV-dTOM—» DMS  RV-EGFP —» DLS DIO-TVA-2a-mCherry

DIO-RVG

v

EnvA-RV(AG)-EYFP

Supplemental Figure 1. (A) Coronal striatal section representing the target site for
SAD-AG-tdTOM (red, dorsomedial striatum) and SAD-AG-EGFP (green, dorsolateral
striatum). (B-D) Coronal sections demonstrating the segregation of inputs to striatal sub-
compartment along the anterior-posterior extent. (E) Representative image of control
experiment using cell type-specific rabies virus tracing strategy in a wildtype C57BI6
demonstrating no Cre-independent expression of mCherry and little TVA-independent
pseudotyped RV infectivity. Scale bar is 800um in A,C-E and 500um in C.
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Supplemental Figure 2. (A) Graph demonstrating the fractions of total labeled cells by
region of cortical origin for projections onto D1R+ SPN (red), PV+ FSI (blue) and SST+
LTSI (green). Values to the left and right represent projections form the side
contralateral or ipsilateral to the starter cells, respectively.
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Supplemental Figure 3. (A) Graph demonstrating the fractions of total labeled cells by
region of thalamic origin for projections onto D1R+ SPN (red), PV+ FSI (blue) and SST+
LTSI (green). Values to the left and right represent projections form the side
contralateral or ipsilateral to the starter cells, respectively.
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Supplemental Figure 5. (A) Plot of fiber volley (pV) against Sr** mEPSC amplitude
(pA) of optical stimulation of ACC fibers with individual regression lines in each
transgenic mouse line (4-5 datapoints/cell are shown in the same color as regression).
(B) The slope coefficient for regression analysis of Sr** -mEPSC amplitude versus fiber
volley. (C) Plot of fiber volley (uV) against Sr** mEPSC amplitude (pA) of optical
stimulation of PFas fibers with individual regression lines in D1 and PV neurons. (D)

The slope coefficient for regression analysis of Sr** -mEPSC amplitude versus fiber
volley in D1 and PV neurons. (E) mEPSC amplitudes and (F) frequency measured in
the dorsal striatum in each transgenic line (left) and cumulative distribution of mMEPSC
inter-event intervals (right). (G) Kinetics of the mEPSC events including 10-90% rise,

decay, half-width, and area.

67



References

Assous, M., Kaminer, J., Shah, F., Garg, A., Koos, T., and Tepper, J.M. (2017).
Differential processing of thalamic information via distinct striatal interneuron
circuits. Nat Commun 8, 15860.

Balleine, B.W., Lilieholm, M., and Ostlund, S.B. (2009). The integrative function of the
basal ganglia in instrumental conditioning. Behavioural Brain Research 199, 43-
52.

Beier, K.T., Steinberg, E.E., DeLoach, K.E., Xie, S., Miyamichi, K., Schwarz, L., Gao,
X.J., Kremer, E.J., Malenka, R.C., and Luo, L. (2015). Circuit Architecture of VTA
Dopamine Neurons Revealed by Systematic Input-Output Mapping. Cell 162,
622-634.

Deschenes, M., Bourassa, J., and Parent, A. (1995). Two different types of thalamic
fibers innervate the rat striatum. Brain Res 701, 288-292.

Do, J.P., Xu, M., Lee, S.H., Chang, W.C., Zhang, S., Chung, S., Yung, T.J., Fan, J.L.,
Miyamichi, K., Luo, L., and Dan, Y. (2016). Cell type-specific long-range
connections of basal forebrain circuit. Elife 5.

Ellender, T.J., Harwood, J., Kosillo, P., Capogna, M., and Bolam, J.P. (2013).
Heterogeneous properties of central lateral and parafascicular thalamic synapses
in the striatum. J Physiol 591, 257-272.

Fuccillo, M.V., Foldy, C., Gokce, O., Rothwell, P.E., Sun, G.L., Malenka, R.C., and
Sudhof, T.C. (2015). Single-Cell mRNA Profiling Reveals Cell-Type-Specific
Expression of Neurexin Isoforms. Neuron 87, 326-340.

Gittis, A.H., Nelson, A.B., Thwin, M.T., Palop, J.J., and Kreitzer, A.C. (2010). Distinct
roles of GABAergic interneurons in the regulation of striatal output pathways.
Journal of Neuroscience 30, 2223-2234.

Guo, Q., Wang, D., He, X., Feng, Q., Lin, R., Xu, F., Fu, L., and Luo, M. (2015). Whole-
brain mapping of inputs to projection neurons and cholinergic interneurons in the
dorsal striatum. PloS one 10, e0123381.

Herkenham, M., and Pert, C.B. (1981). Mosaic distribution of opiate receptors,
parafascicular projections and acetylcholinesterase in rat striatum. Nature 291,
415-418.

Higley, M.J., Soler-Llavina, G.J., and Sabatini, B.L. (2009). Cholinergic modulation of
multivesicular release regulates striatal synaptic potency and integration. Nature
neuroscience 12, 1121-1128.

Hunnicutt, B.J., Jongbloets, B.C., Birdsong, W.T., Gertz, K.J., Zhong, H., and Mao, T.
(2016). A comprehensive excitatory input map of the striatum reveals novel
functional organization. Elife 5.

Kachidian, P., Vuillet, J., Nieoullon, A., Lafaille, G., and Kerkerian-Le Goff, L. (1996).
Striatal neuropeptide Y neurones are not a target for thalamic afferent fibres.
Neuroreport 7, 1665-1669.

Kawaguchi, Y. (1997). Neostriatal cell subtypes and their functional roles. Neuroscience
Research 27, 1-8.

Kawaguchi, Y., Wilson, C.J., Augood, S.J., and Emson, P.C. (1995). Striatal
interneurones: chemical, physiological and morphological characterization.
Trends in neurosciences 18, 527-535.

Kreitzer, A.C. (2009). Physiology and pharmacology of striatal neurons. Annual review of
neuroscience 32, 127-147.

68



Lammel, S., Lim, B.K., Ran, C., Huang, K.W., Betley, M.J., Tye, K.M., Deisseroth, K.,
and Malenka, R.C. (2012). Input-specific control of reward and aversion in the
ventral tegmental area. Nature 491, 212-217.

Lee, K., Holley, S.M., Shobe, J.L., Chong, N.C., Cepeda, C., Levine, M.S., and
Masmanidis, S.C. (2017). Parvalbumin Interneurons Modulate Striatal Output
and Enhance Performance during Associative Learning. Neuron 93, 1451-1463
el4b4.

Lim, B.K., Huang, K.W., Grueter, B.A., Rothwell, P.E., and Malenka, R.C. (2012).
Anhedonia requires MC4R-mediated synaptic adaptations in nucleus
accumbens. Nature 487, 183-189.

Lin, J.Y., Lin, M.Z., Steinbach, P., and Tsien, R.Y. (2009). Characterization of
engineered channelrhodopsin variants with improved properties and kinetics.
Biophysical journal 96, 1803-1814.

Ogawa, S.K., and Watabe-Uchida, M. (2017). Organization of dopamine and serotonin
system: Anatomical and functional mapping of monosynaptic inputs using rabies
virus. Pharmacol Biochem Behav.

Pan, W.X., Mao, T., and Dudman, J.T. (2010). Inputs to the Dorsal Striatum of the
Mouse Reflect the Parallel Circuit Architecture of the Forebrain. Frontiers in
Neuroanatomy 4.

Rapanelli, M., Frick, L.R., Xu, M., Groman, S.M., Jindachomthong, K., Tamamaki, N.,
Tanahira, C., Taylor, J.R., and Pittenger, C. (2017). Targeted Interneuron
Depletion in the Dorsal Striatum Produces Autism-like Behavioral Abnormalities
in Male but Not Female Mice. Biological psychiatry 82, 194-203.

Reyes, A., Lujan, R., Rozov, A., Burnashev, N., Somogyi, P., and Sakmann, B. (1998).
Target-cell-specific facilitation and depression in neocortical circuits. Nature
neuroscience 1, 279-285.

Rushworth, M.F., Noonan, M.P., Boorman, E.D., Walton, M.E., and Behrens, T.E.
(2011). Frontal cortex and reward-guided learning and decision-making. Neuron
70, 1054-1069.

Schwarz, L.A., Miyamichi, K., Gao, X.J., Beier, K.T., Weissbourd, B., DeLoach, K.E.,
Ren, J., Ibanes, S., Malenka, R.C., Kremer, E.J., and Luo, L. (2015). Viral-
genetic tracing of the input-output organization of a central noradrenaline circuit.
Nature 524, 88-92.

Shan, Q., Ge, M., Christie, M.J., and Balleine, B.W. (2014). The acquisition of goal-
directed actions generates opposing plasticity in direct and indirect pathways in
dorsomedial striatum. J Neurosci 34, 9196-9201.

Straub, C., Saulnier, J.L., Begue, A., Feng, D.D., Huang, K.W., and Sabatini, B.L.
(2016). Principles of Synaptic Organization of GABAergic Interneurons in the
Striatum. Neuron 92, 84-92.

Tai, L.H., Lee, A.M., Benavidez, N., Bonci, A., and Wilbrecht, L. (2012). Transient
stimulation of distinct subpopulations of striatal neurons mimics changes in action
value. Nature neuroscience 15, 1281-1289.

Tepper, J.M., Koos, T., and Wilson, C.J. (2004). GABAergic microcircuits in the
neostriatum. Trends in neurosciences 27, 662-669.

Tepper, J.M., Tecuapetla, F., Koos, T., and Ibanez-Sandoval, O. (2010). Heterogeneity
and Diversity of Striatal GABAergic Interneurons. Frontiers in Neuroanatomy 4.

Voorn, P., Vanderschuren, L.J.M.J., Groenewegen, H.J., Robbins, T.W., and Pennartz,
C.M.A. (2004). Putting a spin on the dorsal-ventral divide of the striatum. Trends
in neurosciences 27, 468-474.

69



Wall, N.R., De La Parra, M., Callaway, E.M., and Kreitzer, A.C. (2013). Differential
innervation of direct- and indirect-pathway striatal projection neurons. Neuron 79,
347-360.

Wall, N.R., Wickersham, I.R., Cetin, A., De La Parra, M., and Callaway, E.M. (2010).
Monosynaptic circuit tracing in vivo through Cre-dependent targeting and
complementation of modified rabies virus. Proceedings of the National Academy
of Sciences 107, 21848-21853.

Weissbourd, B., Ren, J., DeLoach, K.E., Guenthner, C.J., Miyamichi, K., and Luo, L.
(2014). Presynaptic partners of dorsal raphe serotonergic and GABAergic
neurons. Neuron 83, 645-662.

Wickersham, I.R., Lyon, D.C., Barnard, R.J.O., Mori, T., Finke, S., Conzelmann, K.-K.,
Young, J.A.T., and Callaway, E.M. (2007). Monosynaptic restriction of
transsynaptic tracing from single, genetically targeted neurons. Neuron 53, 639-
647.

Wickersham, I.R., Sullivan, H.A., and Seung, H.S. (2010). Production of glycoprotein-
deleted rabies viruses for monosynaptic tracing and high-level gene expression
in neurons. Nature Protocols 5, 595-606.

Xiong, Q., Znamenskiy, P., and Zador, A.M. (2015). Selective corticostriatal plasticity
during acquisition of an auditory discrimination task. Nature 521, 348-351.

Xu-Friedman, M.A., and Regehr, W.G. (1999). Presynaptic strontium dynamics and
synaptic transmission. Biophys J 76, 2029-2042.

Xu-Friedman, M.A., and Regehr, W.G. (2000). Probing fundamental aspects of synaptic
transmission with strontium. The Journal of neuroscience : the official journal of
the Society for Neuroscience 20, 4414-4422.

Xu, M., Li, L., and Pittenger, C. (2016). Ablation of fast-spiking interneurons in the dorsal
striatum, recapitulating abnormalities seen post-mortem in Tourette syndrome,
produces anxiety and elevated grooming. Neuroscience 324, 321-329.

70



Chapter 3

Interfacing anatomical and functional circuit mapping

Author(s) M. Felicia Davatolhagh?, Marc V. Fuccillo?
Contact information

M. Felicia Davatolhagh?,

Neuroscience Graduate Group, Perelman School of Medicine, University of
Pennsylvania, Philadelphia, PA 19104, USA

(215) 898-8744; mdavat@pennmedicine.upenn.edu

Marc V. Fuccillo?*

2Department of Neuroscience, Perelman School of Medicine, University of Pennsylvania,
Philadelphia, PA 19104, USA

(215) 898-8744; fuccillo@pennmedicine.upenn.edu

71



Significance Statement

Understanding the complexity of neuronal connectivity is a foundation for
investigations into brain function and can be appreciated at two levels i complete
wiring diagrams or descriptions of functional properties of connections. The
rabies virus system is a powerful tool in labeling direct, monosynaptic inputs onto
a genetically defined subset of neurons, but how this retrograde anatomical
tracing information relates to synapse subtype and strength remains unclear. The
protocols described here provide a systematic approach to quantifying synaptic
strength using acute-slice electrophysiology and synergizing these data with
rabies-based wiring diagrams. Determining the input/output relationship of
identified neural circuits using these approaches will provide a framework to

constrain our hypotheses of normal and disease-associated circuit functions.

Abstract

A fundamental challenge in understanding the neural circuit basis of brain
function lies in the integration of cellular architecture and function. While there
exist numerous anatomical tracing methods, the rabies-based viral system is an
optimal tracing strategy to label presynaptic inputs from a genetically defined
population of neurons. Anatomical tracing alone cannot provide a complete
wiring diagram, therefore, quantitative neurophysiological methods should be
combined allowing for synaptic sensitivity. Here, we present methods for

correlating synaptic connectivity from specific cell-types with synaptic strength
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using a combination of rabies viral tracing and innovative electrophysiology
methods. This approach will allow investigators to overcome previous limitations
that accompany viral-delivery of opsins by using a combined field and whole-cell
recording configuration to measure optogenetic-mediated synaptic strength onto
targeted postsynaptic cell-types. Addressing how physiology reports anatomy will
provide new insight to how specific circuits modulate and contribute to

postsynaptic activity.

Keywords: Electrophysiology, Rabies, Synaptic Strength, Inputs, Mouse

Introduction

The relationship between anatomical connectivity and physiological
function has been an ongoing investigation in neuroscience. Early studies that
pursued mapping of neural circuits were performed in invertebrate species where
individual neurons and their role within the circuit could be unambiguously
identified (Fentress, 1976). In contrast, mammalian systems display substantial
cellular heterogeneity and complex patterns of synaptic connectivity requiring the
development and advancement of technological methods. In this protocol, we
discuss using a combinatorial approach to begin integrating the complex
relationship between anatomical wiring diagrams from retrograde tracing and the

physiological connectivity of neural circuits.

Advances in virology and molecular genetics have provided a new set of neural
tracers which minimize uptake by fibers of passage while providing target-cell

input specificity. Pseudotyping of glycoprotein (G)-deleted rabies virus (RVdG)
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can be used to identify the presynaptic inputs to a targeted region in addition to a
genetically defined subpopulation of neurons (Osakada and Callaway, 2013). By
removing the G-protein that is required for retrograde spread from the rabies
genome, spread of rabies infection is limited and spatially controlled. The G-
protein is provided in trans allowing the RVdG to assemble with the G-protein to
make virus particles that can spread retrogradely (Callaway and Luo, 2015;
Wickersham et al., 2007). Here, due to the absence of the G-protein in the
presynaptic neurons, retrograde infection is terminated, thereby limiting the

labeling to direct monosynaptic inputs.

In parallel with advances in anatomical tracing, the advent of optogenetics
has provided the means to control the neural activity of defined population of
neurons via viral delivery of light-activated cation channels. Not only has
optogenetics changed behavioral analysis but it has been revolutionary in the
field of acute slice electrophysiology (Petreanu et al.,, 2007). This is a
fundamental step towards understanding neural connectivity within the brain
overcoming previous limitations to studying long-range connectivity associated
with electrical stimulation including the stimulation of heterogenous populations
of fibers and neuromodulatory systems (Choi et al., 2019; Petreanu et al., 2007).
Optogenetics addresses the concerns of cell-type specificity though the
combined use of a Cre recombinase-dependent viral vector and Cre-driver
transgenic mouse line, providing access to a genetically defined population of

neurons. However, the synaptic output using optogenetics is dependent on viral
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efficiency and spread, thereby making it difficult to use in examining input and
output relationships. To overcome this limitation, we use a combined whole-cell
and field recording approach using the fiber volley component of the field to

normalize for opsin-expressing fibers (Choi et al., 2019).

Integrating these two approaches can provide a multi-faceted picture of
neural circuits that addresses how neuronal anatomical connectivity is refined by
site of presynaptic origin and target cell-type. Basic Protocol 1 briefly describes
the anatomical tracing method using the rabies virus system while Basic Protocol
2 introduces the acute-slice electrophysiology methods to study input-output
relationships using optogenetics. Issues regarding the quantification and
integration of these two procedures will be addressed in the following

commentary.

Statement of Ethical Approval

The protocols described herein require the use of animals and need to be
performed in accordance with the guidelines of the Institutional Animal Care and

Use Committee (IACUC) and National Institute of Health (NIH).

BASIC PROTOCOL 1:

Using Pseudotyped Rabies Viruses to Quantify Afferent Projections onto Specific
Cell-types

Introductory paragraph

Retrograde tracing is a powerful method used to assess anatomical
connectivity of long-range projection neurons to a postsynaptic target region.
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This protocol focuses on the pseudotyped rabies virus system to quantitatively
map the afferent connectome onto specific target cell-types. This method can
globally label afferent inputs for population-based mapping achieving high-
resolution identification of projecting neurons preserving detailed dendritic and

axonal morphology (Wickersham et al., 2013).

Rabies virus is an enveloped virus that interacts with target cell surface
receptors to infect the targeted cell. The rabies virus is genetically modified
removing the glycoprotein from its genome that is required for the virus to
spread. Furthermore, it is pseudotyped where the outer surface that contains the
original envelope protein, glycoprotein, is replaced with avian sarcoma leucosis
virus glycoprotein (EnvA) (Callaway and Luo, 2015; Wall et al., 2010). As the
mammalian brain does not contain an endogenous receptor for EnvA, cell-type
specificity can be achieved by viral delivery of the avian receptor TVA to a select
population of neurons (Figure 1A). Therefore, the modified virus targets the TVA
infected cells permitting the virus to then replicate in those cells. Through trans-
complementation the rabies virus particles are produced, infecting the axon
terminals, and labeling the presynaptic cells. Since glycoprotein is provided at the
target site via viral delivery and is absent from afferent projections, the spread of
the rabies is discontinued 1 thus labeling only monosynaptic inputs from a
specific population of cells (Figure 1B and Figure 1C). This system can be
utilized in parallel with mouse genetics permitting the labelling from a specific cell

type by using a mouse that expresses Cre recombinase (Wall et al., 2010).
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Starter cells infected with TVA in parallel with the rabies glycoprotein are
fluorescently labeled and can be distinguished from the labelling of the
presynaptic inputs that are tagged with another fluorophore. Therefore, the ability
to discern these two populations of neurons permits the estimation of trans-
synaptic efficiency by taking the ratio of the retrogradely labelled inputs over the

starter cells (Callaway and Luo, 2015; Miyamichi et al., 2011).

Materials

Viruses
1 The rabies virus tracing method described here requires three
separate viruses: containing the glycoprotein (G)-deleted rabies
virus, the rabies glycoprotein, and the TVA receptor.
1 Example: AAV5-CAG-DIQ*r-TVAS6T-2a-mCherry, AAV8-CAG-
DIQ'oxr-G, (EnvA)-SAD-gp GEGFP
Cre-recombinase transgenic mouse
4% paraformaldehyde (PFA)
Stereotaxic surgical equipment for viral injections (see Support Protocol 1)
30% sucrose
15ml falcon tubes
Microscope slides (frosted one end)
Microscope cover glasses
Nail polish (or another sealant for microscope slides)
Cryostat
Episcope with 4x objective (or confocal microscope)

Protocol stepsd Step annotations

1. Mix the viruses 1:1 containing TVA and G protein in a separate PCR or
Eppendorf tube kept on ice. For example, AAV5-CAG-DIO*P-TVAS6T-2a-
mCherry and AAV8-CAG-DIQ!*%P-G,

2. Inject the virus mixture containing the TVA+G-protein into region of
interest, 500n! volume injected at a rate of 125nl/min is recommended for
striatum.

3. Allow the animals to recover for 7 days from the initial viral injection.
Subsequently, inject the rabies virus, (EnvA)-SAD-op GEGFP, into the
same targeted region and injection volume as the initial viral injection.
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4. Allow the animals to recover for 7 days before transcardial perfusions
using 4% paraformaldehyde (PFA). Remove the brain and place into a
labeled 15ml falcon tube with approximately 4ml of PFA. Store at 4°C.

When working with PFA, always use a fume hood and proper PPE.
After 24hr, transfer the brain from PFA to 30% sucrose.
Store at -80°C until ready for cryo-sectioning.

Cryo-section coronal 25um sections and directly mount onto a slide.

© N o O

Once the slide is filled with sections, pipette 175ul of fluoromount (or
another mounting medium) onto the slide and place cover glass. Use nalil
polish on the edges to seal the slide and cover glass.

9. Obtain images on an epi-fluorescent microscope using a 4x objective.

10. For analysis, count manually using the ImageJ software. Anatomical
convergence defined as the total number of retrogradely labelled inputs
per starter cell, should be considered the lower estimation of synaptic
convergence. Additional resources for analysis include Neuroinfo (MBF)
and cellfinder (BrainGlobe), that allows for automated quantification that
interfaces with the Allen Brain Atlas.

SUPPORT PROTOCOL 1
Stereotaxic Surgeries for Viral Injections
Introductory paragraph

Materials
Cotton swabs
Puralube Vet Ointment i 1/8 oz tube (Sterile Ocular Lubricant)
Vaseline
70% Ethanol
Depilatory Cream (Nair)
Betadine
Isoflurane
0.5-mm drill bit
Standard wall borosilicate capillary glass with filament (model G120F-4)
Standard Infuse/Withdraw Syringe Pump (Harvard Apparatus)
Sterilized Surgical tools
Monomid Nylon non-absorbable 5-0 18in (Stoelting)
Stereotaxic Frame (David Kopf Instruments)
Including microscope and alignment indicator accessories

Protocol stepsd Step annotations
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. Place animal in induction chamber (3% isoflurane, 1 liter/min oxygen flow
rate) until the breathing of the mouse has visibly decreased to 1
breath/second. Remove the mouse from the induction chamber and
quickly place in the stereotaxic chamber. When doing so, shift the tongue
to one side using forceps, placing the animal into the bite bar and moving
the nose cone into place. Achievement of a deep plane of anesthesia is
confirmed by the absence of response to a toe pinch.

During the surgery always monitor the animals breathing,
confirming the animal is in a deep plane of anesthesia by applying
a toe pinch.

. Switch the isoflurane from 3% to 2%. Place a heating pad underneath the
animal. Apply Vaseline to the probe and insert the rectal temperature
probe, maintaining the body temperature at 30°C.

. Apply ophthalmic ointment to both eyes to protect the corneal surface If
the surgery is long, this may need to be applied again during the surgery.

.Secure the animal s head with eaer

in the zygomatic arch or in the ear canal.

. Using a 1-ml syringe equipped with a 26-G needle, inject a small volume
of bupivacaine 2mg/kg and Carprofen (Rimadyl) 10mg/kg, applied
subcutaneously.

. Apply depilatory cream using a clean swab to the head to remove the hair.
After removal of hair, clean scalp area using 70% EtOH followed by
multiple applications of Betadine solution (applied using clean swabs).
Make a small incision vertically on the head and use surgical clips to keep
skin aside giving access to exposed skull.

. Confirm that the head of the mouse is level in the stereotaxic frame by
zeroing the coordinates on bregma using the microscope. Position the
alignment indicator so that one is above bregma and the other above
lambda (this distance will be ~4.2mm for an adult mouse). Use the
alignment indicator to level the plane in the ML plane and AP plane. If it
needs to be adjusted significantly, re-zero bregma using the microscope.

. Adjust the stereotaxic arm to the coordinates of the region of interest in
the AP and ML plane. Replace the alignment indicator with the drill (size

O.5mm) burring holes ~400em depth.

. Place a small square of parafilm on top of the skull. Inject the virus on top
creating a bubble of liquid. Using a micropipette filled with mineral oil,
withdraw the liquid using syringe pump.
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| nject lel more than needed onto t he
will evaporate. For examp | e , i f 2el i's withdrawn,
square of parafilm. Monitor the withdraw process so that the
micropipette needle is always submerged in virus, to prevent air

bubbles.

10. Switch the program on the pump to infuse only. Bring micropipette over
the burr hole and place right above. Re-zero DV coordinates. Bring the
micropipette down to the appropriate coordinate and begin infusing at a
rate of 100-125nl/min. After infusion, leave the micropipette in place for 5
mins and then bring up by .2mm and leave in place for another 5 mins.
Bring the micropipette up slowly. Clean the skull using phosphate buffered
saline (PBS) and suture the skin together.

11.Remove the mouse from the stereotaxic frame and place into home cage.
Monitor the health of the mouse daily for at least 3 days.

BASIC PROTOCOL 2

Optogenetic-mediated Afferent Recruitment to Examine Synaptic Strength

Introductory paragraph

Optogenetics provides spatial specificity, allowing for synaptic mapping of
inputs. Furthermore, the selection of the virus promoter and mouse genetics can
allow for additional selectivity of cell-types and projections. Here, we describe a
method to normalize for the viral expression and targeting through a combined
field and whole cell recording approach (Choi et al., 2018; Xiong et al., 2015).
The optical field is composed of two components (N1, N2). The first component,
N1, is the fiber volley, representing the presynaptic opsin-expressing fibers. The
second component of the field, N2, is a mixture of the postsynaptic response and

spiking. To isolate the postsynaptic response the slope of N2 is measured
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instead of the amplitude. In this manner, synaptic measurements can be

obtained by normalizing to the N1 component of the optical field.

Materials

ACSF (see recipe)

NMDG recovery solution (see recipe)

Picrotoxin (stock solution concentration 500mM dissolved in DMSO)
ASCEF slice holding chamber

NMDG slice holding chamber

Water bath for recovery chamber

Borosilicate glass (World Precision Instruments, TW150-3)

Transfer pipette (remove the tip to a create a larger opening to hold slice)
Slice harp

Freshly prepared acute brain slices containing region of interest
Electrophysiological recording equipment for whole-cell and field-potential
recording

Protocol stepsd Step annotations
1. Oxygenate ACSF using bubble stones or open-ended tubing.

ACSF should be prepared fresh everyday and carbogenated
throughout use.

2. Dissolve the GABAAa antagonist stock at the appropriate concentration to
isolate glutamatergic synaptic transmission in recording ACSF.

Stock drug solution can be kept at -20°C. Once thawed, vortex
solution and centrifuge before pipetting into ACSF. Recommended
concentration for striatum: 50-100uM picrotoxin.

3. Backfill field pipette with normal ACSF.

Access resistance for field electrode should be between 0.8-1.2
Mq.

4. Run ACSF through recording chamber at a flow rate of 1.4-1.6mL/min with
a maintained heat of 29-30°C.

5. Bring slice containing region of interest over to recording chamber from
ACSEF slice holding chamber using a transfer pipette with a large opening
and gently place into recording chamber. Secure slice using a harp.
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Do not place harp strings directly onto the region that will be
recorded from as this can cause damage to the region of interest.
Instead, the harp strings should be positioned so that the strings
are encompassing the region of interest on either side.

6. Prepare field electrode and amplifier settings for acquisition. Electrode
should be pulled using thin-walled glass with low resistance 0.8-1 . 8
and backfilled with ACSF. Setting should be in 1=0 or current-clamp: Gain
:100 Primary Output: Membrane Potential (1000 mV/mV), Bessel: 1kHz.

7. Begin electrophysiological recordings by first obtaining an optical field in
the region of interest. Once touching the surface of the brain slice, guide
the field electrode at an angle until a depth of approximately (or greater
than) 50¢&m.

If the order is reversed and a whole-cell recording is obtained
before the field, it is highly probable that the whole-cell recording
seal will be lost as the field electrode tip diameter is wider and the
surface area will push the surrounding tissue when it is placed into
the tissue.

8. Adjust LED power to evoke a discernible optical field. A striatal optical field
will consist of two negativity components. The first component (N1) is the
fiber volley, representing the opsin-expressing fibers and the second
component of the field (N2) consists of the postsynaptic response and
spiking.

To analyze the postsynaptic response without contamination of
spiking, perform a linear regression fit on 10-90% of the rising
phase of the second component of the field. The slope of the linear
regression fit represents the postsynaptic response of the field.

9. Once the field recording is established, patch a cell (whole-cell) within
50em of the field electrode.

Establish a baseline, approximately 5 minutes before collecting
datapoints. Stimulate every 10 seconds, collecting 10 traces for
each datapoint.

10.0nce a stable baseline is achieved, begin collecting an input-out curve
beginning at the lowest LED intensity that evoked a response. Stimulate
every 10 seconds, collecting 10 traces for each datapoint. Once 10 traces
are collected, increase the LED intensity slightly so that discrete EPSC
amplitude and field responses are being obtained. A minimum of 5 data
points (a total of 50 traces, 5 different LED intensities) should be collected
to perform a linear regression analysis offline.
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SUPPORT PROTOCOL 2
Preparation of Brain slices for In Vitro Electrophysiology
Introductory paragraph

The preparation of acute slices is important in obtaining quality
electrophysiology data. Younger animals can be easier for obtaining quality data
due to the slices being healthier and a decrease in neuropil allowing clear
visualization of neurons. Due to the difficulty of obtaining healthy slices in adult
animals, NMDG-based recovery solution is used preserving slice viability and cell
health by decreasing cell swelling during initial slice recovery (Ting et al., 2018).
Additional care should be taken when obtaining brain sections from adult animals
including perfusing with ice-cold ACSF and removing the brain as quickly as

possible without damage.

Materials

ACSF (see recipe)

NMDG (see recipe)

Mouse

Isoflurane

Dissection tools: Small scissors, large scissors, razor, forceps

Spatula (bend one side creating a 90° angle so that it can hold the brain)
Slice holding chamber

Super Glue

Fine brush

Ted Pella Inc. Double Edge Breakable Blades

Transfer pipette (create an opening by cutting the part where it begins to narrow,
creating a wide opening)

20ml syringe and butterfly needle (for perfusion)

Vibratome (Leica VT1200s)

Induction Chamber

Carbogen supply, tubing, bubble stone
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Protocol stepsd Step annotations

1. Prepare the water bath at 32-34 °C placing a holding chamber containing
the NMDG-based recovery solution. Prepare a separate holding chamber
containing ACSF, keep at room temperature. Oxygenate both solutions
continuously.

Once ACSF has been prepared for the day, take 200ml in a Pyrex
capped container and store in -80°C for 30 minutes. The ACSF
should be ice-cold with a slushy texture.

2. Keep tools on ice including a glass petri dish containing filter paper and
ice-cold ACSF that is oxygenated continuously. Place the vibratome brain
stage on ice face-down. Fill the vibratome buffer tray with crushed ice on
all sides, being careful to not fill the inside of the chamber where the brain
stage will be held.

3. After anesthetizing the mouse (confirm with a toe pinch), perfuse the
mouse with ice-cold ACSF, decapitate and then quickly remove the brain.

4. Place the brain in the petri dish containing ice-cold ACSF on ice.

5. Place the vibratome holding chamber in position and assemble the Ted
Pella Inc. razor in the blade holder.

6. Block off the brain using a razor creating a flat surface. For coronal
sections this requires the cerebellum to be removed.

7. Apply super glue to the vibratome brain stage.

As the stage was kept on ice, remove precipitation with a paper
towel to ensure it does not interfere with the glue.

8. Place the brain on the spatula and gently dab the bottom of the spatula on
filter paper to remove excess ACSF.

9. Position the brain onto the brain stage and put the stage into the
vibratome holding chamber. Fill the chamber with ice-cold ACSF (slushy)
and place a bubbling stone towards the back of the chamber to oxygenate
the solution.

10.Set sl ice thi cknes suttihgsstaadhdendwpositiond. s et t h
Bring the blade above the brain so that it barely touches and begin
sectioning.
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11. Collect brain sections using a transfer pipette and move them to the
NMDG-recovery solution. Begin a timer for 15 minutes. When they have
been in the NMDG solution for 12-15 minutes, transfer the sections to the
ACSF containing holding chamber and allow them to recover for 50-60
minutes prior to the start of experiments.

REAGENTS AND SOLUTIONS
Artificial cerebrospinal fluid (ACSF)

containing (in mM):
124 NaCl

2.5 KCI

1.2 NaH2PO4

24 NaHCOs

5 HEPES

12.5 glucose

1.3 MgSO4

7H20, 2.5 CaCl2
pH 7.3-7.4

Osmolarity adjusted to be slightly higher than that of internal solution.

ACSF must be prepared fresh every day and must be carbogenated for at least
30 min prior to use and then continuously throughout the experiments.

NMDG-based ACSF

containing (in mM):

92 NMDG

2.5 KCI

1.2 NaH2PO4

30 NaHCOs

20 HEPES

25 glucose

5 sodium ascorbate

2 thiourea

3 sodium pyruvate

10 MgSOa4

7H20, 0.5 CaCl2

pH 7.3-7.4, adjusted with HCI
Osmolarity between 300-310 mOsm
Temp: 32-34 °C
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Making NMDG fresh every day is optimal, however ~600ml can be made each
week and stored in the 4°C.

Internal Solution

Cesium-based internal for voltage-clamp recordings (in mM):
115 CsMeSOs

20 CsCl

10 HEPES

0.6 EGTA

2.5 MgCl

10 Na-Phosphocreatine

4 Na-ATP

4 Na-GTP

0.1 Spermine

1 QX-314

pH 7.3-7.4, adjusted with CsOH

50ml of internal can be made and aliquoted in 1ml Eppendorf tubes. Store at -
80°C until ready to use. Keep internal on ice throughout experiments.

Commentary

Background Information
The mammalian nervous system consists of a multitude of connections

that contribute to neural information processing. Monosynaptic retrograde tracing
is a technique permitting labeling of first order inputs from a region of interest.
The virus is taken up by axon terminals at the injection site and transported to the
soma of the neuron thereby labeling presynaptic inputs. While there exists a
diverse number of retrograde tracers, for the purposes of this protocol we will
focus on EnvA-pseudotyped rabies virus tracing (Saleeba et al., 2019). EnvA-
pseudotyped rabies virus tracing is a genetically restricted monosynaptic tracer,

labelling from a genetically defined starter population (Callaway and Luo, 2015).
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Anatomical tracing using the rabies viral system can provide information
on the fractional number of retrogradely labeled cells onto a postsynaptic cell
type. This number describes anatomical convergence (labeled inputs/starter
cells). However, postsynaptic cell-types can share presynaptic inputs resulting in
the number for anatomical convergence as a lower estimation of synaptic
convergence (Figure 2). Acute-slice electrophysiology provides specific synaptic
measurements that can aid in understanding synaptic convergence onto a
postsynaptic neuron. The advent of optogenetics has allowed investigators to
gain access to specific circuits using light-mediated activation of neurons
(Miesenbock, 2011). Simultaneous field and whole-cell recording configuration
provide a normalization measurement allowing the use of optogenetics as a tool

for synaptic mapping (Choi et al., 2019; Xiong et al., 2015).

Modifications in synaptic strength are composed of changes at a single
locus or a combination of pre- and postsynaptic loci. Synaptic components that
constitute synaptic strength are number of active zones (n), probability of release
(p), and size of the quantum (q). Synaptic measurements exist using whole-cell
patch clamp that permit the disentanglement of the synaptic parameters: npq.
The synaptic measurements described here include input output (I-O), paired-
pulse, NMDA/AMPA ratio, and strontium-evoked 1-O. Input-output is a
measurement for synaptic strength encompassing all three synaptic components,
npg. To understand what contributes to synaptic strength at this synapse

additional synaptic measurements including paired-pulse and NMDA/AMPA ratio
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are performed providing information on presynaptic or postsynaptic changes,

respectively.

Critical Parameters
Neurotoxicity associated with rabies virus

A limitation of the rabies virus system is the neurotoxicity associated with the
virus. Given that neurotoxicity increases with time, this virus system is commonly
used for short-term experiments over the course of a couple of weeks. A study
that highlights the neurotoxicity observed in retrograde tracers found the rabies
virus system corresponds to changes in gene expression including genes
enriched for immune response, cell adhesion, and antigen processing (Sun et al.,
2019). Furthermore, it has been observed that the number of fluorescent cells
infected WwWEGFR dr&s Difgelier 16 days due to neuronal death,
accompanied by morphological changes to the remaining neurons (Wickersham
et al., 2007). Therefore, it is important to follow the suggested timeline regarding

the timeline of the virus injections and their expression.

Control of viral spread of channelrhodopsin expression

Before beginning to collect data from an animal it is critical to confirm the viral
injection is in the expected region and spread of the virus is limited. It is possible
for the virus to spread into the recording region if the A-P extent is small.
Therefore, at the start of recording in acute slice it is suggested to check for

somatic contamination by delivering an extended pulse. If there is somatic
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contamination, the response will have an identical width to the pulse duration
delivered. An expected synaptic response width is approximately 0.5ms for

optical terminal stimulation.

Choice of excitatory opsin and AAV serotypes

There is a large selection of channelrhodopsins available. Check to see the
wavelength of your LED and use the appropriate opsin that would be activated
for the wavelength. Another important consideration are the temporal capabilities
of the opsin. The kinetics of the opsin will influence the extent of artificial synaptic
depression. Certain serotypes appear to suffer from artificial synaptic depression
more than others such as serotypes 1,5,8 compared to serotype AAV9 for
channelrhodopsin-2 (ChR2) (Jackman et al., 2014).

Troubleshooting
Optogenetic stimulation elicits no response

When cutting sections on the vibratome, take a section that contains the injection
site to confirm channelrhodopsin expression. If mistargeting is not a concern and
a response in whole-cell is observed, but not in the field response, relocate the
field electrode around the region of interest under the 40x objective. When
inserting the field into the tissue move downwards until slightly above the tissue,
then move diagonal until the tissue is moving from the electrode pushing against
it. If both whole-cell and field evokes no response upon optogenetic stimulation
and channelrhodopsin and targeting is confirmed, a potential reason may be the

exclusion of divalent cations from the ACSF.
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Statistical Analyses

For the optogenetic-measurements of synaptic strength, the field fiber volley (N1)
and the whole-cell EPSC are plotted against each other for each LED intensity.
This results in multiple points from each cell permitting linear regression analysis
(Figure 3A). The fiber volley normalizes for opsin-expressing fibers, therefore, the
LED intensity and fiber volley amplitude scale together. Here, the fiber volley is
the independent variable and the whole-cell EPSC amplitude is the dependent
variable. As the fiber volley amplitude plateaus due to the recruitment of all
nearby opsin-expressing fibers, a sigmoidal fit can be an appropriate fit (Figure
3C). If a plateau is not reached, a linear or exponential fit may be more
appropriate (Figure 3A and Figure 3B). From the linear regression analysis, the
regression coefficient for slope is obtained as the measurement for synaptic
strength. When performing linear regression analysis, goodness of fit and the
number of points that the line is being fitted to must be considered. The
goodness of fit will explain variation that is observed between the experimental
data and the fitted values. Examine the residual plots to determine whether a
linear fit model is appropriate for the collected data, or alternatively consider an
exponential or sigmoidal model. Where the R? < 0.7, consider removing the cell
from the dataset as this suggests that the regression model does not fit well with

the observed data.
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Understanding Results
Basic Protocol 1

As the number of retrogradely labeled cells is dependent on the viral injection
targeting/ and efficiency, the inputs are normalized to the number of starter cells.
Therefore, anatomical convergence is quantified as number of cells retrogradely
labeled / number of starters cells at the injection site. Anatomical convergence

should be considered the lower estimation of synaptic convergence.

Basic Protocol 2

For the electrophysiology studies relating to synaptic strength the slope of the
line from the linear regression fit tells us something about the nature of the
relationship between fiber volley and EPSC amplitude. The fiber volley (N1)
amplitude of the field recording should increase with LED intensity meaning that
with increasing LED intensity there is a larger recruitment of opsin-expressing
fibers corresponding to the fiber volley amplitude. Furthermore, changes in fiber
volley as a result of LED intensity should be proportional to changes in the initial
slope of the second component (N2) of the field relating to the postsynaptic
response.

Time Considerations

The expression of the viruses for Basic Protocol 1 using the EnvA-pseudotyped
rabies virus system takes a total of 2 weeks. This protocol requires two surgeries

within the same mouse with 1 week between the initial and subsequent surgery.
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Surgeries are performed unilaterally and take approximately ~1hr to complete the
procedure. Perfusions take approximately 15-30 minutes per animal and post-
fixation procedures using 4% PFA subsequently transferred to 30% sucrose

takes place across two days.

The expression for the viruses in Basic Protocol 2 are dependent on the region of
interest. There needs to be adequate time for the channelrhodopsin virus to
travel from the soma to the terminals. Therefore, for regions that are closer in the
anterior-posterior (A-P) axis such as anterior cingulate cortex and dorsal medial
striatum, ~3 weeks is sufficient time for expression. Regions that are further apart
along the A-P axis such as thalamic nuclei and dorsal medial striatum, 4-5 weeks
is ideal for expression. For the actual electrophysiology recording, adult striatal

slices are healthy for approximately 6-7 hours.
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INTERNET RESOURCES

Below are two resources that can be used to analyze the anatomical tracing
described in Basic Protocol 1.

Resource 1: Neurolnfo
https://www.mbfbioscience.com/neuroinfo

Neuroinfo is an automated quantification platform developed by MBF Bioscience
that can perform brain-wide analyses of cells. This program interfaces with the
Allen Brain Atlas to created whole brain reconstruction and cell detection using
deep learning algorithms.

Resource 2: cellfinder
https://brainglobe.info/cellfinder

Cellfinder is a software developed by the Margie Lab at the Sainsbury Wellcome
Centre that is capable of 3D cell detection and registration of whole-brain
images.
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Figures

Figure 1
A B 7d apart
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Figure 1. Rabies-based viral system for anatomical tracing.

(A) Viral constructs for rabies-viral tracing requires DIO-TVA-2A-mCherry, DIO-
RV Glycoprotein and EnvVA-RV ( @G) EYF P. S c heinjeatibns where f
the 15 injection requires the Cre-sensitive psedotyped rabies virus receptor and
the 2"d injection provided a week later introduces the psedotyped rabies virus.
(Right) Schematic of retrograde infection. Starter cells (yellow) are able to infect
neurons in afferent regions (green) without traversing across secondary

synapses. (C) Timeline schematic of methodology for Basic Protocol 1.
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Figure 2

Retrograde Labeled Cells

Starter Cells

Clrcth Circuit B

Anatomical Convergence: Circuit A =Circuit B
Synaptic Convergence: Circuit A < Circuit B

Synaptic

+-- Convergence
:

Anatomical
Convergence

Figure 2. Synaptic convergence can appear differently for circuits that have

identical anatomical convergence values.

Anatomical convergence is calculated as: retrogradely labeled cells/starter cells.
Circuit A and Circuit B (Panels A,B) have identical number of starter cells (shown
in red) and retrogradely labeled cells (shown in grey) using the rabies tracing
method. In Circuit B, a presynaptic neuron projects to multiple neurons, and while
anatomical convergence is identical to Circuit A, the synaptic convergence is

higher in Circuit B compared to A.
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Figure 3

Input - Output Fitting Models

A 2 |Linear o. B - |[Exponential , C 2 Sigmoidal/JZl
= ’ £ @/ £ , | 3
[0 / / o
B e é’ , S o 3.
< o4 E /@ g 1. %
O 7 (@) / (@) + /
2 e 7] Q’ 2 2.
w7 i o 0-~ i o >

Fiber Volley (uV) Fiber Volley (uV) Fiber Volley (uV)

Figure 3. Curve fitting models for input-output analysis.

Each point represents an average of 10 traces collected for a 470nm LED
intensity where the range of blue hue represents increasing strength of the LED
intensity. Dashed lines are the fitting of the curve-model appropriate for the range
of points. A linear-fit (A) is recommended for points that increase in similar
discrete units throughout the experiment. If the optical stimulus is recruiting fibers
of passage without recruiting fibers that are directly forming synapses onto the
postsynaptic neuron, this will appear as a change in fiber volley of the field with
minimal changes in the EPSC amplitude of the whole-cell recording. When
followed by optical recruitment of fibers that are directly targeting the
postsynaptic neuron, this will create a curve where an exponential fit (B) is
recommended. A sigmoidal fit (C) will have components similar to the other two
models such that the first part of the sigmoidal fit (box 1.) is also observed in the
exponential fit and the second part is characteristic of the linear fit (box 2.). A
plateau (box 3.) can occur at high LED intensities where there is maximal
recruitment of opsin-expressing fibers onto the postsynaptic neuron.
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Summary

Mutations in genes essential for synaptic function, such as the presynaptic
adhesion molecule NeurexinlU (NrxnlU), are strongly implicated in
neuropsychiatric pathophysiology. As the input nucleus of the basal ganglia, the
striatum integrates diverse excitatory projections governing cognitive and motor
control, and its impairment may represent a recurrent pathway to disease. Here,
we test the functional relevance of NrxnlU in striatal circuits by employing
optogenetic-mediated afferent recruitment of dorsal prefrontal cortical (dPFC)
and parafascicular thalamic connections onto dorsomedial striatal (DMS) spiny
projection neurons (SPNs). For dPFC-DMS circuits, we find decreased synaptic
strength specifically onto indirect pathway SPNs in both Nrxn1U"- and Nrxn1U”
mice, driven by reductions in neurotransmitter release. In contrast, thalamic
excitatory inputs to DMS exhibit relatively normal excitatory synaptic strength
despite changes in synaptic NMDAR content. These findings suggest that
dysregulation of Nrxn1U modulates striatal function in an input and target-specific

manner.

Keywords: corticostriatal, thalamostriatal, synaptic transmission, Neurexinla,
prefrontal cortex, striatum
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Introduction

The striatum, as the input nucleus of the basal ganglia, integrates diverse
neuronal projections governing cognitive and motor control (Balleine et al., 2009;
Graybiel et al.,, 1994; Packard and Knowlton, 2002), and serves behavioral
functions whose impairment is linked to neuropsychiatric disorders (Fuccillo,
2016; Yin and Knowlton, 2006). The principal striatal cell type, spiny projection
neurons (SPNs), can be subdivided into two distinct neuronal populations: direct-
pathway SPNs (dSPNSs), which target the substantia nigra pars reticulata (SNr)
and express D1 dopamine receptors, and indirect pathway SPNs (iISPNs), which
project to the globus pallidus and express D2 dopamine and adenosine A2A
receptors (Gerfen et al., 1990). SPN activity is driven by excitatory inputs,
receiving widespread forebrain glutamatergic projections from cortex and
thalamus (Ding et al., 2008; Pan et al., 2010). These excitatory projections have
topographical organization (Deng et al., 2015; Gerfen, 1989; Hunnicutt et al.,
2016), extensive molecular diversity and distinct synaptic properties (Ding et al.,
2008; Smeal et al., 2008). This complexity has been a persistent obstacle in
understanding how molecular dysfunction contributes to disease-relevant striatal

circuit abnormalities.

As the number of neuropsychiatric disease-associated mutations grows,
candidate genes have been parsed according to putative functions (Chang et al.,

2015; Schizophrenia Working Group of the Psychiatric Genomics, 2014)
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and spatio-temporal cellular expression patterns (Willsey et al., 2013).
Functionally, there is an overrepresentation of genes encoding DNA regulatory
proteins, neuronal signaling regulators and molecules essential for development
and function of synapses, including synaptic adhesion proteins (Sudhof, 2008,
2018; Willsey and State, 2015). Spatially, cortico-striato-thalamic (CST) circuits
reliably exhibit enrichment in expression of candidate genes for both autism
spectrum disorder (ASD) and schizophrenia (Chang et al., 2015; Skene et al.,
2018; Willsey et al., 2013). Thus far, analysis of synaptic adhesion molecule
function within CST circuits has centered on Neuroligin (NL) family postsynaptic
proteins. Dorsal striatal recordings of NL1 knock-out (KO) mice revealed a dSPN-
specific reduction in the ratio of N-methyl-D-aspartate receptor (NMDAR) to U
amino-3-hydroxy-5-methyl-4-isoxazolepropionic  acid  receptor (AMPAR)-
mediated currents, which likely contributed to increased grooming in these KOs
(Blundell et al., 2010). In the nucleus accumbens, NL3 disruption selectively
impaired synaptic inhibition of dSPNs, contributing to enhanced motor learning
(Rothwell et al., 2014). Despite their extensive disease association and complex
behavioral picture, the function of Neurexins (Nrxns), Neur ol i gi nds pres

partners, within striatal circuits remains unexplored.

In mammals, Nrxns are encoded by three genes under control of alpha (U)
and bet a ( B.)Whilp rtheynard key molecules mediating synapse

organization and calcium-triggered neurotransmitter release (Missler et al.,
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2003), specific functions depend on Nrxn isoform, brain region and synapse
subtype. In hippocampal subiculum, Nrxn3 functions trans-synaptically to
maintain postsynaptic AMPAR content, while b-Nrxns regulate release probability
through modulation of endocannabinoid signaling (Anderson et al., 2015). Within
the Nrxn family, Nrxnl Uexhibits a disproportional neuropsychiatric disease
association, with numerous heterozygous loss-of-function alleles found in ASD,
schizophrenia, Tourette syndrome, and obsessive compulsive disorder (OCD)
(Bucan et al., 2009; Castronovo et al., 2020; Ching et al., 2010; Dabell et al.,
2013; Kim et al., 2008; Kirov et al., 2009; Lowther et al., 2017; Reichelt et al.,
2012). Despite these findings, the physiological effects of Nrxn1 Unutations have
not been studied in striatum and analysis of disease-relevant heterozygotes
hasn Obeen explored in any brain region (Asede et al., 2020; Etherton et al.,

2009).

Here, we assessed the functional integrity of striatal circuits in Nrxn1U
and Nrxn1Umice using optogenetic tools to specifically interrogate excitatory
afferents into striatum. Using a combined field/whole-cell recording configuration
we found a decrease in synaptic efficacy from dorsal prefrontal cortex (dPFC)
inputs to dorsal medial striatum (DMS) specifically onto iSPNs. This reduction in
excitatory strength resulted from a reduction in glutamate release that reduced
dPFC-iSPN coupling across a broad range of naturalistic input frequencies.

Furthermore, similar magnitude alterations were present in NrxnlU
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heterozygotes. In contrast, another key excitatory striatal circuit, parafascicular
thalamic (PFas) inputs to DMS, exhibited normal overall synaptic strength but
reduced synaptic NMDAR content onto both SPN subtypes and normal PFas-
DMS coupling. Taken together, we identify input and target-specific alterations in
striatal circuits of mice with both heterozygous and homozygous mutations in

Nrxnl1U.

Results
Optogenetic-mediated Afferent Recruitment to Examine Synaptic Strength
Neurexinl heterozygote and homozygous knock-out (KO) mice were
crossed onto the Drdla-tdTomato BAC transgenic line, permitting identification of
dSPNs and putative iISPNs (Ade et al., 2011; Choi et al., 2019). Global
assessment of striatal excitatory synaptic function through recording TTX-
insensitive spontaneous miniature excitatory postsynaptic currents (MEPSCs)
provided evidence of presynaptic alterations (Figures S1A and S1C) without
accompanying changes in spine density onto either SPN subtype (Figures S1B
and S1D). As spontaneous inhibitory synaptic transmission appeared unaltered
(Figures S2A and S2B), we focused our further investigation on glutamatergic
striatal inputs. The complex integrative architecture of the striatum, wherein
excitatory inputs from multiple forebrain and thalamic regions make widespread
intermingled synapses with SPNs (Hunnicutt et al., 2016; Mandelbaum et al.,

2019), together with evidence for distinct pathways of spontaneous and evoked
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synaptic release (Sara et al., 2005) complicates deeper interpretation of
spontaneous excitatory transmission. In light of this and the non-selective nature
of local electrical stimulation techniques for afferent fiber stimulation, we
employed optogenetic-mediated recruitment to explore action-potential evoked

excitatory transmission in specific striatal circuits.

Prior cell type-specific monosynaptic tracing from spiny neuron and local
interneuron subtypes within DMS revealed extensive connectivity from dPFC and
parafascicular thalamic regions (Choi et al., 2019). To isolate dPFC-striatal
circuits, we transduced dPFC with AAV-DJ-hSyn-ChlEF-2a-Venus and optically
evoked synaptic release in the presence of GABAR blockade. We simultaneously
performed striatal field/whole-cell recordings (maximum distance 50um) (Choi et
al., 2019; Xiong et al., 2015) using the fiber volley of the field to normalize for
opsin-expressing fibers (Figure 1A). For each recorded neuron, the whole-cell
EPSC amplitude was plotted against the field fiber volley across increasing light
intensity (Figure S3), with the resulting regression coefficient used as a proxy of
synaptic strength (Figure 1B, see Methods for details). This approach was
sensitive over a range of release probabilities, as demonstrated by the dynamic
changes in regression coefficient with alterations in release probability (Figures

1C and 1D).
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Target-specific Reductions in Excitatory Synaptic Strength of dPFC-striatal

Circuits

Despite a robust increase in the frequency of mEPSCs on dSPNs, we
noted no changes in EPSC versus fiber volley slope for dPFC-dSPN connections
in either Nrxn1U heterozygote or knock-out mice as compared to wildtype
littermate controls (WT: n = 17 cells, N = 7 animals, Het: n = 17 cells, N = 7
animals, KO: n = 17 cells, N = 9 animals, ANOVA, p = 0.2693) (Figures 1E and
1F). In contrast, we noted a significant, ~50% reduction in the regression
coefficient of both NrxnlU heterozygote and knock-out mice onto iSPNs,
suggesting a decrease in synaptic strength at this connection (WT: n = 14 cells,
N = 3 animals, Het: n = 17 cells, N = 4 animals, KO: n = 13 cells, N = 3 animals,
ANOVA p = 0.0060, Post-hoctest Dunnet t WEv. iHet 3% 0.0059, WT v.
KO p = 0.0166) (Figures 1G and 1H, Figure S4)Changes in AP-evoked synaptic
strength can arise from mutation-associated alterations in pre- or postsynaptic
function. Given neurexins presynaptic localization, we probed presynaptic
release via paired-pulse ratio (PPR) analyses. Optical stimulation of dPFC fibers
targeting striatum revealed no changes in the PPR onto dSPNs (WT: n = 24
cells, N = 4 animals, Het: n = 11 cells, N = 3 animals, KO: n = 27 cells, N = 4
animals, 2-way ANOVA, Interaction: p = 0.1215, ISI: p < 0.0001, Genotype: p =
0.2405), across genotypes (Figures 2A), again in contrast with the observed
increase in MEPSC frequency of dSPNs. Consistent with these data, there were

no changes in the five-pulse variable frequency trains onto dSPNs across the
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three frequencies measured, including 10Hz, 20Hz, 50Hz (WT: n =18 cells, N =
4 animals, Het: n = 11 cells, N = 3 animals, KO: n = 24 cells, N = 4 animals, 2-
way ANOVA, 10 Hz Interaction: p = 0.5466, Pulse#: p < 0.0001, Genotype: p =
0.2182; 20Hz Interaction: p = 0.0655, Pulse# p < 0.0001, Genotype: p = 0.5997;
50Hz Interaction: p = 0.0003, Pulse# p < 0.0001, Genotype: p = 0.2407) (Figure
2B). To make sure our inability to detect potential increases in release probability
for dPFC-dSPN connections was not a floor effect from optogenetic-associated
decreases in PPR, we minimized direct terminal illumination by localizing a 50em
470nm light spot at the corticostriatal border. PPR was not significantly higher in
spot compared with full field illumination (Figures S5A-C). Nevertheless, we
tested dPFC-dSPN short term dynamics in wildtype and Nrxn1U KO mice with
spot illumination and reduced extracellular Ca?*, again detecting no genotypic

differences (Figures S5D and S5E).

In contrast to the dPFC-dSPN pathway, we noted an increase in the PPR
onto iISPNs (WT: n = 19 cells, N = 4 animals, Het: n = 14 cells, N = 3 animals,
KO: n = 20 cells, N = 5 animals, 2-way ANOVA, Interaction: p = 0.1286, ISI: p <
0.0001, Genotype: p = 0.0178) in both Nrxn1U heterozygote and knock-out mice
(Figure 2D). Furthermore, there was an increase in the ratios of the nth pulse/1st
pulse of the five-pulse variable frequency trains onto iISPNs (WT: n = 18 cells, N
=5 animals, Het: n = 14 cells, N = 3 animals, KO: n = 18 cells, N = 5 animals, 2-

way ANOVA, 10Hz Interaction: p = 0.5342, Pulse#: p < 0.0001, Genotype: p =
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0.0068; 20Hz Interaction: p = 0.0200, Pulse#: p <0.0001, Genotype: p = 0.0054;
50Hz Interaction: p = 0.2991, Pulse#: p < 0.0001, Genotype: p = 0.0010) (Figure
2E). To probe postsynaptic function, we measured optical NMDA/AMPA ratios,
observing no changes onto either cell-type (dASPNs WT: n = 21 cells, N = 4
animals, Het: n = 13 cells, N = 3 animals, KO: n = 26 cells N = 4 animals, iSPNs
WT: n = 22 cells, N = 5 animals, Het: n = 14 cells, N = 3 animals, KO: n = 26
cells, N = 6 animals, ANOVA, dSPN p = 0.0968, iISPN p = 0.2986) (Figures 2C
and 2F, Figures S6A and S6B ). These results suggest a target-selective
decrease in excitatory synaptic strength at dPFC-iISPN synapses, driven by

reductions in presynaptic transmitter release probability.

Neurexinl Deletion alters Postsynaptic Function at Thalamostriatal

Synapses through a Reduction in NMDAR Current

As Nrxn1U is expressed at roughly similar levels across striatal afferent
sites (Fuccillo et al., 2015), we wanted to determine whether the above reported
synaptic changes were a common property across striatal projecting regions or
were specific to this cortical input. We therefore targeted another region that
densely innervates DMS, examining synaptic properties from the parafascicular
nucleus of thalamus (Choi et al., 2019; Ellender et al., 2013; Mandelbaum et al.,
2019) (Figure 3A). Using identical simultaneous field/whole-cell recordings, we
measured the input-output relationship onto both SPN subtypes. Surprisingly,

linear regression analysis revealed no genotypic differences for PFas excitatory
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synaptic connections onto either SPN subtype (dSPN, WT: n = 16 cells, N = 9
animals, KO: n = 17 cells, N = 6 animals, iSPN, WT: n = 13 cells, N = 8 animals,
KO: n = 13 cells, N = 7 animals, Unpaired two-tailed t-test, dSPN p = 0.9405;
ISPN p = 0.2578) (Figures 3B-E). Consistent with this result, no changes were
observed in paired-pulse ratio (Figures 4A and 4D) (dSPN, WT: n = 23 cells, N =
7 animals, KO: n = 20 cells, N = 6 animals, 2-way ANOVA, Interaction: p =
0.2456, ISI: p < 0.0001, Genotype: p = 0.5276; iISPN, WT: n = 20 cells, N = 7
animals, KO: n = 18 cells, N = 6 animals, 2-way ANOVA, Interaction: p = 0.7044,
ISI: p < 0.0001, Genotype: p = 0.3267) or five-pulse variable frequency trains
(Figures 4B and 4E) (dSPN WT: n = 23 cells, N = 7 animals, KO: n = 18 cells, N
= 6 animals, 2-way ANOVA, 10Hz Interaction: p = 0.5950, Pulse# p < 0.001,

0.6032; 20Hz Interaction, p = 0.4499, Pulse#: p < 0.0001,

Genotype: p

Genotype: p = 0.5090; 50Hz Interaction: p = 0.1235, Pulse#: p < 0.0001,
Genotype: p = 0.1769; iSPN WT: n = 17 cells, N = 7 animals, KO: n = 17 cells, N
= 6 animals, 2-way ANOVA, 10Hz Interaction: p = 0.5961, Pulse#: p < 0.0001,

0.3026; 20Hz Interaction: p = 0.1262, Pulse#: p < 0.0001,

Genotype: p

0.1607; 50Hz Interaction: p = 0.1146, Pulse#: p < 0.0001,

Genotype: p
Genotype: 0.4485) onto either SPN subtype. To probe for postsynaptic
alterations we measured optical NMDA/AMPA ratios, detecting a significant
decrease in the Nrxn1U KO mice onto both SPN subtypes (Figures 4C and 4F,
ANOVA, dSPN p = 0.0149, iSPN p=0.0056; Post hoc test dBRNnnett o

WT v. KO p = 0.0080, iSPN; WT v. KO p = 0.0029). Furthermore, we observe a

108



significant decrease in NMDA decay at synapses onto iSPNs, suggesting
alterations in subunit composition (Figures S6C-D). Furthermore, analysis of
Nrxnl1U heterozygotes revealed an intermediate reduction in N/A ratio on both
SPN subtypes that did not reach statistical significance (Figures 4C and 4F,
Posthoc test Dunnettds t es,tiSPNWBEWR Net T
0.3180). These results suggest that, in contrast to a presynaptic phenotypic locus
at dPFC synapses in striatum, removal of Nrxn1U alters postsynaptic function at
PFas-DMS synapses onto both SPN subtypes, without impacting release

probability.

Enhanced Endocannabinoid Signaling through the AEA Pathway at dPFC-

iISPN Synapses

Endocannabinoids (eCBs) are lipid-derived molecules that act as
retrograde signals to limit presynaptic release probability at corticostriatal
synapses (Ade and Lovinger, 2007; Choi and Lovinger, 1997; Gerdeman et al.,
2002; Huang et al., 2001). Previous work has implicat e d-nedrexins and
neuroligin-3 in regulation of eCB signaling (Anderson et al., 2015; Foldy et al.,
2013), suggesting that reduced presynaptic corticostriatal transmission onto
i SPNs i n Nr xcouldtesuthfuomamincrease in eCB-mediated synaptic
depression. eCB-LTD is reliably induced though application of the type | mGIuR
agonist  (S)-3,5-dihydroxyphenylglycine  (DHPG) with  coincident SPN

depolarization to induce calcium influx through L-type calcium channels (Kreitzer
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and Malenka, 2005). Bath-application of DHPG (50 ¢ M o minutef) while
depolarizing post-synaptic neurons to -55mV revealed no differences (WT: n = 12
cells, N = 3 animals, KO: n = 19 cells, N = 5 animals, Two-tailed Students t-test,
PPR% p = 0.2504) between genotypes for DHPG-mediated amplitude or PPR
changes (Figures 5A and 5B). Studies suggest that endocannabinoid release by
activation of postsynaptic mGIuRs is primarily mediated by the endogenous

cannabinoid 2-AG (Maccarrone et al., 2008; Tanimura et al., 2010).

To explore whether enhanced anandamide (AEA) signaling could be
mediating the reduction in corticostriatal synaptic transmission onto iISPNs in
Nrxn1U mutants, we pharmacologically inhibited degradation of AEA via bath-
application of URB 597, a selective inhibitor of fatty acid amid hydrolase (FAAH).
Although bath application of URB 597 led to a similar reduction in optically-
evoked excitatory transmission in both WT and KO animals, we found that the
accompanying PPR increase in WT mice was occluded in slices from KO
animals (Figures 5D and 5E, WT: n = 19 cells, N = 6 animals, KO: n = 22 cells, N
= 7 animals, Two-tailed Student®& t-test, p = 0.0343). Concerned that rundown
associated with whole-cell dialysis (Chen et al., 2011) might occlude amplitude
changes (Figure 5C), we measured the slope of optical fields, which recapitulates
the reduced corticostriatal synaptic transmission seen in Nrxn1U KOs (Figure 5F,
Two-t ai | ed Stest, ¢ e 0.04853. The magnitude of reduction of slope in

response to bath-application of URB 597 was significantly lower in Nrxn1U KO as
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compared to WTs, suggesting occlusion of the effects of reduced AEA
degradation in KOs (Figure 5G, Two-t ai | ed Stestd e »r t00387). t
Together, these findings suggest that that the loss of NrxnlU increases
mobilization of AEA, leading to enhanced endocannabinoid-mediated depression

at dPFC-iSPN synapses.

Reduced Responsiveness to In Vivo-Modeled Input Frequencies at iSPN

Corticostriatal Terminals

It remains unclear how these diverse Nrxn mutation-associated changes
would influence information transfer in the context of more intact circuits. To
examine this issue, we generated in vivo-modeled optical stimulus patterns by
using in vivo single-unit recordings as a mask to filter Poisson distributed cortical
spike trains of frequencies typical of dPFC and PFas regions (5Hz,15Hz, 25Hz,
details in Methods) (Figure 6A; Figure S7A). Experiments were performed in
current-clamp, holding the neuron at -55mV to mimic the in vivo A ot at e 0
membrane potential (Stern et al., 1998; Stern et al., 1997), and GABAergic
inhibition was left intact. Total spiking efficiency (APs/number of optical stimuli) in
N r x nmutants was unchanged relative to WT for dSPNs (Figure 6B, Two-tailed
St udent 6 s0.4114) but decrgased for iISPNs in both Nr x nhktérozygote
and homozygote mice (Figure 6D, Two-t ai | ed St udent §.dnput-est , p
output coupling deficiencies were observed at dPFC-iISPN connections across all

tested input frequency domains (Figures 6C and 6E, 2-way ANOVA, dSPN
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Interaction: p = 0.8340, Frequency: p < 0.0001, Genotype: p = 0.4387; iSPN
Interaction: p = 0.3764, Frequency: p < 0.0001, Genotype: p = 0.0181). These
results were not the result of biases in initial EPSP amplitude and did not depend

on recording duration (Figures S7B-I).

To explore whether Nr x nassdciated reductions in NMDAR function at
PFas-DMS synapses could similarly perturb spiking efficiency, we presented our
optical stimulus pattern. Total spiking efficiency was unchanged i n t
KOs onto dSPNs (Figure 7A, Two-t ai | ed $tesy g e Giltl9rand iSPNs
(Figure 7C, Two-t ai | ed Stedt, ¢ e 0.15679, and spiking efficiency was
similar between genotypes across frequency domains (Figures 7B and 7D, 2-way
ANOVA, dSPN Interaction: p = 0.4630, Frequency: p = 0.0168, Genotype: p =
0.1199; iSPN Interaction: p = 0.8298, Frequency: p = 0.0013, Genotype: p =
0.1701). Together these findings suggest that the target cell-specific reductions
in release probability observed for dPFC-iSPN circuits have selective impact on

the fidelity of corticostriatal connectivity.

Discussion

Neurexins are presynaptic cell-adhesion molecules exhibiting diverse
synaptic functions dependent on cell-type and neural circuit context (Etherton et

al., 2009; Sudhof, 2008, 2018). Here, we show that NrxnlU differentially
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regulates glutamatergic excitatory synaptic transmission at dPFC and PFas
inputs to DMS. In both NrxnlU heterozygous and homozygous animals we
observed reductions in probability of release onto iSPNs, but not dSPNs, at
dorsal prefrontal cortical inputs to DMS. In Nrxn1U KOs, this reduction is in part
due to enhanced AEA signaling altering dPFC-iISPN synapses. We demonstrated
that reduced synaptic efficacy onto iSPNs is not a common feature of all striatal
targeting inputs, as PFas inputs have normal release probability, while exhibiting
altered postsynaptic NMDAR function. These findings provide further evidence
that synaptic transmission regulated by NrxnlU is input and target specific,

illustrating its role within striatal circuits.

Challenges of Studying Presynaptic Neurexin1U Function in Striatal

Circuits

Advances in understanding the role of cell-adhesion molecules located
pre-synaptically have been hampered by technical challenges. Earlier studies
employing electrical stimulation were limited by the heterogeneity of stimulated
inputs as well as the substantial recruitment of systems that modulate neuronal
function (Cavaccini et al., 2018; Kreitzer and Malenka, 2007; Shen et al., 2008).
To gain access to specific striatal circuits, we utilized optogenetics, permitting
light-mediated selective recruitment of either dPFC or PFas striatal inputs
through the expression of a channelrhodopsin variant, ChiEF-2a-Venus (Lin et

al., 2009). To normalize for differences in viral expression we employed a
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combined field and whole cell recording approach (Choi et al., 2019). The
optically-evoked field recorded in striatum is composed of two negative
components (N1, N2) (Kupferschmidt et al., 2017), with the first negativity being
largely composed of presynaptic opsin-expressing fibers. We used this signal as
a normalization measurement for afferent recruitment when measuring whole cell
currents onto neighboring neurons. This approach provides an important step
forward for understanding long-range synaptic connectivity, circumventing
limitations regarding efficacy of viral transduction (Chuhma et al., 2011; Lenz and
Lobo, 2013; Miesenbock, 2011). Furthermore, it permits more targeted access to
specific regions than that provided by broadly-expressed Cre lines (Rbp4-Cre,
Thy1-Cre) previously employed to measure synaptic strength. A limitation of this
technique is the requirement for relatively dense targeting by the afferent

population, which is necessary to observe a clear, reliable optical fiber volley.

Convergent Physiological Phenotypes in Nrxn1U +/- and Nrxn1U -/- Mice

Genes encoding proteins that support the formation and maintenance of
synapses are significantly associated with ASD and schizophrenia (Chang et al.,
2015). Disease-associated mutations in Nrxnl are commonly found as
heterozygous copy number variations (CNVs) (Autism Genome Project et al.,
2007; Castronovo et al., 2020; Huang et al., 2017; Lowther et al., 2017; Marshall
et al., 2017). Behavioral studies using mice with either heterozygous or

homozygous NrxnlU deletions reveal non-overlapping phenotypes, with KOs
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exhibiting elevated anxiety levels, increased aggressive behaviors, nest building
impairments, and altered social behaviors not observed in heterozygotes
(Grayton et al., 2013). Despite this phenotypic divergence, Nrxn1U homozygous
deletions have been the central focus of physiological analyses in rodents
(Etherton et al., 2009). Studies in human embryonic stem cells highlight the
relevance of heterozygous deletions, revealing substantial impairments in
excitatory synaptic transmission (Pak et al., 2015). It nevertheless remains
unclear whether haploinsufficiency of Nrxnl1U disrupts neuronal physiology in
disease relevant neural circuits. Our data clearly demonstrates synaptic
impairments within dPFC-iSPN circuits of roughly similar magnitude in both
Nrxn1U heterozygous and homozygous mice. These data contrast with the
absence of excitatory synaptic phenotypes in cortical primary neuronal cultures
from Nrxn1U heterozygous and homozygous mice (Pak et al., 2015), highlighting
the diversity of Neurexin function dependent on synaptic context (Anderson et al.,

2015; Aoto et al., 2013).

Nrxn1U Regulates Synaptic Transmission at dPFC-DMS Synapses in a Cell-

type Specific Manner

An interesting aspect of our study is the specificity of altered dPFC
glutamatergic transmission dependent on target SPN subtype. Mice with either
heterozygous or homozygous deletion of NrxnlU were observed to have

decreased synaptic strength onto striatal iISPNs. While generally consistent with
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reductions in input-output strength observed at CA1l hippocampal synapses
(Etherton et al., 2009), here we note the reduction in synaptic strength onto
striatal iISPNs likely results from decreased release probability, as demonstrated
by elevated paired pulse ratios and reductions in synaptic depression upon high-
frequency stimulation. One interesting aspect of this phenotype is that cortico-
striatal afferents do not show significant target-neuron specificity, as evidenced
both by cell type-specific retrograde rabies labeling (Wall et al., 2013) and single
axonal tracing (Doig et al., 2010). While this lack of anatomical specificity
contrasts with our observed synaptic phenotypes, it is possible that the
differential transcriptome profiles in dSPNs and iSPNs contributes to the
exclusivity of the synaptic phenotypes observed in this study (Doyle et al., 2008;
Heiman et al., 2008). Similarly, it may be that molecular diversity of Neurexin
signaling exists at the individual spine level, an interesting hypothesis awaiting

higher resolution transcriptomic and proteomic approaches.

Previous work demonstrated that presynaptic b-Neurexins inhibit tonic
endocannabinoid synthesis, thereby maintaining hippocampal CAl1-subicular
synaptic strength (Anderson et al., 2015), while postsynaptic neuroligin-3
regulates tonic endocannabinoid signaling to constrain hippocampal basket cell
inhibition (Foldy et al., 2013). Given these data, we tested whether observed
decreases in release probability and synaptic strength in dPFC-ISPN circuits of

Nrxn1U mutants resulted from dysregulation of eCB-mediated control. Our data
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suggest that loss of Nrxn1U function leads to enhanced AEA signaling that may
lower synaptic release at dPFC-iSPN connections. This hypothesis may also
explain the observed input (dPFC but not PFas) and target (iISPN but not dSPN)
specificity insofar as 1 (1) higher CB1R expression patterns in cortex than
thalamus restrict eCB-mediated depression to corticostriatal synapses (Wu et al.,
2015) and (2) AEA may bias depression towards the iISPN subtype (Ade and

Lovinger, 2007; Giuffrida et al., 1999).

Nrxn1U Maintains NMDAR Function at PFas-DMS Synapses onto both DMS

SPN Subtypes

Given the broad expression of Nrxnl throughout striatal-targeting
projections, we asked whether alterations in synaptic efficacy is unique to dPFC-
striatal circuits. We employed similar optogenetic methods to probe
parafascicular thalamic inputs to the dorsal striatum but did not detect changes in
synaptic strength or release probability. Interestingly, in contrast to dPFC-DMS
synapses, NMDA/AMPA ratios at PFas-DMS synapses were reduced onto both
SPN subtypes in KO mice. Furthermore, heterozygotes showed an intermediate
reduction in NMDA/AMPA ratio, suggesting gene haploinsufficiency for this
synaptic phenotype. We hypothesize that this reduced ratio results from a
decrease in NMDAR currents for several reasons 1 (1) increases in AMPAR
current should have increased the input/output slope measurements, (2) there

was no evidence for changes in the amplitude of excitatory mEPSCs (although
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PFas neurons only represent a fraction of the total inputs recorded with this
technique) and ( 3) t r inquiexéins we@ olmsdrvedlto reduce NMDAR
function in cultured neocortical slices (Kattenstroth et al., 2004). While reduced
synaptic NMDAR content may reflect a decrease in postsynaptic recruitment of
Neuroliginl, which is known to mediate clustering of NMDARs (Blundell et al.,
2010; Budreck et al., 2013; Wu et al., 2019), the lack of this phenotype at dPFC-
striatal synapses remains unclear. It is worth considering the disconnect between
our original spontaneous transmission data and the complexity of the dPFC and
PFas synaptic phenotypes observed with pathway-specific optical recruitment.
Whether these discrepancies arise from the diverse nature of excitatory afferent
projections into DMS or represent the parallel actions of spontaneous and action-

potential-evoked synaptic transmission pathways is yet unclear (Kavalali, 2015).

Changes to Striatal Circuit Output and its Implications

Cortical and thalamic regions exhibit topographic projections to discrete
striatal compartments, where their control of SPN activity and local inhibitory
circuits is an initial step in the generation of motor output. We extended our initial
discovery of reduced synaptic strength in dPFC-iSPNs circuits of Nrxn1U -/- mice
by probing the fidelity of spike production for dPFC inputs modeled on in vivo
activity patterns. Consistent with our target cell-specific effects, we found that
dPFC-iSPN but not dPFC-dSPN circuits of NrxnlU heterozygote and

homozygote mutants exhibited reduced total spiking efficiency across a range of
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frequency domains. Given th a 't t he proltanged | i ke

employed here are more akin to the sustained plateau-like depolarizations seen
in in vivo recordings from anesthetized animals (Stern et al., 1998; Wilson and
Groves, 1981; Wilson and Kawaguchi, 1996) as opposed to those observed
during wakefulness (Mahon et al., 2006; Sippy et al., 2015), multi-site in vivo
recordings during behavior will be required to clearly understand the effects of
these synaptic phenotypes in dynamic circuits. Nevertheless, this selective
decrease in cortical-iSPN excitatory drive is expected to promote disinhibition of
thalamic structures projecting back to cortex. It is an interesting future question
as to whether this thalamic disinhibition can explain both simple motor
phenotypes (e.g. hyperactivity, aggression) (Etherton et al., 2009; Grayton et al.,
2013) and more complex reward processing deficits observed in mice with
Nrxn1U mutations (Alabi et al., 2019). It is worth noting a recent study of the Tscl
deletion ASD mouse model, which exhibited increased corticostriatal connectivity
selectively onto dSPNs, with synaptic strength unperturbed at thalamostriatal
synapses (Benthall et al., 2018). Another ASD model, Shank3 deletion, was also
found to have a selective reduction in glutamatergic synaptic transmission onto
iISPNs (Wang et al., 2017). Together with our data, this raises the possibility that
disinhibition of BG-targeted thalamus is a common circuit disruption for ASD

pathophysiology with clear implications for downstream cortical activity.
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Here we demonstrated that the loss of NrxnlU has differential effects
within striatal circuits, extending the literature suggesting imbalances in basal
ganglia activity as a common perturbation in models of neurodevelopmental
disorders (Benthall et al., 2018; Espinosa et al., 2015; Rothwell et al., 2014;
Wang et al., 2017). Our data highlight the challenges that context-dependent
gene function creates for understanding molecular contributions to brain and
behavioral pathology. These distinctions are even apparent for cortical sub-
regions, which display profound heterogeneity in anatomical and functional
connectivity to striatum as well as divergent synaptic phenotypes in response to
loss of the postsynaptic scaffolding molecule SAPAP3 (Corbit et al., 2019). Given
that genes related to synaptic function are implicated in neuropsychiatric disease,
detailed circuit-specific studies in vitro and in vivo are needed to elucidate
context-specific functions and better understand how synaptic dysregulation

contributes to neuropsychiatric pathogenesis.
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STAR Methods

Lead Contact

Further information and requests for resources should be directed to and will be
fulfilled by the Lead Contact, Marc V. Fuccillo

(fuccillo@pennmedicine.upenn.edu).

Materials Availability

This study did not generate new unique reagents.

Data and Code Availability

All datasets generated during and/or analyzed during the current study and all
custom MATLAB or Igor scripts are available from the Lead Contact upon

request.

Experimental Model and Subject Details

All experiments were conducted in accordance with the National Institutes of
Health Guidelines for the Use of Animals, and all procedures approved by the
Institutional Animal Care and Use Committee of the University of Pennsylvania
(Protocol: 805643). Animal health was monitored daily, and only healthy animals
were used in experiments. Animals used in experiments had not previously been
involved in other experiments or exposed to any drugs. Animals were kept on a

12:12 light-dark cycle and provided food and water ad libitum.
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Animals

Constitutive Nrxn1U KO mice were obtained from the Suidhof lab and were kept
on a C57BL/6 background (Stanford University) (Geppert et al., 1998). To yield
mice for breeding, founders were crossed onto C57BL/6 (Jackson Laboratory)
generating Nrxn1U *- animals. To identify direct pathway and putative indirect
pathway neurons, Nrxn1U*- animals were subsequently crossed onto the Drdla-
tdTomato BAC transgenic line. Breeders for experimental animals were male and
female NrxnlU *- animals with one breeder also hemizygous for D1Tom™.
Offspring were weaned at P21 and separated by sex in cages of 2-5 animals of
mixed genotypes. Adult male mice between the ages of 3-5 weeks were used for

experiments.
Method Details
Stereotaxic Surgeries

Viral injections were performed on a stereotaxic frame (Kopf Instruments, Model
1900) under isoflurane anesthesia (3% for induction; 1-2% during surgery).
Sterile surgical technique was used, removing fur over the skull with a depilatory
cream, and applying 70% isopropyl alcohol and betadine. Prior to creating an
incision in the scalp to access the skull, a local anesthetic, lidocaine, was given
subcutaneously. Small (0.5mm) holes were drilled and a pulled glass capillary
needle was carefully lowered into the brain. Coordinates relative to bregma used

for the regions of interest include dorsal prefrontal cortex (AP: +1.9mm, ML: +/-
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0.3mm, DV: -1.4mm) and parafascicular nucleus of thalamus (AP: -2.2, ML: +/-
0.75, DV: -3.7). Bilateral injections of AAV-DJ-hSyn-ChiEF-2a-Venus (volume:
300nl) were infused 100nl/min using a microinfusion pump (Harvard Apparatus,
#70-3007). The capillary glass was kept in the target region for 5 minutes after
viral infusion was complete to prevent backflow, brought up 0.2mm, and after an
additional 5 minutes was slowly brought up out of the brain. Mice were sutured
with non-absorbable monomid nylon sutures (Stoelting), subcutaneously injected
with carprofen for inflammation, and given 3 weeks (for dPFC) or 4-5 weeks (for
PFas) to allow for recovery and viral expression. Prior to acute slice recording,
target site injections are confirmed by examining viral expression in the anterior

slices (for dPFC) and posterior slices (for PFas).

Electrophysiology

Mice were deeply anesthetized and perfused transcardially with ice-cold ACSF
(pH 7.3-7.4) containing (in mM): 124 NaCl, 2.5 KCI, 1.2 NaH2POa4, 24 NaHCOg3, 5
HEPES, 12.5 glucose, 1.3 MgSO4, 7H20, 2.5 CaClz. The brain was rapidly
removed, and coronal sections (250 ¢m) unless otherwise indicated, were cut on
a vibratome (VT1200s, Leica). Slices were incubated in a holding chamber for
12-15 minutes at 32-34°C in a NMDG-based recovery solution (pH 7.3-7.4, pH
adjusted with HCI) (in mM): 92 NMDG, 2.5 KCI, 1.2 NaH2POs, 30 NaHCOs, 20
HEPES, 25 glucose, 5 sodium ascorbate, 2 thiourea, 3 sodium pyruvate, 10
MgSOa4, 7H20, 0.5 CaClz. Osmolarity for the NMDG-based solution and ACSF

was kept between 300-310 mOsm. Following incubation, slices were moved to a
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second holding chamber containing ACSF at room temperature (20-22°C) for at
least 1 hr. prior to recording. For recording, slices are transferred to the recording
chamber (Scientifica) fully submerged in oxygenated (95% Oz, 5% CO2) ACSF at
a perfusion rate of 1.4-1.6 mL/min, bath temperature of 29-30°C, and secured
using a slice anchor (Warner Instruments). Drugs were prepared in a stock
solution of water or DMSO and diluted to their final concentration in ACSF. The
final concentration of DMSO was <0.1%. Electrophysiology data were acquired
using custom-built Recording Artist software version (Dr. Rick Gerkin), Igor Pro
6.37 (Wavemetrics). All recordings were sampled at 20kHz, filtered at 2.8kHz

except for the in vivo modeled trains that were sampled at 10kHz.

Intracellular Recording

Striatal SPNs were visualized using differential interference contrast (DIC) video
microscopy on an upright microscope (Olympus, BX51). Somatic whole-cell
recordings were performed using borosilicate glass (World Precision Instruments,
TW150-3) that had a tip resistance of 3-5 M {jlled with cesium-based internal
for voltage-clamp recordings (in mM): 115 CsMeSOs, 20 CsCl, 10 HEPES, 0.6
EGTA, 2.5 MgCl, 10 Na-Phosphocreatine, 4 Na-ATP, 4 Na-GTP, 0.1 Spermine, 1
QX-314 (pH adjusted to 7.3-7.4 with CsOH) or potassium-based internal (in mM):
140 K-gluconate, 5 KCl, 0.2 EGTA, 2 MgClz, 10 HEPES, 4 Mg-ATP, 0.3 Na-GTP,
10 Na-Phosphocreatine (pH adjusted to 7.3-7.4 with KOH). Voltage-clamp
recordings were done holding the cell at a membrane potential of -70mV (unless

otherwise indicated) using a MultiClamp 700B patch-clamp amplifier (Molecular
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Devices). Input resistance and access resistance were noted subsequently
following membrane break-in, and cells with Ra>2 5 MqR>3 00 wée

discarded from further analysis.

For optogenetics, full-field 470nm illumination from a collimated LED illuminator
(CoolLED, PE-300) through a 40x objective (Olympus, 0.8NA water immersion)
with a pulse width of 1ms was used to stimulate ChiEF-expressing axon
terminals. To rule out somatic opsin contamination, an elongated light pulse was
given following the last cell recorded in the slice. Optical-evoked voltage-clamp
recordings were performed in the presence of picrotoxin (100e M), a GABAA
antagonist. AMPAR/NMDAR ratios were determined by comparing peak
amplitude of averaged AMPAR EPSCs at -70mV (15 traces), with an averaged
amplitude taken 50ms after optical stimulation of EPSCs recorded at +40mV (15
traces). LED intensities ranged from 0.042-0.543 mW/mm? during the optical

input output measurements.

All miniature synaptic currents were recorded in the presence of tetrodotoxin
(1eM). For excitatory currents we used the cesium-based internal described
above, however, for inhibitory currents we used an internal with high chloride to
maximize IPSC amplitude (in mM): 135 CsClI, 10 HEPES, 0.6 EGTA, 2.5 MgCl,
10 Na-Phosphocreatine, 4 Na-ATP, 0.3 Na-GTP, 0.1 spermine, 1 QX-314.
Excitatory currents were pharmacologically isolated with picrotoxin (100eM)

added to the ACSF to block GABAA receptors. To isolate inhibitory currents, D-
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APV (50eM) and NBQX (10e M) were added to block NMDARs and AMPARSs,

respectively.

Endocannabinoid-mediated Depression

For the following experiments probin
animals, recording pipettes were filled with a cesium-based internal solution (see
above for recipe) and picrotoxin (100eM) was bath-applied throughout the
recording. SPNs were voltage-clamped at -70mV apart from DHPG where SPNs
were held at -55mV throughout the recording. Paired-pulses with an inter-pulse
interval of 50ms were delivered optically stimulating at 0.1Hz. Following a 10-
minute stable baseline, drugs were bath-applied: DHPG (50¢ M) was bath-applied
for 10 minutes, followed by 20 minutes of recording in ACSF and in a separate
experiment 1e¢M URB 597 (Tocris, Cat# 4612) was bath-applied for 20 minutes.
EPSC amplitudes were normalized to the average value during the initial
baseline period. Paired-pulse ratios were calculated by the ratio of the averaged

peak of the second EPSC to the averaged peak of the first EPSC.

For experiments probing activity-d e pendent depressi KO
animals, interval stimulation was 90 s at baseline and then subsequently
switched to 10 s after 10.5 minutes. Separate slices were incubated for 1 hr with
3eM of AM251, a CB1R antagonist, and was bath-applied throughout the

recording for these slices.
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Striatal Field Recordings and Analysis

For the striatal field recordings, a pipette was filled with filtered ACSF and had an
access resistance between 0.8-1 . 2  Ebgh recording was an average of ten
trials unless otherwise indicated. These recordings produced a stereotyped
waveform upon optogenetic stimulation consisting of two components. The fiber
volley, the first component of the field recording, is measured using cursors in
Igor Pro 7 whose minimum voltage is measured across a time window (around .5
ms to 3.5 ms after light stimulation). Slope measurements, used as an
approximation of postsynaptic response, were performed by linear regression fit

to the 10-90% rising phase of the second component of the field.

Generation of Spike Train Inputs

In vivo modeled inputs were generated by using in vivo single-unit recordings
performed in dorsal striatum in mice during a behavioral task (London et al.
2018) (provided by Dr. Alexxai Kravitz). Timestamps obtained from the single-
unit recordings were approximately an hour in length. The recordings were
binned by 500ms and two 30 second windows were taken from a single
recording (total of five recording files used from 5 neurons recorded across 3
mice). The 30-second window was then thresholded for periods of inactivity
defined as anything below 2Hz. The thresholde d dat a was used as a
deliver more temporally representative durations of activity. The mask was
populated with Poisson-distributed frequencies generated in MATLAB typical of

dPFC regions - 5, 15, and 25Hz. In total, 10 unique optical patterns were
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generated. These patterns were randomized creating 5 templates. Therefore,
each cell will see identical optical patterns, in addition to the order of the optical
patterns being varied to remove pattern order as a potential confounding

variable.

Tissue Fixation and Microscopy

Neurons were filled for20-3 0 mi nut es via patch el ectrode:
488; hydrazide (Invitrogen). The tissue was immediately fixed with 4%
paraformaldehyde in PBS buffer and left overnight at 4°C. The following day,

slices were mounted in Vectashield (Vector Labs) and immediately imaged.

Image acquisition of Alexa 488 fluorescence was performed on a Leica SP5II

confocal microscope using a 40x oil immersion objective of NA 1.30, 2.50X

zoom, and 488 nm laser. A z-stack of each neuron was obtained with z-steps of

1em. damaygis was performed using ImageJ (NIH) with a custom macro for

Sspine counting. | mages were analyzed #Abli
available until spine quantification was completed. For each neuron, dendritic

spines were counted fromsecondar y br anches of at | east 50¢

Immunohistochemistry

Mice were perfused transcardially with 1 x PBS and 4% paraformaldehyde.
Brains were post-fixed in 4% paraformaldehyde overnight. Brains were sectioned
coronally at 50em on a vibratome (Vibratome, Model 1000plus) in 1 x PBS

solution. Free-floating sections containing striatum were blocked for 1 hr at 4° in
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blocking buffer containing 10% FBS, 1% BSA, and 0.2% Triton X-100 and
subsequently incubated overnight with primary antibody: guinea pig anti-VGIuT2
(EMD Millipore, Cat# AB2251-l) at 1:2500. The following day, sections were
incubated for 2hr with secondary antibody: Alex Fluor 647 goat anti-guinea pig

(Jackson ImmunoResearch, Cat# 106-605-003) at 1:500.

Quantification and Statistical Analysis

Statistics

Statistics was performed with Graphpad Prism v7.0. All data are presented as
the mean £ SEM, with N referring to the number of animals and n to the number
of cells. See supplementary tables for statistical values and details of statistical

tests. P-values < 0.05 were considered significant.

Neuronal spiking was detected in NeuroMatic v.3.0 (Rothman JS, Frontiers 2018)
where further analysis was then performed in custom MATLAB (Mathworks)
scripts. Miniature postsynaptic currents were measured in Minianalysis
(Synaptosoft). Anatomical data examining spines were measured using script
written for ImageJ (NIH) with investigator blinded to genotype. Z stacks were
taken on a Leica SP5II confocal microscope (fluorescent). Image manipulation
and figure generation were performed in Image J, Adobe lllustrator, and Adobe

Photoshop.
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Figure 1. dPFC-DMS synapses exhibit a selective reduction in synaptic strength
onto iISPNs in synapsesinNrx n 1 U He&tr xamrld) KO ani mal s

(A) Diagram of AAV constructs and combined whole-cell and field recording
approach (left). Representative image (epifluorescence, 4x objective) showing
ChiEF-2a-Venus expression in the dPFC (injection site, dotted white) and DMS
(gray solid outline). Scalebar i s 200¢ M.

(B) llustration of stepwise increase of 470nm LED intensity to measure a range
of fiber volleys and postsynaptic EPSCs recorded in a combined whole-cell and
field recording configuration (top). Representative cell depicting fitted lines from
regression analyses of input output measurements across varied external
calcium levels.

(C) Paired-pulse ratio (50ms ISI) is sensitive to external calcium levels (.5mM,
1.5mM, 2.5mM).

(D) Summary of regression coefficients from linear regression analyses
performed on input output measurements. Connected lines represent a neuron
across varied external calcium levels.

(E and G) Plot of changes in fiber volley amplitude and EPSC across led
intensities in eMmidde)andNr)x n ING xK@f d6RNE @)
and iSPNs (G). Inset shows representative field recording with adjacent whole-
cell recording below.

(F and H) Summary of regression coefficients of the linear regression analyses
performed on the input output measurements of dSPNs (F) and iISPNs (H). Each
point represents a neuron. dSPN WT: 17 cells/7 animals; Het: 17 cells/7 animals;
KO: 17 cells/9 animals. iISPN WT: 14 cells/3 animals; Het: 17 cells/4 animals;
KO: 13 cells/3 animals.

Summary data are mean + SEM, *p < 0.05. See also Figure S1-S4.
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Figure 2. Reduced probability of release onto iSPNs at dPFC-DMS synapses in
NrxnlU Hetxnarldd KO ani mal s

(A and D) Representative traces of paired-pulse response in each genotype (left;
50ms ISI) and plot of paired-pulse ratio across multiple inter-stimulus intervals
(IS1) (right) of dSPNs (A) and iSPNs (D). dSPN WT: 24 cells/4 animals; Het: 11
cells/3 animals; KO: 27 cells/4 animals. iSPN WT: 19 cells/4 animals; Het: 14
cells/3 animals; KO: 20 cells/5 animals.

(B and E) Representative traces of 5-pulse frequency trains (20Hz; left) and plot
of frequency trains across multiple frequencies (right; 10Hz; 20Hz; 50Hz from left
to right) of dSPNs (B) and iSPNs (E). dSPN WT: 18 cells/4 animals; Het: 11
cells/3 animals; KO: 24 cells/4 animals. iISPN WT: 18 cells/5 animals; Het: 14
cells/3 animals; KO: 18 cells/5 animals.

(C and F) Representative traces of recordings used to measure NMDA/AMPA
ratio (NMDA current is measured 50ms from stimulation). Plot of NMDA/AMPA
ratio by genotype (right) of dSPNs (C) and iSPNs (F). dSPN WT n = 21 cells; Het
n = 13 cells; KO n = 26 cells. iSPN WT n = 22 cells; Het n = 14 cells; KO n = 26
cells.
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Figure 3. Synaptic strength is unaltered at PFas-DMS sy napses i n

(A) Experimental scheme of injection and recording sites for PFas-DMS
projection (left). Representative image (epifluorescence, 4x objective) of ChiEF-
2a-Venus expression in PFas injection site (left) and opsin-expressing fibers
(confocal, 20x objective, z-stack max projection). (Right) Immunohistochemistry
staining for VGIuT2 (blue) of striatal slices containing ChiEF-2a-Venus
expression terminals originating from PFas. Arrows indicate colocalization. Scale
bars are 5um for staining of VGIuT2.

(B and D) Plot of changes in fiber volley amplitude and EPSC across led
intensities in WT (left), and Nr x n1 U KO (right) of drSd®
shows representative field recording with adjacent whole-cell recording below.

(C and E) Summary of regression coefficients of the linear regression analyses
performed on the input output measurements of dSPNs (C) and iSPNs (E). Each
point represents a neuron. dSPN WT: 16 cells/9 animals; KO: 17 cells/6 animals.
iISPN WT: 13 cells/8 animals; KO: 13 cells/7 animals.

Summary data are mean + SEM.
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Figure 4

Thal —p» dSPNs (D1-TOM positive)

A

C

ANOVA Genotype : 0.0149

© WT (n=23/7) i
Optical Paired-Pulse e KO (n=20/6) &‘:‘As 3.07 5 ns
dSPNs 1.2 2 25
@ “: o)
Nrxn1a WT 1.0 g 2.04 8
a Nrxn1a WT o
g ¢ 38 £ 15 °
zoopAEL 0.8 # < 1.04 0
25ms i e a 7
Nrxna KO IPL p<0.0007 WIS 061
0.6 Geﬁoty;;e ‘ns < =
T T T T T 00'
b v D \QQ (190 ‘oQQ Nrxn1a KO $‘\ &0 \l-o
Inter-stimulus Interval (ms)
B © WT (n=23/7) ® KO (n=18/6)
Ot Tesine |f33i’n’l 107 10Hz 107 20Hz 107 50Hz
Nrxn1a WT 0.8 ‘ ¢ 0.8+ * 0.8 ¢
v v v v | = 061 ¢ o 06| ¢ s 06 ¢
= ¢
Nrxn1a KO o 0.44 0.4+ 0.4 : :
0.2 Interaction: ns (0.2 Interaction: ns (.24 Interaction: ns ‘
IPI: p<0.0001 IPI: p<0.0001 IPI: p<0.0001
Genotype : $ :
DBLETWE_ ppliwe _ gleme
2 3 5 2 3 4 5 2 3 4 5
n stimulus pulse
| Thal —p» iSPNs (D1-TOM negative)
ANOVA Genotype : 0.006
D ) ) @ WT (n=20/7) F 200pA wok
%;;t;\(l:al Paired-Pulse e KO (n=18/6) @,s 3.01
I S 1.24 L 251 ns
Nrxn1a WT gl
E 1.0 Nrxn1a WT E 2.01 [¢) o
100pA N i é E 151 g
25ms QO 0.8 2
Nrxn1a KO i 1.04 8
: Q o
Interaction: ns =
\/ v 0.6 IPI: p<0.0001 z O.S.E_@_ﬁ
T T IGen'JIWPE -INS 00'
q9 6_-,0 \QQ (190 ‘DQQ Nrxn1a KO é& Qé’\ \l_o
Inter-stimulus Interval (ms)
E ® WT (n=17/7) e KO (n=17/6)
Optical Trains |fgg;’: 1.00  10Hz 100 20Hz 1.0 50Hz
iSPNs
0.8 * 0.8 0.8
Nrxn1a WT : +
0.6 8 8 o8] L \
0.44 0.4 ® 0.4 t *
Nn1a KO 02fmmy  oafpenn 02w 8
0.0 Genotype : ns Genotype : ns Genotype : ns
v b 2 3 4 5 2 3 4 5 2 3 4 5
n stimulus pulse

138



Figure 4. Altered NMDA/AMPA ratios at PFas-DMS projection onto both SPN
subtypes in NrxnlU KO animal s.

(A and D) Representative traces of paired-pulse response in each genotype (left;
50ms ISI) and plot of paired-pulse ratio across multiple 1SIs (right) of dSPNs (A)
and iISPNs (D). dSPN WT: 23 cells/7 animals; KO: 20 cells/6 animals. iSPN WT:
20 cells/7 animals; KO: 18 cells/6 animals.

(B and E) Representative traces of 5-pulse frequency trains (20Hz; left) and plot
of frequency trains across multiple frequencies (right; 10Hz; 20Hz; 50Hz from left
to right) of dSPNs (B) and iSPNs (E). dSPN WT: 23 cells/7 animals; KO: 18
cells/6 animals. iISPN WT: 17 cells/7 animals; KO: 17 cells/6 animals.

(C and F) Representative traces of recordings used to measure NMDA/AMPA
ratio (NMDA current is measured 50ms from stimulation). Plot of NMDA/AMPA
ratio by genotype (right) of dSPNs (C) and iSPNs (F). dSPN WT n = 22 cells; KO
n =19 cells. iISPN WT n = 17 cells; KO n =19 cells.

Summary data are mean + SEM, *p < 0.05, **p < 0.01. See also Figure S5.

139



Figure 5
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Figure 5. Endocannabinoid dysregulation through the anandamide pathway in
Nr xn1lU ai$PNdyRdpses.

(A) Top Left, Schematic of the endocannabinoid signaling pathway stimulated by
bath-application of the group 1 mGIuR agonist DHPG (50uM) and depolarization
(-55mV). Activation of Gg-coupled mGIuR results in the production of the
endocannabinoid 2-arachidonoylglycerol (2-AG) and cannabinoid receptor
activation. Bottom Left, Representative traces for Nr x nWTUblack) and Nr x n
KO (orange) at baseline, with overlayed traces (gray) for paired-pulse response
in the presence of DHPG (50e M), a mGIluR1/5 agonist. Right, EPSC amplitude
during baseline (10 minutes), bath application of DHPG (10 minutes), and 20
minutes in ACSF.

(B) Paired-pulse ratio (ISI: 50ms), changes in PPR measured as the % change
between baseline and the end of the recording to examine the changes in PPR in
the presence of DHPG. WT: 12 cells/3 animals; KO: 19 cells/5 animals.

(C) Top left, Schematic of the endocannabinoid signaling pathway stimulated by
bath-application of the fatty acid amide hydrolase (FAAH) inhibitor URB 597
(1uM). FAAH regulates degradation of anandamide (AEA) and by selective
inhibition of FAAH, AEA levels are elevated. Bottom Left, Representative traces
for Nr x nWT (black) and Nr x nKQJ(orange) at baseline, with overlayed
traces (gray) for paired-pulse response in the presence of URB 597 (1eM), a
FAAH inhibitor. Right, EPSC amplitude during baseline (10 minutes) and bath-
application of URB 597 (20 minutes).

(D) Paired-pulse ratio values (averaged 10 traces, ISI: 50ms) before and after
bath-application of URB 597 for all neurons recorded in (left) Nr x n\WTUJand
(right) Nt x nKDU

(E) Paired-pulse ratio (ISI: 50ms), changes in PPR measured as the % change
between baseline and the end of the recording to examine the changes in PPR in
the presence of URB 597. WT: 19 cells/6 animals; KO: 22 cells/7 animals.

(F) Optical striatal field responses between Nr x nWTand KO at baseline
during aCSF. Slope of 10-90% of the rising phase of the second component of
the field is normalized to the fiber volley (first component of the field).

(G, left) Representative optical field recording traces for Nr x nVWTUblack) and
N r x nKiOUorange) at baseline, with overlayed traces (gray) in the presence of
URB 597. (G, right) Changes between baseline and bath-application of URB 597
of the slope of the field recording between genotypes.

Summary data are mean + SEM, *p < 0.05.
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Figure 6
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Figure 6. Reduced synaptic efficacy across a broad range of naturalistic input
frequencies

(A) Local inhibitory circuit remained intact for current-clamp recordings to permit
a global view of synaptic efficacy. Optical stimulus patterns were modeled after
SPN firing in in vivo single-unit recordings. (Top) Thresholded (>2Hz, above
dotted line) in vivo SPN activity is used as a mask for Poisson distributed cortical
spike trains (black) to generate optogenetic pattern (blue). (Bottom) SPN spiking
out put t odPF@BPINeénpuesd 0

(B,D) Overall spiking efficiency for each dSPN and iSPN (D) recorded measured
as the number of action potentials for a given optical pattern.

(C,E) Spiking efficiency across local frequencies represented in the filtered dPFC
input stimulus for current-clamp recordings done in dSPNs and (E) iISPNs. dSPN
WT: 15 cells/5 animals; Het: 14 cells/7animals; KO: 20 cells/6animals. iSPN WT:
14 cells/6 animals; Het: 15 cells/5animals; KO: 15 cells/6animals.

Spiking efficiency = action potentials/number of optical inputs.

Summary data are mean = SEM, *p < 0.05. See also Figure S7.
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Figure 7
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Figure 7. Synaptic efficacy unaltered at PFas projections onto both spiny
projection neuron subtypes across a broad range of naturalistic input
frequencies.

(A and C) Overall spiking efficiency for each dSPN and (C) iSPN recorded
measured as the number of action potential for a given optical pattern.

(B and D) Spiking efficiency across local frequencies for dSPNs and (D) iSPNs.
Identical frequencies were used as shown in Figure 6A. Representative traces
shown for genotype and SPN subtype above graphs. dSPN WT: 17 cells/6
animals; KO: 19 cells/7 animals. iSPN WT: 12 cells/7 animals; KO: 19 cells/6
animals.

Summary data are mean + SEM. See also Figure S7.
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Supplementary Information

Al dSPN mEPSCs | C| iSPN mEPSCs
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Figure SI.Nr xn1U heterozygous and homozygous
synaptic transmission without a change in overall number of excitatory synapses (related
to Fig.1)

(A and C) Representative traces of mEPSC
(top), cumulative distribution of MEPSC amplitude (lower left; inset shows average
mMEPSC amplitude), and cumulative distribution of inter- event intervals (lower right; inset

shows average mEPSC frequency) in WT (n
Nrxn1U KO (n = 24; N = 7) dSPNs (A) and W
6), and NrxnlU KO (n = 22; N = 7) i SPNs

(B and D) Representative confocal images of Alexa 488 fluorescence of fixed SPNs (left)
and secondary dendrites from WT (top), Ncx n 1 U Het (middle), an
Summary of spine density of dSPN (B) and iSPN (D) spines. Mature spines were
morphologically classified as stubby and mushroom (example mature spine denoted with
blue arrow) while immature include filopodia (example immature spine denoted with red
arrow). Each point represents a neuron. Z-stacks were acquired on a confocal at 40x
magnification and quantified in Image J.

Data are means + SEM; *significant difference between groups (ANOVA).
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Figure S2.Inhi bi t ory spontaneous synaptic trant
(related to Fig.1).

(A and B) Representative traces of mlPSC
(top), cumulative distribution of mMIPSC amplitude (lower left; inset shows average
mIPSC amplitude), and cumulative distribution of inter- event intervals (lower right; inset

shows average mIPSC frequency) in WT (n
NrxnlU KO (n = 18; N = 5) dSPNs (A) @GN
5), and NrxnlU KO (n = 16; N = 5) i SPNs

Summary data are mean + SEM
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Figure S3. Measurement of striatal field recordings (related to Figs. 1, 3, and 5)

(A) Field recording from Figure 2G showing placement of cursors (typically from ~3.5ms
T 5ms after light stimulation) for analysis of fiber volley. (B) Field recording overlayed
with recordings done at different LED intensities ranging from low LED (light gray) to
higher LED intensities (black) and the change in fiber volley amplitude. (C) Measurement
of field slope taken from 10-90% of the rising phase of the second negativity component
of the field.
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