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SUMMARY
Neuropsychiatric disorders are often accompanied by cognitive impairments/intellectual disability (ID). It is
not clear whether there are convergingmechanisms underlying these debilitating impairments.We found that
many autism and schizophrenia risk genes are expressed in the anterodorsal subdivision (AD) of anterior
thalamic nuclei, which has reciprocal connectivity with learning and memory structures. CRISPR-Cas9
knockdown of multiple risk genes selectively in AD thalamus led to memory deficits. While the AD is neces-
sary for contextual memory encoding, the neighboring anteroventral subdivision (AV) regulates memory
specificity. These distinct functions of AD and AV are mediated through their projections to retrosplenial cor-
tex, using differential mechanisms. Furthermore, knockdown of autism and schizophrenia risk genes
PTCHD1, YWHAG, orHERC1 fromAD led to neuronal hyperexcitability, and normalization of hyperexcitability
rescued memory deficits in these models. This study identifies converging cellular to circuit mechanisms un-
derlying cognitive deficits in a subset of neuropsychiatric disease models.
INTRODUCTION

Intellectual disability (ID) or cognitive impairment is characterized

by significant limitations in cognitive functions, including

reasoning, learning, memory, and adaptive behaviors, which

co-occur with many neuropsychiatric disorders, including

autism spectrum disorder (ASD) and schizophrenia (Morgan

et al., 2008; Matson and Shoemaker, 2009). Cognitive impair-

ments in these disorders have been commonly linked to

dysfunction within hippocampal and cortical circuits (O’Tua-

thaigh et al., 2007; Kvajo et al., 2008; Golden et al., 2018); how-

ever, whether converging neurobiological mechanisms underlie

cognitive impairments across disorders has not been estab-

lished. This issue has an important implication: if commonmech-

anisms can be identified, then therapeutic approaches capable

of treating cognitive impairments in a subset of neuropsychiatric

disorders may be developed.

PTCHD1 is mutated in some ASD patients with ID (Chaudhry

et al., 2015). These patients have multiple symptoms, including
attention deficits, hyperactivity, sleep abnormality, and memory

deficits. Our previous study in mice showed that the selective

deletion of PTCHD1 from the thalamic reticular nucleus (TRN)

was responsible for attention deficits, hyperactivity, and sleep

abnormality, but not memory deficits (Wells et al., 2016). Inter-

estingly, in addition to TRN, PTCHD1 exhibits strong expression

in one other brain region, the anterodorsal thalamus (AD), but not

in well-known memory structures such as hippocampus, ento-

rhinal cortex, or amygdala (Lein et al., 2007).

AD thalamus is part of the understudied anterior thalamic

nuclei (ATN) complex, which also contains anteroventral (AV)

and anteromedial (AM) subdivisions. ATN has reciprocal con-

nectivity with frontal cortical areas, hippocampal subregions,

and hypothalamic nuclei involved in memory functions (Jankow-

ski et al., 2013). Lesion studies have suggested a potential role

for ATN in spatial navigation (Winter et al., 2015) and cognitive

tasks (Aggleton et al., 1991; Mitchell and Dalrymple-Alford,

2006; Savage et al., 2011; Warburton and Aggleton, 1999).

Recent work has indicated that ATN are necessary for fear
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Figure 1. Memory impairments in AD thalamus-specific PTCHD1 KD mice

(A and B) FISH staining of ASD (A) and schizophrenia risk genes (B) in ATN. AD, anterodorsal; AV, anteroventral.

(C) 11 excitatory neuron clusters in mouse thalamus from DropViz (89,027 cells, n = 6 mice) (left), and the top differentially expressed (DE) genes from the

highlighted cluster (right): Rspo3 (R-spondin 3), Col27a1 (collagen-type XXVII alpha 1 chain), Syndig1 (synapse differentiation inducing 1),Megf11 (multiple EGF-

like domains 11), and Hs3st4 (heparan sulfate glucosamine 3 sulfotransferase 4).

(D) FISH staining in ATN, parvalbumin (PV) neurons in TRN, and DAPI staining (blue).

(E) Antibody staining in ATN.

(F) FISH staining in marmoset ATN.

(G) Retrograde cholera toxin subunit B (CTB) labeling from PreSub or RSC in ATN. An average of 296 CTB555+ and 271 CTB488+ cells were observed in AD. 84%

of all PreSub-projecting neurons send collaterals to RSC (n = 3 mice).

(H) Circuit-based PTCHD1 knockdown (KD) strategy (left), and FISH staining after KD (right). Ptchd1 expression is decreased by 96% (fluorescence intensity) in

KD mice as compared to mCherry (mCh) controls in Figure S1H (n = 3 mice per group).

(legend continued on next page)
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memory encoding and remote memory retrieval (Yamawaki

et al., 2019; Vetere et al., 2021). Robust reductions in the number

of ATN neurons was reported in tissue from patients (Young

et al., 2000), suggesting a potential role for ATN dysfunction in

schizophrenia. For these reasons, we hypothesized that AD thal-

amus dysfunction underlies memory deficits in PTCHD1 mutant

mice (Wells et al., 2016), which may extend to other ASD and

schizophrenia models.

PTCHD1 led us to focus on AD thalamus, whose precise role in

memory remains unclear. In this study, using wild-type mice, we

show that the AD/retrosplenial cortex (RSC) circuit is neces-

sary for memory encoding, whereas the neighboring AV/RSC

circuit regulates memory specificity. We observe that AD thal-

amus shows a high percentage of ASD and schizophrenia risk

gene expression. The knockdown (KD) of different risk genes

from AD leads to cognitive deficits. Several KD models have

AD neuronal hyperexcitability that correlate with an impairment

in learning-induced synaptic strengthening. We demonstrate

that rescuing AD hyperexcitability in KD models is sufficient to

restore multiple memory functions. Together, this study iden-

tifies cellular, circuit, and behavioral convergence underlying

cognitive deficits in a subset of neuropsychiatric disease

models.

RESULTS

Expression of ASD and schizophrenia risk genes in AD
thalamus
Fluorescence in situ hybridization (FISH) revealed that the ASD/

ID gene PTCHD1 is selectively expressed in AD thalamus within

ATN (Figure 1A). By examining gene expression in the Allen Brain

Atlas (Lein et al., 2007) using 45 syndromic ASD risk genes from

the SFARI database, we noticed that 10 risk genes had clear AD

expression. Their expression pattern could be divided into three

groups, namely expression only in AD thalamus within ATN,

higher expression in AD thalamus relative to other ATN subdivi-

sions, and high expression in the entire ATN. We focused on four

of these risk genes, two of which had higher expression in AD

versus other ATN subdivisions (contactin-associated protein 2

[CNTNAP2] and ATPase Na+/K+ transporting subunit alpha 3

[ATP1A3]), while the other two showed expression only in AD

within ATN (mechanistic target of rapamycin kinase [MTOR]

and tyrosine 3-monooxygenase/tryptophan 5-monooxygenase

activation protein gamma [YWHAG]) (Figure 1A). Following a

similar approach, but this time using the top 10 schizophrenia

risk genes (Singh et al., 2020), we noticed that three risk genes

exhibited high expression in AD thalamus, namely glutamate ion-

otropic receptor AMPA type subunit 3 (GRIA3), calcium voltage-

gated channel subunit alpha 1G (CACNA1G), and HECT- and

RLD-domain-containing E3 ubiquitin protein ligase family mem-

ber 1 (HERC1) (Figure 1B). Given that AD thalamus was the only

ATN subdivision to exhibit expression of many risk genes, it is
(I) CFC behavior. mCh control mice received an AAV expressingmCh in AD in plac

9, KD n = 10 mice).

(J) T-maze behavior (mCh n = 9, KD n = 10 mice). Dashed line in T-maze data in

Dashed lines indicate the border between AD and AV. For statistical comparison

presented as mean ± SEM.
possible that AD thalamus-specific dysfunction contributes to

disease phenotypes in a subset of different disorders.

Molecular marker and outputs of AD thalamus
To test our hypothesis, we needed to develop an approach to

selectively manipulate risk genes in AD thalamus within ATN.

We started by determining whether specific molecular markers

could be identified within ATN. Taking advantage of the DropViz

RNA-sequencing dataset (Saunders et al., 2018), we focused on

11 excitatory neuron clusters in mouse thalamus (Figure 1C).

One of these clusters had the highest levels of complement

C1q-like 2 (C1QL2) gene expression. Staining experiments

showed that C1QL2 is selectively expressed in AD thalamus

within ATN (Figures 1D and 1E; Vertes et al., 2015). Similar to

mice, C1QL2 mRNA was restricted to AD thalamus in the ATN

of marmosets (Figure 1F), and we also observed C1QL2 expres-

sion in human tissue containing anterior thalamus (Figure S1A).

Thus, C1QL2 is an AD thalamus-specific molecular marker

conserved from rodents to primates.

C1QL2+ AD neurons are excitatory (Figure S1B). It is known

that AD neurons primarily project to pre-subiculum (PreSub)

and RSC (Jankowski et al., 2013; Figure 1G; see also Figures

S1C and S1D). These retrograde tracing experiments also

showed that AV thalamus projects to RSC, but not PreSub, indi-

cating that both AD and AV subdivisions converge on RSC. By

examining the overlap of two different tracers in AD, we found

that the majority of AD neurons send collaterals to both PreSub

and RSC (Figure 1G). Further, using FISH, we directly demon-

strated that C1QL2+ AD neurons have a high degree of overlap

with AD neurons projecting to either downstream target (Fig-

ure S1E). Using calcium/calmodulin-dependent protein kinase

II (CAMKII)-Cre mice, glutamate decarboxylase 2 (GAD2)-Cre

mice, and Cre-dependent monosynaptic retrograde tracing

(Wickersham et al., 2007), we found that most AD neurons proj-

ect to excitatory CaMKII+ neurons in PreSub (Figure S1F).

Applying a similar strategy to RSC, we observed that AD and

AVproject to both excitatory and inhibitory neurons (Figure S1G).

Memory impairments in multiple AD thalamus-specific
risk gene KD mice
To test whether AD dysfunction plays a role in memory deficits in

a PTCHD1model, we took advantage of our finding that AD, but

not AV, projects to PreSub. We optimized a circuit-based

CRISPR-Cas9 viral approach, which included a retrograde

rabies virus (RV)-expressing Cre (Chatterjee et al., 2018) injected

in PreSub and a virus expressing target guide RNAs combined

with a Cre-dependent SpCas9 virus (Xu et al., 2018) injected in

AD, to knock down PTCHD1 in AD (Figure 1H; see also Fig-

ure S1H). Using the contextual fear conditioning (CFC) memory

paradigm, we found that PTCHD1 KD in AD did not alter foot-

shock-induced freezing during CFC training but led to a long-

term memory (LTM) recall deficit (Figure 1I). Using a spatial
e of the AAV expressing sgRNAs. Long-termmemory (LTM) recall test (mCh n =

dicates chance level (50% correct).

s, **p < 0.01; NS, not significant; two-tailed unpaired t test (I and J). Data are
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Figure 2. KD of several ASD and schizophrenia risk genes from AD thalamus leads to memory impairments

(A–C) FISH staining (A), CFC behavior (B), and T-maze behavior (C) (n = 9 mice per group). Ywhag expression is decreased by 94% (fluorescence intensity) in KD

mice as compared to mCh controls (n = 3 mice per group).

(D–F) FISH staining (D), CFC behavior (E), and T-maze behavior (F) (n = 9 mice per group). Gria3 expression is decreased by 92% (fluorescence intensity) in KD

mice as compared to mCh controls (n = 3 mice per group).

(G–I) FISH staining (G), CFC behavior (H), and T-maze behavior (I) (n = 9 mice per group).Cacna1g expression is decreased by 90% (fluorescence intensity) in KD

mice as compared to mCh controls (n = 3 mice per group).

(J–L) FISH staining (J), CFC behavior (K), and T-maze behavior (L) (n = 9 mice per group). Herc1 expression is decreased by 97% (fluorescence intensity) in KD

mice as compared to mCh controls (n = 3 mice per group).

Dashed lines indicate the border between AD and AV. Control FISH staining (A, D, G, and J) from mCh mice is shown. Dashed line in T-maze (C, F, I, and L)

indicates chance level (50%correct). For statistical comparisons, *p < 0.05, **p < 0.01; NS, not significant; two-tailed unpaired t test (B, C, E, F, H, I, K, and L). Data

are presented as mean ± SEM.

ll
Article

Please cite this article in press as: Roy et al., Anterior thalamic dysfunction underlies cognitive deficits in a subset of neuropsychiatric disease models,
Neuron (2021), https://doi.org/10.1016/j.neuron.2021.06.005
working memory paradigm, we found that PTCHD1 KD did not

alter days to criterion during training or performance when the

delay between sample and choice phases was short (10 s) but

led to a working memory impairment when we used a more

demanding long delay (60 s) (Figure 1J). These observations pro-
4 Neuron 109, 1–14, August 18, 2021
vide evidence linking an ASD/ID risk gene, PTCHD1, to behavior-

ally relevant AD circuit dysfunction. We performed KD of another

ASD risk gene, YWHAG (Figure 2A). YWHAG KD mice exhibited

significant CFC memory deficits (Figure 2B; see also Figures

S1I–S1M). Strikingly, AD thalamus-specific KD of schizophrenia



Figure 3. Inputs and electrophysiological properties of AD and AV

thalamus

(A) FISH staining in ATN.

(B–D)Mapping brain-wide inputs to AD or AV. Shown are RV starters (yellow) in

AD (B) or AV (C) and average RV-positive cell counts (D) (n = 3 mice for AD, n =

4 mice for AV, normalized starters across groups). PrL, prelimbic cortex; Cg1,

cingulate cortex area 1; Cg2, cingulate cortex area 2; M2, secondary motor

cortex; S1BF, primary somatosensory cortex barrel field; RSA, retrosplenial

agranular cortex; RSG, retrosplenial granular cortex. Dashed line in (C) in-

dicates the border between AD and AV. See also Figures S2E and S2F.

(E–I) RV-GFP labeling (E) of AD neurons (green), recorded neurons (red) (F),

after-depolarization potential (ADP) amplitude (G), Ih-current-induced sag (H),

and excitability (I) (22 AD RV+, 17 AD RV�, and 18 AV neurons; n = 3 mice).

(J and K) Terminals of ChR2-eYFP injected into PreSub (left) or ChR2-mCh

injected into RSC (right) (J), and connectivity among AD, AV, PreSub, and

RSC (K).
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risk genes GRIA3 (Figures 2D and 2E), CACNA1G (Figures 2G

and 2H), or HERC1 (Figures 2J and 2K) all led to CFC memory

deficits. Furthermore, YWHAG, GRIA3, CACNA1G, and HERC1

KD mice were impaired in the long delay working memory test

(Figures 2C, 2F, 2I, and 2L), indicating that AD dysfunction in-

duces cognitive impairments in a subset of different disease

models.

Because many ASD and schizophrenia risk genes are highly

expressed in AD thalamus and the KD of several risk genes

selectively from AD leads to cognitive deficits, we wanted to

know how this convergence compared to well-known cognitive

brain regions. We examined the expression of 428 ASD (cate-

gory S, 1, and 2 from the SFARI database) and schizophrenia

(FDR < 5%) (Singh et al., 2020) risk genes using the Allen Brain

Atlas (Lein et al., 2007) with a focus on AD thalamus and two

other memory brain regions, hippocampal CA1 and mediodorsal

thalamus (MD). While 21% of these risk genes were robustly ex-

pressed in MD, 48% and 57% were expressed in AD and CA1,

respectively (Figure S1N). Among the risk genes that we func-

tionally tested in AD thalamus (Figures 1A and 1B), other than

PTCHD1, all risk genes are also expressed in CA1 (Lein et al.,

2007). To determine whether the KD of these risk genes from

CA1 alters memory, we injected a virus expressing target guide

RNAs combined with a constitutive SpCas9 virus (Figure S2A).

While the KD of YWHAG, GRIA3, CACNA1G, and HERC1 from

AD thalamus led to CFC memory deficits, for CA1, only GRIA3

and CACNA1G KD mice showed comparable memory deficits

(Figures S2B and S2C). These experiments indicate that for a

subset of risk genes expressed in both AD and CA1, risk gene

KD shows a greater functional convergence in AD thalamus.

Inputs and electrophysiological properties of AD and AV
thalamus
Because some risk genes are expressed not only in AD but also

in neighboring AV thalamus (Figures 1A and 1B), it is important to

understand the cellular/circuit properties and behavioral contri-

butions of these two ATN subdivisions in wild-type mice. By

examining highly expressed genes in other thalamic clusters

(Figure 1C), we found that collagen type XXV alpha 1 chain

(COL25A1) mRNA is selectively expressed in AV thalamus within

ATN in mice (Figure 3A; see Figure S2D for marmosets). We next

wanted to map brain-wide inputs to AD and AV. By injecting a

retrograde Cre virus (Tervo et al., 2016) in PreSub combined

with Cre-dependent RV-mCherry injection in ATN, we character-

ized inputs to AD thalamus with high specificity (Figure 3B). For

selective AV labeling, we injected the retrograde Cre virus in

RSC combined with Cre-dependent RV-mCherry injection tar-

geting AV (Figure 3C; see also Figures S2E and S2F). Given

that the starter cells in AV are less dense thanCOL25A1+AV neu-

rons, it is likely that these experiments underestimate input cell

numbers to this subdivision. Nevertheless, by normalizing inputs

to each ATN subdivision to their respective starter cell counts,
For statistical comparisons, ***p < 0.001; NS, not significant; one-way ANOVA

followed by Bonferroni post hoc test (G and H) and two-way ANOVA with

repeated-measures followed by Bonferroni post hoc test (I). Data are pre-

sented as mean ± SEM.
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Figure 4. The AD/RSC/EC circuit is necessary for contextual memory encoding

(A) hM4Di expression in AD.

(B) CFC behavior (n = 9 mice per group). mCh control mice received a Cre-dependent mCh virus in place of the hM4Di virus.

(C) mEPSCs of AD neurons from home cage (16 neurons) or CFC training (18 neurons) groups (n = 3 mice per group).

(D) Activity of AD neurons using Fos-TRAP mice (n = 6 mice per group). Imm. Shk., immediate shock. AD neurons were revealed by C1QL2 staining.

(E and F) LFP traces before (Pre) versus after (Post) CFC training, change in LFP power after training (E), and change in power for individual frequency bands (F)

(n = 15 mice).

(G and H) AMPA/NMDA ratio recordings of AD circuits, representative traces (G), and quantification (H) (AD/PreSub, 29 neurons per group; AD/RSC, 27 home

cage and 26 training neurons; n = 3 mice per group).

(I) Optogenetic terminal inhibition (eArch-eYFP, n = 12 mice) or activation (ChR2-eYFP, n = 7 mice) during CFC training. The control (eYFP, n = 14 mice) is shown,

and the LTM test is plotted.

(J and K) cFos staining in RSC using home cage (n = 7 mice), training control (mCh; n = 7 mice), and training AD hM4Di-mCh (n = 8 mice) groups (J), and cFos

staining in hippocampal CA1 (K) (n = 6 mice per group). Both mCh and hM4Di-mCh groups received C21 injections prior to training. DG, dentate gyrus.

(legend continued on next page)
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we found that most structures projected to both AD and AV

(Figure 3D; see also Figures S2G–S2I); however, prelimbic cortex

input was observed for AV, but not AD. Interestingly, most

inputs had more neurons projecting to AV than AD. The granular

division of RSC did not fit this pattern, as it sent a larger input

to AD.

Given that AD and AV have distinct molecular markers and

connectivity patterns, we used ex vivo electrophysiology in

ATN slices to compare these subdivisions. AD neurons projec-

ting to PreSubwere labeled by a retrograde RV expressing green

fluorescent protein (GFP) (Figures 3E and 3F). Within AD, GFP+

and GFP� neurons had similar properties (Figures 3G–3I). How-

ever, we observed striking differences between AD and AV (Fig-

ures 3G–3I; see also Figures S3A–S3H). We next characterized

the two major AD output circuits (Figure S3I). Ex vivo electro-

physiological recordings showed that optogenetic stimulation

of AD neurons resulted in larger excitatory post-synaptic cur-

rents in PreSub as compared to RSC neurons (Figures S3J

and S3K). In addition, these two circuits were different in their

short-term plasticity (Figure S3L). Interestingly, whenwe injected

a ChR2-eYFP virus in the PreSub region and a ChR2-mCherry vi-

rus in RSC, we observed that their axonal terminals showed

distinct patterns of projections back to ATN; AV received stron-

ger input from the PreSub region as compared to AD, whereas

both AD and AV received strong input from RSC (Figures 3J

and 3K; see also Figure S3M). These experiments revealed

distinct properties between AD and AV thalamus.

The AD/RSC circuit is necessary for contextual
memory encoding
Although our risk gene KD experiments clearly link AD thalamus

to CFC memory, the precise role of this ATN subdivision in wild-

type mouse behavior remains unclear. We first injected a retro-

grade RV expressing Cre in PreSub and a Cre-dependent inhib-

itory DREADDs hM4Di-mCherry virus in AD (Figure 4A), and

subsequently validated that the chemogenetic ligand compound

21 (C21) reversibly decreased AD neuronal firing (Figure S3N).

In the CFC paradigm, inhibiting AD during training did not alter

foot-shock-induced freezing; however, LTM recall was impaired

(Figure 4B). Neither control nor AD-inhibited mice displayed

increased freezing behavior in a neutral context (Figure 4B),

and motor behaviors were normal in these mice (Figures S3O–

S3P). To determine whether our observation that AD plays an

important role in contextual memory encoding extended to

another memory paradigm, we performed the inhibitory avoid-

ance (IA) task. AD inhibition during encoding also impaired per-

formance in the IA memory task (Figure S3Q). In contrast, inhibi-

tion of AD immediately after CFC encoding (referred to as the

cellular consolidation phase) or during CFC LTM recall did not

affect performance (Figures S3R and S3S), and AD was not

necessary for innate avoidance or tone fear encoding (Figures

S3T and S3U). We also noted that AD plays an important role
(L) Two-step RV tracing showing AD and AV inputs to entorhinal cortex (EC)-pro

labeling (right image) are shown.

(M) Optogenetic terminal inhibition of EC-projecting RSC neurons, which receive

For statistical comparisons, *p < 0.05, **p < 0.01, ***p < 0.001; NS, not significant; t

followed by Bonferroni post hoc test (D and I–K). Data are presented as mean ±
in a demanding version of the spatial working memory paradigm

(Figure S3V).

In search of cellular correlates of memory encoding in AD, we

found that the frequency of miniature excitatory post-synaptic

currents (mEPSCs) was increased post-CFC training (Figure 4C;

see also Figure S4A). This increase correlated with an increase in

the active cFos+ ensemble size in AD (Figure 4D; see also Fig-

ure S4B). In vivo local field potential (LFP) recordings from AD

showed significant increases in the power of theta and gamma

oscillations following encoding (Figures 4E and 4F; see also Fig-

ure S4C), which was not observed when AD was chemogeneti-

cally inhibited during encoding (Figure S4D). To determine if

one or both of themajor AD outputs play a role inmemory encod-

ing, we measured synaptic strengthening in these circuits post-

encoding. Encoding increased the AMPA/NMDA ratio of the

AD/RSC circuit, but not the AD/PreSub circuit (Figures 4G

and 4H). Consistently, in vivo LFP coherence between AD and

RSC, but not AD and PreSub, exhibited enhancements post-

encoding (Figures S4E–S4G) and enhanced theta-gamma

cross-frequency coupling (Figure S4H). Since these in vivo elec-

trophysiological correlates have been consistently linked to

cognitive processes (Colgin, 2015), these data support the

idea that AD neurons and their projections to RSC in particular

play an important role in memory encoding. To directly test this

idea, we performed chemogenetic inhibition of RSC or PreSub

excitatory neurons during CFC encoding. Inhibition of RSC neu-

rons, but not PreSub neurons, led to a recall deficit, which

mimicked the effect of AD inhibition (Figures S4I–S4K). Further,

optogenetic terminal inhibition in RSC directly demonstrated

that the AD/RSC circuit is necessary for encoding, and optoge-

netic activation of this circuit during encoding is sufficient to

enhance LTM recall (Figure 4I; see Figures S4L and S4M). These

observations are further supported by optogenetic terminal inhi-

bition experiments using C1ql2-Cre mice, which revealed that

the AD/RSC circuit, but not the AD/PreSub circuit, is neces-

sary for encoding (Figure S5A; see also Figure S4M).

We next examined the effect of chemogenetic AD inhibition

during encoding on neural activity in downstream structures

such as RSC and hippocampal CA1. We found that AD inhibition

impaired the learning-induced enhancement of CFOS+ ensem-

bles in both RSC and CA1 (Figures 4J and 4K; see also Figures

S5B and S5C). Because this suggested that manipulating AD

contributed to changes in hippocampal activity, we wanted to

identify the circuit basis for this observation. We started by con-

firming that RSC projects to entorhinal cortex (EC) (Witter et al.,

2017; Figures S5D and S5E), which serves as the major input to

the hippocampus. We hypothesized that AD/RSC/EC may

underlie the important contribution of AD/RSC in encoding.

To directly visualize connectivity between AD, RSC, and EC,

we injected a retrograde Cre virus in EC and Cre-dependent

RV in RSC. In support of our idea, we showed that more AD neu-

rons, in comparison to AV, project to the EC-projecting RSC
jecting RSC neurons. Starters (yellow) in RSC (left image) and upstream ATN

ATN input, during training (eYFP n = 9 mice, eArch-eYFP n = 11 mice).

wo-tailed unpaired t test (B, C, H, andM), paired t test (F), and one-way ANOVA

SEM.
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neurons (Figure 4L; see also Figure S5F). The finding that AD in-

hibition during encoding decreased CFOS activation of EC-pro-

jecting RSC neurons (Figure S5G) further strengthened this idea.

To link these tracing and neural activity data to behavior, we in-

jected an anterograde virus expressing Cre (Zingg et al., 2017) in

ATN and a Cre-dependent eArch-eYFP virus in RSC and im-

planted optic fibers in EC (Figure S5H). Optogenetic terminal in-

hibition in EC of the ATN/RSC/EC circuit during encoding

impaired CFC LTM recall (Figure 4M; see also Figures S4M

and S5I). These experiments uncovered the neural circuit mech-

anism by which AD thalamus contributes to the cortico-hippo-

campal memory network.

The AV/RSC circuit regulates memory specificity
Since AV thalamus also projects to RSC, we wanted to investi-

gate their role in CFC memory. By expressing Cre in AD through

injection of a retrograde RV expressing Cre in PreSub and a Cre-

Off halorhodopsin (NpHR-eYFP) virus (Saunders et al., 2012) in

ATN, we confirmed specific AV thalamus labeling and light-

induced neuronal inhibition (Figure 5A; see also Figure S5J). In

contrast to AD thalamus, inhibition of AV cell bodies or AV/

RSC terminals during CFC training had no effect on LTM recall;

however, these mice displayed robust generalization in the

neutral context test (Figure 5B; see also Figures S4M and

S5K). This phenotype correlated with a post-training decrease

in the frequency of mEPSCs on AV neurons (Figures S5L

and S5M).

To further examine this generalization phenotype, we optoge-

netically inhibited AV/RSC terminals during encoding and

quantified activated ensembles in RSC (Figure 5C; see also Fig-

ures S5N and S5O). Strikingly, AV/RSC-inhibited mice showed

increased levels of learning-induced CFOS+ ensembles in RSC,

which hinted at the possibility that the role of AV during encoding

requires inhibitory neurons in RSC. Pursuing this possibility, us-

ing Cre-dependent RV injected in RSC of different inhibitory

neuron-specific Cre mouse lines, we found that AV neurons pri-

marily project to parvalbumin (PV) and vasoactive intestinal poly-

peptide (VIP) inhibitory neurons (Figure 5D; see also Figure S6A).

Although both PV and VIP populations, which were labeled using

a Cre-dependent eYFP virus in PV-Cre and VIP-Cre mice, ex-

hibited an increase in CFOS activation post-training (Figures

5E–5G), VIP neurons had a greater fold change (Figure 5H). We

next prepared mice in which AV/RSC terminals could be in-

hibited optogenetically with simultaneous activation of either

PV or VIP neurons in RSC chemogenetically (Figure 5I). AV/

RSC inhibition with VIP, but not PV activation, during encoding

prevented the generalization phenotype in AV-inhibited mice

(Figure 5J; and see Figures S6B and S6C). In addition, using

the cocaine-induced conditioned place preference (CPP) para-

digm, we showed that the AD/RSC circuit is necessary for

effective memory encoding (Figure 5K; see also Figure S6D).

However, in a modified CPP chamber, although the control

eYFP group no longer exhibited any behavioral preference, the

AV/RSC-inhibited group showed significant preference (i.e.,

generalization behavior) (Figure 5L), which demonstrated that

the differential roles of AD (encoding) and AV (specificity) inputs

to RSC in a negative-valence CFC memory task extends to a

positive-valence CPP memory task.
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Normalizing hyperexcitability of AD neurons rescues
memory deficits in ASD and schizophrenia models
With a better understanding of AD circuits underlying memory in

wild-type mice, we wanted to examine how PTCHD1 KD alters

AD neuronal properties. Using ex vivo electrophysiology,

PTCHD1 KD revealed a decrease in action potential (AP) half

width, which correlated with an increase in the excitability of

AD neurons (Figure 6A; see also Figure S6E), consistent with

our previous findings in the TRN (Nakajima et al., 2019). To deter-

mine whether PTCHD1 KD has any impact on CFC-training-

induced AMPA/NMDA ratio increases in the AD/RSC circuit,

we prepared KD mice that included a Cre-dependent ChR2-

eYFP virus in AD for recordings (Figure 6B). We observed a

lack of CFC-training-induced synaptic strengthening (AMPA/

NMDA ratio) in the AD/RSC circuit of KD mice (Figure 6C;

see also Figure S6F).

We hypothesized that the increased excitability of AD neurons

in KD mice may prevent synaptic strengthening during CFC

training, which is necessary for efficient encoding. Specifically,

in control mice, the excitability of AD neurons would increase

during training, which leads to strengthening of the AD/RSC

circuit, but in KD mice, due to the increased excitability of AD

neurons before training, there will not be the important

training-induced increase in excitability and corresponding syn-

aptic strengthening. By recording from AD neurons before and

after CFC training in control and KD groups, we obtained exper-

imental evidence to support this idea (Figure S6G). These find-

ings are consistent with previous reports showing a correlation

between neuronal hyperexcitability and impairments in long-

term potentiation (Speca et al., 2014; Gr€uter et al., 2015). We

next developed a dose-dependent chemogenetic approach to

normalize the excitability of AD neurons in KD mice (Figure 6D).

When the excitability was returned to physiological levels (i.e.,

using a low dose of C21) (Figure 6E), training-induced strength-

ening of the AD/RSC circuit (Figure 6F), training-induced

CFOS+ ensemble size in RSC (Figure 6G; see also Figure S6H),

and LTM recall were all rescued (Figure 6H; see also Figure S6I).

We wanted to know whether the KD of risk genes other than

PTCHD1 might also lead to neuronal excitability alterations in

AD (Figure S6J). In contrast to PTCHD1 KD, YWHAG KD in AD

neurons did not have an effect on AP half width but resulted in

a decreased AP threshold (Figure 7A). Similar to PTCHD1 KD,

YWHAG KD neurons also showed hyperexcitability (Figure 7B),

which prevented training-induced strengthening of the AD/

RSC circuit (Figure 7C). Therefore, we applied our excitability

normalization strategy (Figure 7D) and found that the hyperexcit-

ability of YWHAG KD neurons could be returned to physiological

levels (Figure 7E). YWHAG KD mice with normalized AD excit-

ability showed control levels of behavioral performance in the

CFC paradigm (Figure 7F). HERC1 KD mice also exhibited AD

neuronal hyperexcitability (Figures 7G and 7H) and lacked

training-induced strengthening of the AD/RSC circuit (Fig-

ure 7I). Normalizing the excitability of AD neurons in HERC1

KD mice rescued their CFC memory (Figure 7J). We further

demonstrated that normalizing the excitability of AD rescues

performance of PTCHD1, YWHAG, and HERC1 KD mice in the

spatial working memory task (Figures S6K–S6M). These experi-

ments show that the KD of different disease risk genes from AD



Figure 5. The AV/RSC circuit regulates memory specificity

(A) Halorhodopsin (NpHR) expression in AV, with C1QL2 staining (red).

(B) AV cell bodies or AV/RSC terminal inhibition during CFC training (day 1) followed by LTM recall and neutral context tests (control eGFP n = 8mice, AV NpHR

n = 10 mice, and AV/RSC NpHR n = 8 mice).

(C) cFos staining in RSC using home cage (n = 4 mice), training control (eGFP, n = 5 mice), and training AV/RSC NpHR-eYFP (n = 5 mice) groups.

(D) Retrograde RV tracing in PV-Cre, somatostatin (SST)-Cre, or VIP-Cre mice. Images show RV labeling in AV thalamus (left) and quantification of RV+ cells in AV

(n = 4 mice per group) (right). Normalized starters across groups.

(E–G) cFos activation of PV, VIP cell types in RSC during CFC training, representative images (E and F), and overlap quantification (G) (PV-Cre: n = 7 home cage

and n = 8 training mice, VIP-Cre: n = 5 home cage mice and n = 7 training mice). Cre mice were prepared by injecting a Cre-dependent eYFP virus in RSC.

(H) Fold change plotted relative to average home cage counts (n = 8 PV-Cre training mice, n = 7 VIP-Cre training mice).

(I and J) AV/RSC inhibition with PV or VIP activation in RSC during training, viral injection schematic (I), and neutral context test (J) (PV-Cre: C21 n = 8 and C21 +

light n = 6 mice; VIP-Cre: C21 n = 7 and C21 + light n = 6 mice).

(K and L) AD/RSC or AV/RSC terminal inhibition during training in the cocaine-induced CPP behavior. Preference for the cocaine (Coc) versus the saline (Sal)

side is plotted within animal for the recall test (K) and the modified chamber test (L) (n = 12 mice per group).

For statistical comparisons, *p < 0.05, **p < 0.01, ***p < 0.001; NS, not significant; one-way ANOVA followed by Bonferroni post hoc test (B–D), two-tailed

unpaired t test (G, H, and J), and paired t test (K and L). Data are presented as mean ± SEM.
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thalamus leads to a common alteration in neuronal excitability,

which, if treated, is sufficient to rescue memory deficits.

We wanted to identify molecular alterations underlying hyper-

excitability in AD neurons of PTCHD1, YWHAG, and HERC1 KD

mice. We focused on channels that are necessary for maintain-

ing AP threshold and AP half width in thalamic neurons (Kasten

et al., 2007) and, among these, ones that are robustly expressed

in AD (Lein et al., 2007). We narrowed it down to two channels

that may underlie AP threshold changes (potassium voltage-
gated channel subfamily A member 1 [KV1.1] and potassium

inwardly rectifying channel subfamily J member 12 [KIR2.2])

and three channels that may underlie AP half width changes (po-

tassium voltage-gated channel subfamily Q member 2 [KV7.2],

calcium voltage-gated channel subunit alpha-1A [CAV2.1], and

calcium voltage-gated channel subunit alpha-1B [CAV2.2]).

FISH staining revealed that three out of the five candidate chan-

nels, specifically KIR2.2, CAV2.1, and CAV2.2, are decreased in

at least one KD mouse model (Figures S7A and S7B). To directly
Neuron 109, 1–14, August 18, 2021 9



Figure 6. Normalizing neuronal hyperexcitability rescues memory deficits in PTCHD1 KD mice

(A) Ex vivo recordings from control (mCh) and KD mice showing action potential (AP) threshold, AP half width, and neuronal excitability (24 mCh neurons, 23 KD

neurons, n = 3 mice per group).

(B and C) Viral injection schematic for electrophysiological recordings (B), and AMPA/NMDA ratio recordings of the AD/RSC circuit (C) in wild-type (data from

Figure 4H) or KD (17 neurons per group, n = 3 mice each) animals.

(D–F) Viral approach to chemogenetically normalize excitability in KD mice (D), AD neuronal excitability rescue ex vivo (E) (mCh control data from A, 14 neurons

each for KD C21 low dose and KD C21 regular dose from n = 3 mice per group), and AMPA/NMDA (A/N) ratio rescue in the AD/RSC circuit of KD mice (F)

(PTCHD1 KD home cage and training data from C; 18 neurons for training low dose and 19 neurons for training regular dose from n = 3 mice per group).

(G and H) cFos activation in RSC during CFC training for KD and rescue groups (G) (mCh controls n = 4 mice per group, KD home cage and training n = 4 mice per

group, and KD hM4Di groups n = 8 mice per group). CFC LTM test in KD and rescue groups (H) (mCh control and PTCHD1 KD data from Figure 1I, KD low n = 9

mice, KD regular n = 8 mice).

For statistical comparisons, *p < 0.05, **p < 0.01; NS, not significant; two-way ANOVA with repeated-measures followed by Bonferroni post hoc test (excitability

data in A and E), two-tailed unpaired t test (AP threshold/half width in A andC andmCh control in G), and one-way ANOVA followed by Bonferroni post hoc test (F;

PTCHD1 KD in G and H). Data are presented as mean ± SEM.
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measure these individual currents in KD mice, we performed

ex vivo recordings. We found that the KIR2.2 current amplitude

is decreased in YWHAG and HERC1 KD mice, whereas the

CAV2.1 and CAV2.2 current amplitudes are decreased in

PTCHD1 and HERC1 KD mice (Figures 7K–7M). These studies

identified individual channel subtypes that may underlie AD

neuronal hyperexcitability in different KD models.

DISCUSSION

We have shown that anterior thalamic dysfunction, in particular

impairments in the AD subdivision, is a shared feature across a

subset of ASD and schizophrenia models that exhibit ID-like

memory defects. At the cellular level, three different ASD and

schizophrenia KD models exhibited hyperexcitability of AD neu-

rons through different mechanisms. Furthermore, neuronal hy-

perexcitability was causally related to cognitive deficits in these
10 Neuron 109, 1–14, August 18, 2021
KD mice, because normalization of this physiological property

rescued memory deficits in all three models. These observations

suggest that a subset of different human disorders with ID may

involve anterior thalamic dysfunction.

Our interest in understanding the role of PTCHD1 in the

context of cognitive impairments led to the discovery that AD

thalamus underlies memory phenotypes in a subset of different

neuropsychiatric models. For two reasons, we examined the

role of AD and neighboring AV in wild-typemice. First, in the liter-

ature, the precise role of these two ATN subdivisions has not

been reported, primarily due to the lack of precise manipulation

strategies. This is important to help explain how dysfunction in

these nuclei contribute to disease phenotypes. Second, in addi-

tion to AD, several ASD and schizophrenia risk genes are ex-

pressed in AV thalamus. Therefore, we wanted to know whether

these two nuclei support the same or different cognitive pro-

cesses. We found that the AD/RSC circuit is necessary for



Figure 7. Normalizing neuronal hyperexcitability rescues memory deficits in YWHAG and HERC1 KD mice

(A and B) Ex vivo recordings from control (mCh) versus YWHAG KD mice showing AP threshold and AP half width (A) and neuronal excitability (B) (15 mCh

neurons, 16 KD neurons, n = 3 mice per group).

(C) AMPA/NMDA ratio recordings of the AD/RSC circuit in YWHAG KD mice (14 neurons per group, n = 3 mice each).

(D) Viral approach to chemogenetically normalize excitability in YWHAG KD mice.

(E) AD neuronal excitability rescue ex vivo (mCh control and YWHAG KD data from B, 15 neurons for KD C21 low dose group from n = 3 mice).

(F) CFC training and LTM recall test in KD and rescue groups (mCh control and YWHAG KD data from Figure 2B, KD low n = 9 mice).

(G and H) Ex vivo recordings frommCh control versus HERC1 KDmice showing AP threshold and AP half width (G) and neuronal excitability (H) (15 mCh neurons

and 23 KD neurons; n = 3 mCh mice, n = 4 KD mice).

(I) AMPA/NMDA ratio recordings of the AD/RSC circuit in HERC1 KD mice (12 home cage and 13 training neurons; n = 3 mice each).

(J) CFC training and LTM recall test in KD and rescue groups (mCh control and HERC1 KD data from Figure 2K; KD low, n = 9 mice).

(legend continued on next page)
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memory encoding, whereas the AV/RSC circuit regulates

memory specificity. These findings indicate that neighboring

ATN subdivisions differentially contribute to a cognitive task.

AD thalamus is specifically important for contextual encoding

processes, as evidenced by loss-of-function phenotypes

observed in CFC and IA paradigms, but not in tone fear encod-

ing. Further support for this role of AD comes from the fact that

it is the only ATN subdivision that directly receives visual input

(Jankowski et al., 2013). Regarding the AD/PreSub circuit,

since we did not observe a significant contribution to our mem-

ory behavioral paradigm, it is likely that this circuit plays a bigger

role in head direction coding (Winter et al., 2015). The function of

AV thalamus in memory specificity is strengthened by the find-

ings that AV, but not AD, receives prefrontal cortex (PFC) inputs

(Figure 3D) and that PFC is important for generalization behavior

(Xu and S€udhof, 2013). Interestingly, their study showed that the

PFC/nucleus reuniens (RE) circuit is important for memory

specificity, based on which we found that PFC neurons projec-

ting to RE also send collaterals to AV, but not AD, thalamus

(Figure S7C).

Given that AD and AV converge on the same cortical region, it

is important to understand how these two excitatory inputs give

rise to distinct behavioral phenotypes at the level of RSC neu-

rons. One possibility is that distinct RSC ensembles receive input

from AD or AV neurons, for which we have obtained some

cellular-level evidence (Figures S7D and S7E). Another possibil-

ity is that AD and AV together control the level of activation of

EC-projecting RSC (i.e., RSC/EC) neurons during encoding

within a physiological range. Specifically, if the neural activity

of RSC/EC neuronswas below aminimal threshold, thenmem-

ory encoding would be impaired, whereas if their activity level

exceeded an upper limit, then memory encoding would be unaf-

fected, but there would be a decrease in specificity. Our data

support the second possibility, because we found that AD, but

not AV, provides the major excitatory drive to RSC/EC

neurons, and AV provides an important excitatory drive to VIP+

inhibitory neurons in RSC that are capable of regulating the over-

all activity of RSC/EC neurons.

Our work provides a better understanding of how anterior thal-

amus regulates cortico-entorhinal-hippocampal circuits during

memory formation. Our studies also reveal an important link be-

tween anterior thalamic dysfunction and cognitive impairments

in a subset of ASD and schizophrenia models, which may pro-

vide the foundation for developing therapeutic strategies

capable of treating cognitive impairments in multiple disorders.
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MATERIALS AVAILABILITY

Plasmids and C1QL2-IRES-Cre mice are available from the corresponding authors on request.

DATA AND CODE AVAILABILITY

Data are available from the corresponding authors on reasonable request. This study did not generate any new code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
C57BL/6J wild-type male mice were obtained from Jackson Laboratory. Experiments using CaMKII-Cre mice employed the T29-1

transgenic line (Stock No. 005359, Jackson Laboratory). Experiments using GAD2-Cre mice employed the GAD2-IRES-Cre knock-in

line (Stock No. 028867, Jackson Laboratory). Experiments using PV-Cre mice employed the B6 PVCre knock-in line (Stock No.

017320, Jackson Laboratory). Experiments using SST-Cremice employed the SST-IRES-Cre knock-in line (Stock No. 028864, Jack-

son Laboratory). Experiments using VIP-Cremice employed the VIP-IRES-Cre knock-in line (Stock No. 031628, Jackson Laboratory).

For AD neural activity labeling based on the c-fos promoter, we used the previously described c-fos-CreERT2 mouse line (Guenthner

et al., 2013). These mice are also known as FosCreER or Fos-TRAP mice in which cFos-positive neurons can be labeled by the intra-

peritoneal injection of 4-hydroxytamoxifen (4-OHT) within a user-defined time-window. For our experiments, Fos-TRAP mice were

crossed with the Cre-dependent tdTomato reporter mouse line Ai14, which were obtained from Jackson Laboratory (Stock No.

007908). All transgenic and knock-in mouse lines were maintained as hemizygotes. Mice had access to food and water ad libitum

and were socially housed in numbers of two to five littermates until surgery. Following surgery, mice were single housed. For behav-

ioral experiments, all mice were male and 3-5 months old. All experiments were conducted in accordance with U.S. National Insti-

tutes of Health (NIH) guidelines and theMassachusetts Institute of Technology Department of ComparativeMedicine and Committee

on Animal Care.

Generation of C1ql2-Cre mice
C1ql2-IRES-Cre knock-in mice were generated using cloning-free CRISPR as previously described (Aida et al., 2015). Briefly, a

C1ql2-IRES-Cre targeting vector was constructed by Gibson assembly (NEB E2621X) using IRES-Cre-pA cassette (from PL450-

IRES-Cre-pA plasmid, a kind gift from Z. Josh Huang at Cold Spring Harbor Laboratory), PCR amplified 2 kb C1ql2 homology

arms, and a pBluescript plasmid backbone. Synthetic crRNA and tracrRNA were purchased from IDT, Synthego, and Fasmac. In-

jection mixtures were prepared by mixing crRNA (CGCCCUCUAGGCCCCUAAUC for protospacer sequence, final concentration

1.22 mM) and tracrRNA (final concentration 1.22 mM) in nuclease-free water and Tris-HCl pH 7.39 (final concentration 10 mM). The

mixture was heat denatured at 94�C for 5 min, followed by re-annealing at room temperature for 10 min. EnGen Cas9 NLS, S. pyo-

genes (New England Biolabs, final concentration 60 ng ml-1) was added and themixture was incubated at 37�C for 15min, thenmixed

with the C1ql2-IRES-Cre targeting vector (final concentration 5 ng ml-1) and RAD51 protein (Abcam ab63808, final concentration

10 ng ml-1). The injection mixture was kept on ice and briefly heated to 37�C prior to injections. Female mice (4-5 weeks old,

C57BL/6NTac) were super-ovulated by intraperitoneal injection of PMS (5 IU per mouse, three days prior to microinjections) and

hCG (5 IU permouse, 47 hr after PMS injections) and then pairedwithmales. Pregnant females were sacrificed by cervical dislocation

at day 0.5 pcd, and zygotes were collected into 0.1% hyaluronidase/FHM (Sigma). Zygotes were washed in drops of FHM, and

cumulus cells were removed. Zygotes were cultured in KSOM-AA for one hour and then used for microinjections. Pronuclear micro-

injections were performed using a Narishige micromanipulator, Nikon Eclipse TE2000-S microscope, and Eppendorf 5242 microin-

jector. Individual zygotes were injected with 1-2 pl of the injection mixture using an automatic injection mode set according to needle

size and adjusted for a visible increase in pronuclear volume. Following injections, cells were cultured in KSOM-AA overnight, then

embryos were surgically implanted into pseudopregnant CD-1 females (Charles River Laboratories, strain code 022) 24 hr post-in-

jection, and allowed to develop normally until natural birth. Genomic DNA was purified from tail samples and PCR genotyped. Cre

activity and specificity were tested by injection of AAV9-EF1a-DIO-eYFP into ATN and eYFP fluorescence localized to C1QL2+ AD

neurons.

Marmosets
Common marmoset (Callithrix jacchus) monkeys were used for fluorescent in situ hybridization (FISH) experiments. Marmosets had

access to food and water ad libitum and were socially housed in numbers of two to three cage mates. Male marmosets ranging from
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4-6 years old were used for all experiments. All experiments were conducted in accordance with U.S. National Institutes of Health

(NIH) guidelines and the Massachusetts Institute of Technology Department of Comparative Medicine and Committee on Ani-

mal Care.

METHOD DETAILS

DropViz RNA-sequencing dataset
Single-cell suspensions were generated from adult male C57BL/6J mice (60-70 days old). Mouse thalamic excitatory (VGLUT2+)

neuron single-cell RNA-sequencing data is based on 89,027 cells (n = 6 mice). Detailed information regarding cell suspensions,

cell recovery rates, cell type and subtype acquisition, Drop-seq library preparation and sequencing, and quantitative analyses has

been previously described (Saunders et al., 2018).

Fluorescent in situ hybridization
Experiments used C57BL/6J mouse brain samples, virus-injected mouse brain samples, or common marmoset brain samples.

These mouse and marmoset brain samples were extracted, embedded in OCT compound (Tissue-Tek), and flash frozen in liquid ni-

trogen. A normal human donor thalamus brain sample containing ATN was obtained from Cureline Inc. This human sample was also

embedded in OCT compound and flash frozen in liquid nitrogen. Coronal sections (16 mm thickness) were prepared on a cryostat

(Leica) and stored at �80�C. FISH mRNA staining was performed using the ACD RNAScope multiplex fluorescent protocol for fresh

frozen tissue. Briefly, charged slides with mouse, marmoset, or human tissue sections were fixed in pre-chilled paraformaldehyde

(PFA) for 30 min, followed by a series of dehydration steps using 50%, 70%, and 100% ethanol. Sections were then permeabilized

with ACD protease IV for 30 min, followed by probe hybridization for 2 hr at 40�C. Fluorescent labeling of up to 3 probes per section

was performed using four steps of Amp 1-FL to Amp 4-FL. Sections were stainedwith DAPI and stored at 4�C.Mouse ACDprobes for

Cntnap2 (Cat. No. 449381), Atp1a3 (Cat. No. 432511), Gria3 (Cat. No. 426251), Mtor (Cat. No. 451651), Ywhag (Cat. No. 812981),

Herc1 (Cat. No. 871341), Cacna1g (Cat. No. 459761), C1ql2 (Cat. No. 480871), PV (Cat. No. 421931), Col25a1 (Cat. No. 538511),

rabies virus (Cat. No. 456781), Ptchd1 (Cat. No. 489651), Slc17a6 (Cat. No. 319171), Kcnj12 (Cat. No. 525171), Kcnq2 (Cat. No.

444251), Kcna1 (Cat. No. 481921), Cacna1a (Cat. No. 493141), and Cacna1b (Cat. No. 468811) were used. Marmoset ACD probes

for C1ql2 (Cat. No. 525821) and Col25a1 (Cat. No. 557651) were used. Human ACD probe for C1ql2 (Cat. No. 478011) was used.

Stained sections were imaged with a 20X magnification objective on a Leica confocal microscope. Images were processed using

ImageJ, and quantifications were performed manually from 3-5 sections per animal. All counting experiments were conducted blind

to experimental group.

Viral constructs
The following viruses were acquired from Addgene: AAVretro-Cre (specifically AAVretro-hSyn-Cre, catalog #105553-AAVrg, 7 3 1012

GC ml-1 titer), AAV9-EF1a-DIO-ChR2-eYFP (catalog #20298-AAV9, 7 3 1012 GC ml-1 titer), AAV9-CaMKIIa-ChR2-eYFP (catalog

#26969-AAV9, 1 3 1013 GC ml-1 titer), AAV9-CaMKIIa-ChR2-mCherry (catalog #26975-AAV9, 7 3 1012 GC ml-1 titer), AAV8-hSyn-

DIO-hM4Di-mCherry (catalog #44362-AAV8, 1 3 1013 GC ml-1 titer), AAV8-hSyn-DIO-mCherry (catalog #50459-AAV8, 7 3 1012

GC ml-1 titer), AAV1-hSyn-Cre (anterograde virus, catalog #105553-AAV1, 13 1013 GC ml-1 titer), AAV9-hSyn-DIO-hM3Dq-mCherry

(catalog #44361-AAV9, 1 3 1013 GC ml-1 titer), AAV8-hSyn-mCherry (catalog #114472-AAV8, 1 3 1013 GC ml-1 titer), AAV8-hSyn-

DIO-hM4Di-mCitrine (catalog #50455-AAV8, 1 3 1013 GC ml-1 titer), and AAV8-CaMKIIa-hM4Di-mCherry (catalog #50477-AAV8,

2 3 1012 GC ml-1 titer). The following Cre-Off (DO) AAV constructs were acquired from Addgene: AAV-EF1a-DO-NpHR3.0-eYFP

(plasmid #37087), AAV-EF1a-DO-eGFP (plasmid #37085), and AAV-EF1a-DO-ChETA-tdTomato (plasmid #37756). The AAV-

EF1a-DIO-C1V1-eYFP construct (plasmid #35497) was also acquired from Addgene. All these plasmids were serotyped with

AAV5 coat proteins and packaged by the Viral Core at Boston Children’s Hospital (2 3 1013 GC ml-1 viral titers). The AAV-CaMKIIa-

mCherry construct (plasmid #114469) was obtained from Addgene, serotyped with AAV8 coat proteins, and packaged by the Viral

Core at Boston Children’s Hospital (4 3 1012 GC ml-1 viral titer). The AAV-cFos-CreERT2 construct was a gift from Karl Deisseroth,

which was serotyped with AAV9 coat proteins and packaged by the Viral Core at Boston Children’s Hospital (5 3 1012 GC ml-1 viral

titer). The AAV9-EF1a-DIO-eYFP (1.2 3 1013 GC ml-1 viral titer) and AAV9-EF1a-DIO-eArch3.0-eYFP (1.6 3 1013 GC ml-1 viral titer)

viruses were acquired from the University of North Carolina (UNC) at Chapel Hill Vector Core.

Cholera toxin subunit B
To characterize neuronal populations in AD, AV, and RSC based on their projection targets, we used cholera toxin subunit B (CTB)

conjugated to Alexa 488, Alexa-555, or Alexa-647 diluted in phosphate buffered saline (PBS) solution at a final concentration of 1%wt

vol-1. DilutedCTBwas aliquoted and stored at�20�C. Formouse circuit tracing experiments, 80-300 nLCTBwas unilaterally injected

into target sites. Six days after injections, mice were perfused for histology followed by coronal/sagittal sectioning (50 mm thickness)

using a vibratome (Leica). For circuit-specific neuronal activity (i.e., cFos) experiments using mice, CTB only-, CTB and AD hM4Di-

mCh virus-, or CTB and AVNpHR-eYFP virus-injected animals went through the contextual fear conditioning (CFC) behavior protocol

30 days after injections followed by timed perfusions 60 min after behavior. For AD and AVmanipulation mice, details are provided in

the rabies virus sub-heading. CTB sections were imaged with a 20Xmagnification objective on a Leica confocal microscope. Images
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were processed using ImageJ, and quantifications were performed manually from 3-5 sections per animal. All counting experiments

were conducted blind to experimental group.

Rabies virus
To label ATN inputs to PreSub and RSC, 150 nL first generation rabies virus (RV) expressing GFP was injected into each of these

downstream targets. Five days after injections, these mice were used for FISH staining as described above. For mouse ex vivo elec-

trophysiological recordings from AD versus AV thalamic neurons, RV-GFP was injected into PreSub followed by recordings five days

later. For recordings, details are provided in the ‘‘Ex vivo electrophysiology’’ sub-heading. To identify inputs to Cre+ neurons, we used

a monosynaptic retrograde tracing approach via a Cre-dependent helper virus combined with RV technology. The first component

was an AAV vector that allowed simultaneous expression of three genes: TVA, eGFP, and RV glycoprotein (G). Briefly, this vector was

constructed by deleting the sequence between the inverse terminal repeats of pAAV-MCS (Stratagene), and replacing it with a

cassette containing the following: human synapsin-1 promoter (Syn, GenBank NG_008437); the Kozak sequence; a FLEX cassette

containing the transmembrane isoform of TVA (lacking a start codon), eGFP, and G separated by the highly efficient porcine tescho-

virus self-cleaving 2A element; the woodchuck post-transcriptional regulatory element (WPRE) and a bovine growth hormone poly-

adenylation site. This vector was termed pAAV-synP-FLEX-sTpEpB (i.e., the helper virus) and serotyped with AAVrh8 coat proteins.

The second component was a deletionmutant RV produced by replacing the eGFP gene in cSPBN-4GFPwith themCherry gene (i.e.,

the RVDG-mCherry virus, also known as the Rabies-mCh virus), which was packaged with the ASLV-A envelope protein. For tracing

experiments using different Cre mouse lines, 100 nL of the Cre-dependent helper virus was unilaterally injected into PreSub or RSC.

One week later, 100 nL of RVDG-mCherry virus was unilaterally injected into the same PreSub or RSC. Six days after the second viral

injection, mice were perfused for histology and imaging. To map brain-wide inputs to AD versus AV, 150 nL AAVretro-Cre virus was

unilaterally injected into PreSub (for AD) or RSC (for AV) combined with 100 nL Cre-dependent helper virus injections into ATN. Three

weeks later, 100 nL of RVDG-mCherry virus was unilaterally injected targeting AD (PreSub injected mice) or AV (RSC injected mice).

One week after the second viral injection, mice were perfused for histology and imaging. To identify ATN neurons that project to EC-

projecting RSC neurons, 250 nL AAVretro-Cre virus was unilaterally injected into EC combinedwith 100 nLCre-dependent helper virus

injections into RSC. Three weeks later, 100 nL of RVDG-mCherry virus was unilaterally injected into the same RSC. One week after

the second viral injection, mice were perfused for histology and imaging. RV+ coronal sections (50 mm) were imagedwith a 10X or 20X

magnification objective on an Olympus epifluorescent microscope. Images were processed using ImageJ, and quantifications were

performed manually from 3-5 sections per animal.

For brain-wide inputs to AD versus AV, tiled images were taken for entire coronal sections (every 4th section from each brain sam-

ple), which were needed for manual atlas alignment using an electronic version of the Franklin and Paxinos ‘Mouse Brain in Stereo-

taxic Coordinates’ (3rd edition). Quantifications for these brain-wide input mapping experiments were performed manually. For each

RV experiment, starter cell counts across mice were normalized, which has also been indicated in the respective figure legends. All

counting experiments were conducted blind to experimental group. A third type of RV, referred to as the second generation RV, has

been used for ex vivo electrophysiology and behavioral experiments. Specifically, this RV expresses Cre recombinase (i.e., RVdGL-

Cre) in upstream neurons. For cell body electrophysiology, RVdGL-Cre was injected into PreSub combined with a Cre-dependent

ChR2-eYFP virus in ATN, which allowed labeling of only AD neuronswithin ATNwith high specificity. This strategy to label AD neurons

was employed for CFC behavioral manipulations with a Cre-dependent hM4Di-mCherry virus, AD circuit electrophysiology with a

Cre-dependent ChR2-eYFP virus, AD/RSC circuit manipulations during behavior with either a Cre-dependent ChR2-eYFP virus

or a Cre-dependent eArch-eYFP virus, AD manipulations during behavior with a Cre-dependent hM4Di-mCherry virus for cFos an-

alyses, AD manipulations during behavior with a Cre-dependent hM4Di virus for cFos analyses in EC-projecting RSC neurons that

have been labeled with CTB, AD-specific gene knockdown (KD) experiments, AD circuit electrophysiology with a Cre-dependent

ChR2-eYFP virus in KD mice, rescue experiments in KD mice, AD behavioral manipulations with a Cre-dependent hM4Di virus for

in vivo local field potential (LFP) recordings, and simultaneous AD and AV labeling experiments. The RVdGL-Cre virus injected

into PreSub combined with a Cre-Off (DO) NpHR-eYFP virus injected in ATN allowed labeling of only AV neurons within ATN with

high specificity (i.e., because AD but not AV projects to PreSub, RVdGL-Cre in AD neurons turns off viral expression). This strategy

to label AV neuronswas employed for behavioral manipulations, AVmanipulations during behavior for cFos analyses in RSC neurons,

AV/RSC inhibition with PV or VIP activation in RSC during behavior, AVmanipulations during behavior for cFos analyses in EC-pro-

jecting RSC neurons that have been labeled with CTB, and simultaneous AD and AV labeling experiments.

In vivo genome editing
In vivo knockdown experiments targeting AD thalamus or hippocampal CA1 employed an AAVCRISPR/Cas9 approach. Single guide

RNA (sgRNA) candidates targeting Ptchd1, Ywhag,Gria3,Herc1, Atp1a3,Mtor, andCntnap2with high specificity and high efficiency

were computationally identified from sgRNA libraries for genome-wide CRISPR knockout screening (Doench et al., 2016). Three U6-

sgRNA(FE) gene fragments with the F+E tracrRNA backbone were synthesized by Integrated DNA Technologies (sequences are pro-

vided below, spacer sequences are capitalized). These fragments were cloned into the pX552-mCherry plasmid (EGFP in pX552

plasmid was replaced with mCherry, pX552 was obtained from Addgene, plasmid #60958) by Gibson assembly (NEB E2621X) to

construct pX552-3xsgRNA(FE)-mCherry. We used a previously reported sgRNA plasmid targeting Cacna1g (Li et al., 2020). These
Neuron 109, 1–14.e1–e13, August 18, 2021 e5



ll
Article

Please cite this article in press as: Roy et al., Anterior thalamic dysfunction underlies cognitive deficits in a subset of neuropsychiatric disease models,
Neuron (2021), https://doi.org/10.1016/j.neuron.2021.06.005
constructs were functionally validated in Neuro2A cells. The AAV vectors were serotyped with AAV9 coat proteins and packaged in-

house or by the Viral Core at Boston Children’s Hospital (8 3 1012 genome copy (GC) ml-1 viral titers for Ptchd1, Cacna1g).

In-house AAV production followed a previously described method (Challis et al., 2019). Briefly, sgRNA plasmids, pAdDeltaF6

(Addgene, plasmid #112867), and pAAV2/9 (Addgene, plasmid #112865) were co-transfected into HEK293T cells using polyethyle-

nimine (Cat. No. 23966-1, Polysciences). Cells were cultured in Dulbecco’s modified essential medium (DMEM, Invitrogen) contain-

ing 10% fetal bovine serum (GIBCO) and 1% penicillin-streptomycin (GIBCO) at 37�C with 5% CO2. Cells were harvested 72 hr post

transfection by 4,0003 g centrifugation at 4�C for 10 min. Virus in media was precipitated by 8% PEG8000 (Sigma). Cell pellets and

virus precipitated from media were re-suspended in digestion buffer containing 500 mM NaCl, 40 mM Tris base, and 10mMMgCl2.

Benzonas nuclease (100U, Sigma) was added in the digestion buffer and incubated at 37�C water bath for 1 hr. Next, we performed

centrifugation at 2,000 3 g for 15 min, and the supernatant was used on a discontinuous gradient of 15%, 25%, 40%, and 60% io-

dixanol in a 36.2mL ultracentrifuge tube (Optiseal Seal, Cat. No. 362183, Beckman). Ultracentrifugation was performed at 350,0003

g, 18�C for 2.5 hr. 5 mL fractions in 40% layer and 40%–60% interface was collected. These fractions were desalted using a 100 kDa

cutoff ultrafiltration tube (15 ml, Millipore). Buffer was exchanged 4 times with 1x PBS with 0.001% Pluronic F-68. AAV titers were

determined by real-time quantitative PCR (qPCR) using the primers of mCherry. Forward primer: 50 GAGTTCATCTACAAGGT

GAAGCTGCGC 30, reverse primer: 50 CTTGTAGGTGGTCTTGACCTCAGCGTC 30 (1-2.5 3 1012 GC ml-1 for Ywhag, Gria3, Herc1,

Atp1a3, Mtor, Cntnap2).

For AD targeting, these sgRNA AAVs were combined with a Cre-dependent SpCas9 AAV, which was developed by Jie Xu and

Dong Kong. The AAV-DIO-SpCas9 plasmid was serotyped with AAV9 coat proteins and packaged by the Viral Core at Boston Chil-

dren’s Hospital (2 3 1013 GC ml-1 viral titer). For these in vivo experiments, RVdGL-Cre was injected into PreSub and a 1:1 mix of

AAV9-sgRNA-mCherry:AAV9-DIO-SpCas9 was injected into ATN, which allowed for AD-specific knockdown of target genes. For

CA1 targeting, sgRNA AAVs were combined 1:1 with a constitutive AAV9-CMV-SpCas9 virus (43 1012 GCml-1 viral titer, Vector Bio-

labs). FISH was used for in vivo knockdown validation.

U6-sgPtchd1-1(FE) sequence
agtggccaactccatcactaggggttcctgcggccgcacgcgtaaggtcgggcaggaagagggcctatttcccatgattccttcatatttgcatatacgatacaaggctgttagag

agataattagaattaatttgactgtaaacacaaagatattagtacaaaatacgtgacgtagaaagtaataatttcttgggtagtttgcagttttaaaattatgttttaaaatggactatcatat

gcttaccgtaacttgaaagtatttcgatttcttggctttatatatcttgtggaaaggacgaaacaccgcTACCAGGTCGAAGAGAGCGgtttaagagctatgctggaaacag

catagcaagtttaaataaggctagtccgttatcaacttgaaaaagtggcaccgagtcggtgctttttttcccagtcacgacgttgtaaaacgacggccagtgagcgcgcgtaatacg

actcactatagg

U6-sgPtchd1-2(FE) sequence
cccagtcacgacgttgtaaaacgacggccagtgagcgcgcgtaatacgactcactataggaaggtcgggcaggaagagggcctatttcccatgattccttcatatttgcatatacg

atacaaggctgttagagagataattagaattaatttgactgtaaacacaaagatattagtacaaaatacgtgacgtagaaagtaataatttcttgggtagtttgcagttttaaaattatgttt

taaaatggactatcatatgcttaccgtaacttgaaagtatttcgatttcttggctttatatatcttgtggaaaggacgaaacaccggGTGCTTGGAGCGGTTGACCgtttaaga

gctatgctggaaacagcatagcaagtttaaataaggctagtccgttatcaacttgaaaaagtggcaccgagtcggtgctttttttagcggataacaatttcacacaggaaacagctat

gaccatgattacgccaagcgcgc

U6-sgPtchd1-3(FE) sequence
agcggataacaatttcacacaggaaacagctatgaccatgattacgccaagcgcgcaaggtcgggcaggaagagggcctatttcccatgattccttcatatttgcatatacgatac

aaggctgttagagagataattagaattaatttgactgtaaacacaaagatattagtacaaaatacgtgacgtagaaagtaataatttcttgggtagtttgcagttttaaaattatgttttaaa

atggactatcatatgcttaccgtaacttgaaagtatttcgatttcttggctttatatatcttgtggaaaggacgaaacaccgTATAATGGGCACCAACTCGGgtttaagagcta

tgctggaaacagcatagcaagtttaaataaggctagtccgttatcaacttgaaaaagtggcaccgagtcggtgcttttttttctagactgcagagggccctgcgtatgagtgcaagtg

ggttttaggaccaggatgaggcggggtg

U6-sgYwhag-1(FE) sequence
agtggccaactccatcactaggggttcctgcggccgcacgcgtaaggtcgggcaggaagagggcctatttcccatgattccttcatatttgcatatacgatacaaggctgttagag

agataattagaattaatttgactgtaaacacaaagatattagtacaaaatacgtgacgtagaaagtaataatttcttgggtagtttgcagttttaaaattatgttttaaaatggactatcata

tgcttaccgtaacttgaaagtatttcgatttcttggctttatatatcttgtggaaaggacgaaacaccgGATGGTGGACCGCGAGCAACgtttaagagctatgctggaaaca

gcatagcaagtttaaataaggctagtccgttatcaacttgaaaaagtggcaccgagtcggtgctttttttcccagtcacgacgttgtaaaacgacggccagtgagcgcgcgtaatac

gactcactatagg

U6-sgYwhag-2(FE) sequence
cccagtcacgacgttgtaaaacgacggccagtgagcgcgcgtaatacgactcactataggaaggtcgggcaggaagagggcctatttcccatgattccttcatatttgcatatacg

atacaaggctgttagagagataattagaattaatttgactgtaaacacaaagatattagtacaaaatacgtgacgtagaaagtaataatttcttgggtagtttgcagttttaaaattatgttt

taaaatggactatcatatgcttaccgtaacttgaaagtatttcgatttcttggctttatatatcttgtggaaaggacgaaacaccgCAGGAGGTTCCGTTCCTCATgtttaaga

gctatgctggaaacagcatagcaagtttaaataaggctagtccgttatcaacttgaaaaagtggcaccgagtcggtgctttttttagcggataacaatttcacacaggaaacagctat

gaccatgattacgccaagcgcgc
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U6-sgYwhag-3(FE) sequence
agcggataacaatttcacacaggaaacagctatgaccatgattacgccaagcgcgcaaggtcgggcaggaagagggcctatttcccatgattccttcatatttgcatatacgatac

aaggctgttagagagataattagaattaatttgactgtaaacacaaagatattagtacaaaatacgtgacgtagaaagtaataatttcttgggtagtttgcagttttaaaattatgttttaaa

atggactatcatatgcttaccgtaacttgaaagtatttcgatttcttggctttatatatcttgtggaaaggacgaaacaccgGAGCAGAAGACGTCTGCGGAgtttaagagct

atgctggaaacagcatagcaagtttaaataaggctagtccgttatcaacttgaaaaagtggcaccgagtcggtgcttttttttctagactgcagagggccctgcgtatgagtgcaagt

gggttttaggaccaggatgaggcggggtg

U6-sgGria3-1(FE) sequence
agtggccaactccatcactaggggttcctgcggccgcacgcgtaaggtcgggcaggaagagggcctatttcccatgattccttcatatttgcatatacgatacaaggctgttagag

agataattagaattaatttgactgtaaacacaaagatattagtacaaaatacgtgacgtagaaagtaataatttcttgggtagtttgcagttttaaaattatgttttaaaatggactatcatat

gcttaccgtaacttgaaagtatttcgatttcttggctttatatatcttgtggaaaggacgaaacaccgACGTGGTAGTTCAAATGGAAgtttaagagctatgctggaaacagc

atagcaagtttaaataaggctagtccgttatcaacttgaaaaagtggcaccgagtcggtgctttttttcccagtcacgacgttgtaaaacgacggccagtgagcgcgcgtaatacga

ctcactatagg

U6-sgGria3-2(FE) sequence
cccagtcacgacgttgtaaaacgacggccagtgagcgcgcgtaatacgactcactataggaaggtcgggcaggaagagggcctatttcccatgattccttcatatttgcatatacg

atacaaggctgttagagagataattagaattaatttgactgtaaacacaaagatattagtacaaaatacgtgacgtagaaagtaataatttcttgggtagtttgcagttttaaaattatgttt

taaaatggactatcatatgcttaccgtaacttgaaagtatttcgatttcttggctttatatatcttgtggaaaggacgaaacaccgCCTTTAAGGCTGGGCGCATCgtttaaga

gctatgctggaaacagcatagcaagtttaaataaggctagtccgttatcaacttgaaaaagtggcaccgagtcggtgctttttttagcggataacaatttcacacaggaaacagctat

gaccatgattacgccaagcgcgc

U6-sgGria3-3(FE) sequence
agcggataacaatttcacacaggaaacagctatgaccatgattacgccaagcgcgcaaggtcgggcaggaagagggcctatttcccatgattccttcatatttgcatatacgatac

aaggctgttagagagataattagaattaatttgactgtaaacacaaagatattagtacaaaatacgtgacgtagaaagtaataatttcttgggtagtttgcagttttaaaattatgttttaaa

atggactatcatatgcttaccgtaacttgaaagtatttcgatttcttggctttatatatcttgtggaaaggacgaaacaccgCAAAGCCATTTATGAGCCTGgtttaagagcta

tgctggaaacagcatagcaagtttaaataaggctagtccgttatcaacttgaaaaagtggcaccgagtcggtgcttttttttctagactgcagagggccctgcgtatgagtgcaagtg

ggttttaggaccaggatgaggcggggtg

U6-sgHerc1-1(FE) sequence
agtggccaactccatcactaggggttcctgcggccgcacgcgtaaggtcgggcaggaagagggcctatttcccatgattccttcatatttgcatatacgatacaaggctgttagag

agataattagaattaatttgactgtaaacacaaagatattagtacaaaatacgtgacgtagaaagtaataatttcttgggtagtttgcagttttaaaattatgttttaaaatggactatcatat

gcttaccgtaacttgaaagtatttcgatttcttggctttatatatcttgtggaaaggacgaaacaccgCATCTGCTGATCGGAGTCAGgtttaagagctatgctggaaacag

catagcaagtttaaataaggctagtccgttatcaacttgaaaaagtggcaccgagtcggtgctttttttcccagtcacgacgttgtaaaacgacggccagtgagcgcgcgtaatacg

actcactatagg

U6-sgHerc1-2(FE) sequence
cccagtcacgacgttgtaaaacgacggccagtgagcgcgcgtaatacgactcactataggAaggtcgggcaggaagagggcctatttcccatgattccttcatatttgcatatac

gatacaaggctgttagagagataattagaattaatttgactgtaaacacaaagatattagtacaaaatacgtgacgtagaaagtaataatttcttgggtagtttgcagttttaaaattatgt

tttaaaatggactatcatatgcttaccgtaacttgaaagtatttcgatttcttggctttatatatcttgtggaaaggacgaaacaccgACTATGGGAAACTAGGACATgtttaag

agctatgctggaaacagcatagcaagtttaaataaggctagtccgttatcaacttgaaaaagtggcaccgagtcggtgctttttttagcggataacaatttcacacaggaaacagcta

tgaccatgattacgccaagcgcgc

U6-sgHerc1-3(FE) sequence
Agcggataacaatttcacacaggaaacagctatgaccatgattacgccaagcgcgcaaggtcgggcaggaagagggcctatttcccatgattccttcatatttgcatatacgatac

aaggctgttagagagataattagaattaatttgactgtaaacacaaagatattagtacaaaatacgtgacgtagaaagtaataatttcttgggtagtttgcagttttaaaattatgttttaaa

atggactatcatatgcttaccgtaacttgaaagtatttcgatttcttggctttatatatcttgtggaaaggacgaaacaccgCCGAGATAGAATGAACAGTGgtttaagagcta

tgctggaaacagcatagcaagtttaaataaggctagtccgttatcaacttgaaaaagtggcaccgagtcggtgcttttttttctagactgcagagggccctgcgtatgagtgcaagtg

ggttttaggaccaggatgaggcggggtg

U6-sgAtp1a3-1(FE) sequence
agtggccaactccatcactaggggttcctgcggccgcacgcgtaaggtcgggcaggaagagggcctatttcccatgattccttcatatttgcatatacgatacaaggctgttagag

agataattagaattaatttgactgtaaacacaaagatattagtacaaaatacgtgacgtagaaagtaataatttcttgggtagtttgcagttttaaaattatgttttaaaatggactatcata

tgcttaccgtaacttgaaagtatttcgatttcttggctttatatatcttgtggaaaggacgaaacaccgAGGAGATCCTAGCCCGGGATgtttaagagctatgctggaaaca

gcatagcaagtttaaataaggctagtccgttatcaacttgaaaaagtggcaccgagtcggtgctttttttcccagtcacgacgttgtaaaacgacggccagtgagcgcgcgtaatac

gactcactatagg
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U6-sgAtp1a3-2(FE) sequence
cccagtcacgacgttgtaaaacgacggccagtgagcgcgcgtaatacgactcactataggAaggtcgggcaggaagagggcctatttcccatgattccttcatatttgcatatac

gatacaaggctgttagagagataattagaattaatttgactgtaaacacaaagatattagtacaaaatacgtgacgtagaaagtaataatttcttgggtagtttgcagttttaaaattatgt

tttaaaatggactatcatatgcttaccgtaacttgaaagtatttcgatttcttggctttatatatcttgtggaaaggacgaaacaccgGCCGGTGATGATCACGACTGgtttaa

gagctatgctggaaacagcatagcaagtttaaataaggctagtccgttatcaacttgaaaaagtggcaccgagtcggtgctttttttagcggataacaatttcacacaggaaacagc

tatgaccatgattacgccaagcgcgc

U6-sgAtp1a3-3(FE) sequence
agcggataacaatttcacacaggaaacagctatgaccatgattacgccaagcgcgcaaggtcgggcaggaagagggcctatttcccatgattccttcatatttgcatatacgatac

aaggctgttagagagataattagaattaatttgactgtaaacacaaagatattagtacaaaatacgtgacgtagaaagtaataatttcttgggtagtttgcagttttaaaattatgttttaaa

atggactatcatatgcttaccgtaacttgaaagtatttcgatttcttggctttatatatcttgtggaaaggacgaaacaccgCGGGGTGTGGTGGTAGCCACgtttaagagct

atgctggaaacagcatagcaagtttaaataaggctagtccgttatcaacttgaaaaagtggcaccgagtcggtgcttttttttctagactgcagagggccctgcgtatgagtgcaagt

gggttttaggaccaggatgaggcggggtg

U6-sgMtor-1(FE) sequence
agtggccaactccatcactaggggttcctgcggccgcacgcgtaaggtcgggcaggaagagggcctatttcccatgattccttcatatttgcatatacgatacaaggctgttagag

agataattagaattaatttgactgtaaacacaaagatattagtacaaaatacgtgacgtagaaagtaataatttcttgggtagtttgcagttttaaaattatgttttaaaatggactatcatat

gcttaccgtaacttgaaagtatttcgatttcttggctttatatatcttgtggaaaggacgaaacaccgAAGTGTCCCCTGCCATCGCCgtttaagagctatgctggaaacag

catagcaagtttaaataaggctagtccgttatcaacttgaaaaagtggcaccgagtcggtgctttttttcccagtcacgacgttgtaaaacgacggccagtgagcgcgcgtaatacg

actcactatagg

U6-sgMtor-2(FE) sequence
cccagtcacgacgttgtaaaacgacggccagtgagcgcgcgtaatacgactcactataggAaggtcgggcaggaagagggcctatttcccatgattccttcatatttgcatatac

gatacaaggctgttagagagataattagaattaatttgactgtaaacacaaagatattagtacaaaatacgtgacgtagaaagtaataatttcttgggtagtttgcagttttaaaattatg

ttttaaaatggactatcatatgcttaccgtaacttgaaagtatttcgatttcttggctttatatatcttgtggaaaggacgaaacaccgCTGCGTGGTGAGAATCAGACgtttaa

gagctatgctggaaacagcatagcaagtttaaataaggctagtccgttatcaacttgaaaaagtggcaccgagtcggtgctttttttagcggataacaatttcacacaggaaacagc

tatgaccatgattacgccaagcgcgc

U6-sgMtor-3(FE) sequence
agcggataacaatttcacacaggaaacagctatgaccatgattacgccaagcgcgcaaggtcgggcaggaagagggcctatttcccatgattccttcatatttgcatatacgatac

aaggctgttagagagataattagaattaatttgactgtaaacacaaagatattagtacaaaatacgtgacgtagaaagtaataatttcttgggtagtttgcagttttaaaattatgttttaaa

atggactatcatatgcttaccgtaacttgaaagtatttcgatttcttggctttatatatcttgtggaaaggacgaaacaccgGACGTTGATGCAGAAGGTAGgtttaagagct

atgctggaaacagcatagcaagtttaaataaggctagtccgttatcaacttgaaaaagtggcaccgagtcggtgcttttttttctagactgcagagggccctgcgtatgagtgcaag

tgggttttaggaccaggatgaggcggggtg

U6-sgCntnap2-1(FE) sequence
agtggccaactccatcactaggggttcctgcggccgcacgcgtaaggtcgggcaggaagagggcctatttcccatgattccttcatatttgcatatacgatacaaggctgttagag

agataattagaattaatttgactgtaaacacaaagatattagtacaaaatacgtgacgtagaaagtaataatttcttgggtagtttgcagttttaaaattatgttttaaaatggactatcatat

gcttaccgtaacttgaaagtatttcgatttcttggctttatatatcttgtggaaaggacgaaacaccgGAGCTGCTGAAGGACACATGgtttaagagctatgctggaaacag

catagcaagtttaaataaggctagtccgttatcaacttgaaaaagtggcaccgagtcggtgctttttttcccagtcacgacgttgtaaaacgacggccagtgagcgcgcgtaatacg

actcactatagg

U6-sgCntnap2-2(FE) sequence
cccagtcacgacgttgtaaaacgacggccagtgagcgcgcgtaatacgactcactataggAaggtcgggcaggaagagggcctatttcccatgattccttcatatttgcatatac

gatacaaggctgttagagagataattagaattaatttgactgtaaacacaaagatattagtacaaaatacgtgacgtagaaagtaataatttcttgggtagtttgcagttttaaaattatgt

tttaaaatggactatcatatgcttaccgtaacttgaaagtatttcgatttcttggctttatatatcttgtggaaaggacgaaacaccgATCAGTGCCATTGCAACCCAgtttaa

gagctatgctggaaacagcatagcaagtttaaataaggctagtccgttatcaacttgaaaaagtggcaccgagtcggtgctttttttagcggataacaatttcacacaggaaacagc

tatgaccatgattacgccaagcgcgc

U6-sgCntnap2-3(FE) sequence
agcggataacaatttcacacaggaaacagctatgaccatgattacgccaagcgcgcaaggtcgggcaggaagagggcctatttcccatgattccttcatatttgcatatacgatac

aaggctgttagagagataattagaattaatttgactgtaaacacaaagatattagtacaaaatacgtgacgtagaaagtaataatttcttgggtagtttgcagttttaaaattatgttttaaa

atggactatcatatgcttaccgtaacttgaaagtatttcgatttcttggctttatatatcttgtggaaaggacgaaacaccgAGGTCACATCGGGCTGCGTGgtttaagagct

atgctggaaacagcatagcaagtttaaataaggctagtccgttatcaacttgaaaaagtggcaccgagtcggtgcttttttttctagactgcagagggccctgcgtatgagtgcaagt

gggttttaggaccaggatgaggcggggtg
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Mouse surgery and optic fiber implants
Animals were anesthetized with isoflurane for stereotaxic injections, and were given 1 mg kg-1 meloxicam as analgesic prior to in-

cisions. Injections were targeted to PreSub (�3.8 mm AP, +/� 1.75 mm ML, �1.7 mm DV), RSC (�2.46 mm AP, +/� 0.25 mm

ML, �0.9 mm DV), ATN (�0.55 mm AP, +/� 0.9 mm ML, �3.15 mm DV), AD (�0.7 mm AP, +/� 0.75 mm ML, �2.75 mm DV), AV

(�0.58 mm AP, +/� 1.1 mm ML, �3.25 mm DV), EC (�4.75 mm AP, +/� 3.35 mm ML, �3 mm DV), hippocampal CA1 (�2.1 mm

AP, +/� 1.5 mm ML, �1.4 mm DV), RE (�0.58 mm AP, +/� 0.25 mm ML, �4.25 mm DV), and PFC (+1.94 mm AP, +/� 0.4 mm

ML, �2.9 mm DV). Standard injection volumes were 200 nL for PreSub and RSC, 300 nL for ATN, 125 nL for AD and AV, 300 nL

for EC, 400 nL for CA1, 250 nL for RE, and 300 nL for PFC. Except for certain retrograde tracing experiments (listed in the rabies virus

sub-heading), all other experiments employed these standard injection volumes. CTB/viruses were injected at 70 nL min-1 using a

glass micropipette attached to a 10 mL Hamilton microsyringe. The needle was lowered to the target site and remained for 5 min

before beginning the injection. After the injection, the needle stayed for 10 min before it was withdrawn. For behavioral manipulation

experiments using optogenetics, single mono-fiber implants (200 mm core diameter, Newdoon) were lowered either above injection

sites or terminals bilaterally (AV, �0.58 mm AP, +/� 1.1 mmML, �3.1 mm DV; RSC, �2.46 mm AP, +/� 0.25 mmML, �0.7 mm DV;

PreSub (�3.8 mm AP, +/� 1.75 mm ML, �1.85 mm DV); EC, �4.65 mm AP, +/� 3.35 mm ML, �2.25 mm DV). The implant was

secured to the skull with two jewelry screws, adhesive cement (C&B Metabond), and dental cement. Mice were given 1-2 mg kg-1

sustained-release buprenorphine as analgesic after surgeries and allowed to recover for at least 2 weeks before behavioral exper-

iments. All injection sites were verified histologically. As criteria, we only included mice with virus expression limited to the targeted

regions.

Immunohistochemistry
Mice were dispatched using an overdose of isoflurane and transcardially perfused with PBS, followed by 4% paraformaldehyde

(PFA). Brains were extracted and incubated in 4% PFA at room temperature overnight. Brains were transferred to PBS and

50 mm coronal slices were prepared using a vibratome. For immunostaining, each slice was placed in PBS + 0.2% Triton X-100

(PBS-T), with 5% normal goat serum for 1 hr and then incubated with primary antibody at 4�C for 24 hr. Slices then underwent three

wash steps for 10 min each in PBS-T, followed by a 2 hr incubation with secondary antibody. After three more wash steps of 10 min

each in PBS-T, slices were mounted on microscope slides. Antibodies used for staining were as follows: rabbit anti-C1QL2 (1:500,

Thermo Fisher) and anti-rabbit Alexa 488 (1:500), chicken anti-GFP (1:1000, Life Technologies) and anti-chicken Alexa 488 (1:1000),

rabbit anti-RFP (1:1000, Rockland) and anti-rabbit Alexa-555 (1:500), rabbit anti-cFos (1:500, Cell Signaling Technology) and anti-

rabbit Alexa 488 or Alexa-555 (1:300), and nuclei were stained with DAPI (1:3000, Sigma). To visualize rabies virus starter cells,

GFP antibody staining was performed. To visualize ChR2-expressing terminals in ATN, both GFP and RFP antibody staining was

performed. To visualize AD hM4Di-mCherry terminals in RSC, RFP antibody staining was performed. To visualize ChR2-eYFP ter-

minals in ATN, GFP antibody staining was performed. To visualize AD and AV cell body labeling in ATN, both GFP and RFP antibody

staining was performed. All analyses were performed blind to the experimental conditions.

Fos-TRAP activity-dependent labeling
For activity-dependent labeling experiments, as mentioned above FosTRAP mice crossed to Ai14 reporter mice were employed.

4-hydroxytamoxifen (4-OHT, Sigma-Aldrich) was dissolved in 100% ethanol solution by shaking at 37�C for 20-30 min. One-part

castor oil to four parts sunflower oil was combined to prepare the oil mixture that would eventually be injected intraperitoneally

(IP) into themouse. Dissolved 4-OHTwas combined with the oil mixture, followed by ethanol evaporation using a centrifuge. The final

concentration of 4-OHT dissolved in the oil mixture was 10 mg ml-1. For each mouse, optimal activity-dependent labeling was

achieved using a target concentration of 30-40 mg kg-1. One hour prior to the behavioral epoch of interest, mice were injected

with 4-OHT. Following behavior experiments, micewere returned to their home cages and remained undisturbed for at least 72 hours,

after which they were perfused for histological analyses.

Chemogenetic and optogenetic experiments
For chemogenetic (i.e., hM4Di or hM3Dq) neuronal activitymanipulation experiments, we used the second-generation agonist known

as compound 21 (C21). This agonist was purchased in a water-soluble dihydrochloride form (Hello Bio). For each mouse, optimal

chemogenetic activity was achieved using a target concentration of 2 mg kg-1 (injected IP), 45 min before the behavioral epoch of

interest. The exception to this target concentration was for low (0.6 mg kg-1) versus regular (2 mg kg-1) dose experiments in PTCHD1

KD mice, and low dose experiments in YWHAG and HERC1 KD mice. For optogenetic neuronal activity manipulation experiments,

ChR2 was activated at 20 Hz (15 ms pulse width) with a 473 nm laser (10-15 mW, blue light), eArch and NpHR was activated with a

570 nm laser (10mW, constant green light), C1V1 was activated at 20 Hz (15ms pulse width) with a 570 nm laser (10mW, green light),

and ChETA was activated at 20 Hz (15 ms pulse width) with a 410 nm laser (10 mW, blue light).

Cell counting
For details regarding quantification of RV tracing experiments, please refer to the rabies virus sub-heading. Unless specified, brain

sections were imaged with a 20X magnification objective on a Leica confocal microscope. Images were processed using ImageJ,

and quantifications were performed manually from 3-5 sections per animal. All counting experiments were conducted blind to
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experimental group. Researcher 1 trained the animals, prepared slices, and randomized images, while Researcher 2 performed cell

counting. Percentage of PreSub-projecting (CTB555) AD neurons that send collaterals to RSC (CTB488) was calculated as

((CTB488+ CTB555+) / (Total CTB555+)) 3 100. The percentage of retrogradely-labeled (by RV) AD neurons that express the marker

C1ql2 was calculated as ((RV+ C1ql2+) / (RV+))3 100. To quantify the number of neurons in each brain region projecting to AD or AV

neurons, RV-mCherry+ neurons in each upstream target structure were counted from all coronal slices containing the structure per

mouse. To quantify the number of activated (cFos+) neurons in Fos-TRAP/Ai14 mice, tdTomato+ neurons in AD thalamus weremanu-

ally counted from home cage, CFC training, and immediate shock groups. To quantify neuronal activity in RSC/CA1, cFos+ neurons

were manually counted from specified behavioral groups. These active neuron cell counts were normalized to the number of DAPI+

cells in the field of view. Percentage of retrogradely-labeled (CTB+) neurons that are activated (cFos+) was calculated as ((CTB+

cFos+) / (Total CTB555+)) 3 100. Percentage of PV-Cre or VIP-Cre (eYFP+) neurons that are activated (cFos+) was calculated as

((eYFP+ cFos+) / (Total eYFP+))3 100. To quantify the number of neurons in AV thalamus that project to PV+, SST+, or VIP+ inhibitory

neurons in RSC, RV-mCherry+ neurons in AV were manually counted. Percentage of Slc17a6+ neurons in AD that express themarker

C1ql2was calculated as ((Slc17a6+ C1ql2+) / (Total Slc17a6+))3 100. Percentage of RSC neurons that receive both AD input (eYFP+)

and AV input (cFos+) was calculated as ((eYFP+ cFos+) / (eYFP+))3 100. Similarly, for risk gene KD experiments, fluorescence inten-

sity wasmeasured in AD or CA1 using ImageJ. These values were averaged and compared betweenmCh control and KDmice. Data

were analyzed using Microsoft Excel with the Statplus plug-in or Prism 6 software.

Ex vivo electrophysiology
Slice preparation

All ex vivo experiments were conducted blind to experimental group. Researcher 1 trained the animals and administered drug, while

Researcher 2 dispatched the animals and conducted physiological recordings. Mice (8-12 weeks old) were anesthetized with isoflur-

ane, decapitated, and brains were quickly removed. For AMPA/NMDA ratio recordings, coronal slices (300 mm thick) were prepared

in an oxygenated cutting solution at 4�C by using a vibratome (Leica). The cutting solution contained (in mM): 30 NaCl, 4.5 KCl, 1.2

NaH2PO4, 194 sucrose, 26 NaHCO3, 10 D-glucose, 0.2 CaCl2, 8 MgSO4, and saturated with 95%O2 - 5%CO2 (pH 7.3, osmolarity of

350 mOsm). Slices were recovered in ACSF at 33�C (+/� 0.5�C) for 15 min and then kept at room temperature for 1 hr before record-

ings. The ACSF contained (in mM): 119 NaCl, 2.3 KCl, 2.5 CaCl2, 1.3 MgSO4, 26.2 NaHCO3, 1 NaH2PO4, 11 D-glucose, and saturated

with 95% O2 - 5% CO2 (pH 7.3, osmolarity of 300 mOsm). For all other recordings, the brain was quickly removed and placed in ice-

cold ACSF consisting of (in mM): 125 NaCl, 3 KCl, 1.25 NaH2PO4, 2 MgSO4, 2 CaCl2, 25 NaHCO3, and 10 D-glucose. Slices were

stored for 30 min at 33�C (+/� 0.5�C) and then kept at room temperature until recording.

Electrophysiological recordings

Whole cell recordings in current clamp- or voltage clamp-mode were performed using an IR-DIC microscope (Olympus) with a water

immersion 40X objective (NA 0.8), equipped with four automatic manipulators (Luigs and Neumann) and a CCD camera (Hamamatsu

Co). For all recordings, borosilicate glass pipettes were fabricated (Sutter Instrument) with resistances of 3.5 to 5 MU. The AMPA/

NMDA ratio measurements were performed by adding 100 mM picrotoxin (Tocris) in the extracellular solution, and voltage clamp re-

cordings were performed using the following intracellular solution (in mM): 120 cesium methansulfonate, 10 HEPES, 1.1 EGTA, 5

NaCl, 1.1 TEA-Cl, 4 Mg-ATP, 0.3 Na-GTP, 4 QX314, and 0.5% biocytin. The osmolarity of this intracellular solution was 298

mOsm and the pH was 7.2. AMPA/NMDA ratio is defined as the ratio of the EPSC peak at �70 mV to the EPSC magnitude

at +40 mV (50 ms following stimulation). To measure calcium currents (CaV2.1, CaV2.2), patch pipettes were filled with a solution

containing the following (in mM): 103 CsCl, 12 CsOH, 12methanesulfonic acid, 4 NaCl, 5 TEA-Cl, 10 HEPES, 0.5 EGTA, 10 phospho-

creatine, 5 lidocaine N-ethyl chloride, 4 ATP magnesium salt, and 0.3 GTP sodium salt. pH was adjusted to 7.2-7.4 with KOH, and

osmolarity was adjusted to 298-300mOsmwith K2SO4. Neurons were held at�80mV and stepped from�60mV to +20mV in 10mV

increments, in the presence of TTX (1 mM), picrotoxin (100 mM), 4AP (1 mM), tetraethylammonium chloride (10 mM), and cesium chlo-

ride (2 mM). Calcium currents were recorded before and after application of u-Conotoxin GVIA (200 nM), and further addition of

u-Agatoxin IVA (100 nM). CaV2.1 currents were the component blocked by u-Agatoxin IVA, while CaV2.2 currents were the compo-

nent blocked by u-Conotoxin GVIA. For other recordings, pipettes were filled with the following intracellular solution (in mM): 110

K-gluconate, 40 KCl, 10 HEPES, 3 ATP, 0.5 GTP, 0.2 EGTA, and 0.5% biocytin. The osmolarity of this intracellular solution was

290 mOsm and the pH was 7.25. To measure potassium current (Kir2.2), neurons were held at �60 mV and stepped to �140 mV

in 10 mV increments, in the presence of TTX (1 mM), before and after Ba2+ (10 mM) application. Kir2.2 currents were the component

blocked by Ba2+. For mEPSC recordings, neurons were clamped at �70 mV in the presence of TTX (1 mM) and picrotoxin (100 mM).

Synaptic currents were analyzed with the Mini Analysis Program (Synaptosoft). A series of 500 ms suprathreshold currents of

50-300 pA were used to quantify the excitability with holding at �55 mV. Membrane time constant (tau) was measured with a single

exponential fit of the voltage deflection produced by a small hyperpolarizing current injection from the holding potential (�70 mV).

Input resistance (Rin) was calculated as the slope of linear fits of current-voltage plots generated from a series of increasing current

injection steps. Shape parameters were measured from the first action potential with 200 ms current injection (from the holding

potential of �70 mV). Ih-induced sag currents were evoked by brief injections of hyperpolarizing currents in current clamp mode.

To compare sag amplitudes between different groups, amplitudes of the current injections were adjusted in each cell to result in

the same peak hyperpolarization, and the sag amplitude was determined as the repolarization from the peak to a steady state, during

the entire length of current injection. Recordings were amplified using up to two dual channel amplifiers (Molecular Devices), filtered
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at 2 kHz, digitized (20 kHz), and acquired through an ADC/DAC data acquisition unit (Instrutech) using custom software running on

Igor Pro (Wavemetrics). Access resistance (RA) was monitored throughout the duration of the experiment and data acquisition was

suspendedwhenever RAwas beyond 20MU. For recordings after CFC training, anesthesia and slice preparation was initiated 45min

after the behavioral epoch. For recordings related to the excitability rescue in KD mice, C21 was injected IP 1 hr prior to anesthesia

and slice preparation.

Optogenetic stimulation during recordings

Optogenetic stimulation was achieved through Polygon400 (Mightex) with built-in LED sources (470 nm or 590 nm). Light power on

the sample was 20 mW/mm2. To test ChR2 expression, slices were stimulated with 5 Hz blue light pulses. To test NpHR function,

continuous green light was delivered to the slices. To test synaptic connections, slices were stimulated with a single light pulse of

1 s, repeated 10 times every 5 s, and the average response was computed. The monosynaptic glutamatergic nature of a connection

was confirmed by sequential bath application of 1 mMTTX (Tocris), 100 mM4AP (Tocris), and 10 mMCNQX (Tocris). Paired-pulse ratio

refers to the ratio of the peak of the second EPSC to the peak of the first EPSC using a 50 ms interstimulus interval.

Post hoc immunohistochemistry

Recorded cells were filled with biocytin and subsequently recovered for brain region and/or cell type verification. Slices were first

incubatedwith 4%PFA for 16 hr at 4�C. After washingwith 0.5%Triton X-100 in PBS, slices were incubated in 5%normal goat serum

for 2 hr. Following serum, slices were incubated in streptavidin CF555 (1:200, Biotium) for 2 hr at room temperature. Beforemounting,

slices were incubated with DAPI (1:3000) for 30 min.

In vivo LFP recordings
Surgical procedure

C57BL/6J male mice (25-35 g, 10-16 weeks of age, Jackson Laboratory) were used for LFP recordings using chronically implanted

electrodes. Mice were group housed before implantation surgeries but housed individually after in order to minimize damage to the

implants. Animals were initially anesthetized with 5% isoflurane andmaintained under anesthesia with 1%–2% isoflurane during sur-

gery. Implantable LFP electrodes made by teflon-coated tungsten microwires (50 mm, A-M Systems) were targeted to AD (�0.7 mm

AP, +/� 0.75mmML,�2.75mmDV), RSC (�2mmAP, +/� 0.25mmML,�1.1 mmDV), and PreSub (�3.8 mmAP, +/� 1.75mmML,

�1.7 mm DV). LFP electrodes were coated with DiI555 (Thermo Fisher Scientific) prior to implantation, which provided a fluorescent

track for post hoc electrode tip verification in brain sections. The reference and ground screws with wire lead (Pinnacle Technology)

were targeted to the occipital skull. All electrodes were secured with dental cement and connected to a headmount (Pinnacle Tech-

nology) in combinationwith EMG leads for detecting sleep-wake status during LFP recordings. Animals recovered for at least 10 days

post-surgery before LFP recordings during behavior. For pre versus post CFC training LFP recordings, mice that were previously

being recorded in their home cages were carefully unplugged, followed by behavioral procedures. Immediately after behavior

(�5 min later), mice were plugged back into the LFP recording system for data collection. For circuit recordings, electrodes were

targeted to AD and RSC or AD and PreSub on one hemisphere. As criteria, we only included mice with DiI555 electrode tip staining

limited to the targeted regions.

Data acquisition and processing

LFP signals were amplified, digitized continuously at 1 kHz using a tethered recording system with a differential amplifier (Pinnacle

Technology) in awake, freely moving mice, and acquired (Pinnacle Sirenia acquisition software) for offline analysis using MATLAB

(MathWorks). Spectral power was calculated in 0.5 Hz bins (fast Fourier transform with Hamming windows) with artifact-free LFP

signals based on the following frequency bands: delta (1-4 Hz), theta (6-10 Hz), beta (12-30 Hz), and gamma (30-100 Hz). The coher-

ence between two signals x(t) and y(t) were calculated as a function of the power spectral density of x and y (Pxx and Pyy), and the

cross power spectral density of x and y (Pxy) with values between 0 and 1 for verifying x and y correspondence at each frequency.

Inter-regional (AD/RSC) cross-frequency phase-amplitude coupling was calculated as previously described (Tort et al., 2010). The

modulation index (MI) is a measure of the magnitude with which the phase of low-frequency rhythms (1-12 Hz) modulates the ampli-

tude of high-frequency rhythms (20-100Hz). MI was evaluated in 1 Hz frequency bins. Instantaneous phase and amplitude time series

data were calculated by Hilbert transformation of band-pass-filtered LFP signals (zero phase filtering with a finite impulse response

(FIR) filter of order 60, 3- and 2-Hz bandwidths for phase and amplitude frequencies, respectively).

Behavior assays
Experiments were conducted during the light cycle (7 am to 7 pm). Mice were randomly assigned to experimental groups for specific

behavioral assays immediately after surgery. Mice were habituated to investigator handling for 1-2 minutes on three consecutive

days. Handling took place in the holding room where the mice were housed. Prior to each handling session, mice were transported

by wheeled cart to and from the vicinity of the behavior rooms to habituate them to the journey. All behavior experiments were

analyzed blind to experimental group. Unpaired Student’s t tests were used for independent group comparisons, with Welch’s

correction when group variances were significantly different, or ANOVA followed by Bonferroni post hoc tests were used. Given

behavioral variability, assays were performed using a minimum of 6-10 mice per group to ensure adequate power for any observed

differences. Following behavioral protocols, brain sections were prepared to confirm efficient viral labeling in target areas. Animals

lacking adequate labeling were excluded prior to behavior quantification.
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Open field exploration

Spontaneous motor activity was measured in an open field arena (403 403 30 cm) for 20 min. Mice were transferred to the testing

room and acclimated for 30 min before the test session. During the testing period, lighting in the room was turned off. The apparatus

was cleaned with quatricide before and between runs. Total movement (distance traveled) in the arena was quantified using an auto-

mated infrared (IR) detection system (Omnitech Digiscan, AccuScan Instruments). To test the effect of different optogenetic manip-

ulations on locomotion, mice were plugged into the laser source and light was turned on once the animals were placed into the arena.

Recordings were performed for 10 min. Raw data were extracted and analyzed using Microsoft Excel.

Rotarod motor coordination

Controlledmotor coordination wasmeasured in a rotarod apparatus (Med Associates). Micewere transferred to the testing room and

acclimated for 15 min before the test session. Mice were placed on the rod, which accelerated from 4-40 rpm, until they fell (this time

was provided by the apparatus and recorded as latency to fall for each trial). Each mouse was tested for three trials in a single day,

with about 15 min between trials. Raw data were recorded and analyzed using Microsoft Excel.

Contextual fear conditioning

Two distinct contexts were employed. The conditioning context was a 293 253 22 cm chamber with grid floors, dim white lighting,

and scented with 0.25% benzaldehyde. The neutral context consisted of a 293 253 22 cm chamber with white perspex floors, red

lighting, and scented with 1% acetic acid. All mice were conditioned (120 s exploration, one 0.65 mA shock of 2 s duration at 120 s,

60 s post-shock period, second 0.65 mA shock of 2 s duration at 180 s, 60 s post-shock period), and tested (3 min) one day later.

Twenty-four hours after the recall test on day 2, the neutral context test (3 min) was performed (i.e., neutral context tests were always

on day 3). Experiments showed no generalization in the neutral context for wild-type/control mice. Floors of chambers were cleaned

with quatricide before and between runs. Mice were transported to and from the experimental room in their home cages using a

wheeled cart. For immediate shock controls, animals were placed in the conditioning chamber, received a 2 s foot shock after

the first 5 s and then were immediately removed from the chamber. For experiments that included optogenetic manipulations, the

behavior chamber ceilings were customized to hold a rotary joint (Doric Lenses) connected to two 0.3 m optic fibers. All mice had

optic fibers attached to their optic fiber implants prior to training and recall tests. Since optogenetic manipulations (i.e., optic fibers)

interfered with automated motion detection, freezing behavior was manually quantified for all experiments.

Inhibitory avoidance

A 293 253 22 cm unscented chamber with square ceilings and intermediate lighting was used. The chamber consisted of two sec-

tions, one with grid flooring and the other with a white platform. During the training session (1 min), mice were placed on the white

platform, which is the less preferred section of the chamber (relative to the grid section). Once mice entered the grid section of the

chamber (all four feet), 0.65 mA shocks of 2 s duration were delivered. On average, each mouse received 2-3 shocks per training

session. After 1 min, mice were returned to their home cage. The next day, total time on the white platform was manually quantified

(3 min test).

Innate avoidance

Innate avoidance behavior in response to 2,3,5-trimethyl-3-thiazoline (TMT), a component of fox feces, was measured. Mice were

placed in the center of a 40 3 30 cm Plexiglass arena, which contained four small dishes (3 cm diameter) in each of the corners.

Mice were first habituated to the arena for 10 min. During trial 1, mice were allowed to explore the arena in which all four dishes con-

tained 1x PBS (0.5 mL each) for 15 min. The preferred corner was recorded for the subsequent trial for each mouse. Approximately

30min after trial 1, micewere returned to the arena in which their preferred corner now had 5%TMT (colorless) instead of 1x PBS (trial

2). Mice were once again allowed to explore the area for 15 min, after which they were returned to their home cages. Relative to the

time spent in their preferred corner during trial 1, time spent in this same corner during trial 2 was manually quantified (i.e., avoidance

behavior). The arena was rotated between mice, and to make sure that the TMT odor did not persist between mice these tests were

performed in the fume hood.

Tone fear conditioning

The conditioning context was a 293 253 22 cm chamber with grid floors, bright white lighting, and scented with 1% acetic acid. The

recall test context consisted of a 30 3 25 3 33 cm chamber with white perspex floors, red lighting, and scented with 0.25% benz-

aldehyde. Mice were conditioned (120 s exploration, 10 s tone co-terminating with a 0.65 mA shock of 2 s duration, 60 s post-shock

period, repeated 2more times). Memory recall was tested (1min exploration, 60 s tone, 60 s post-tone period, repeated 2more times)

one day later. The tone was calibrated to 75 dB SPL, with a frequency of 5 kHz. Experiments showed no generalization in the recall

test context during the initial exploration period. Freezing behavior was manually quantified.

Spatial working memory: T-maze

For spatial working memory behavior, we used the delayed non-match-to-place (DNMP) T-maze protocol. Mice selected for this

paradigm were food deprived until they reached 85% of their initial body weight. During food deprivation, mice were habituated

to the sugar pellets (20 mg), which would subsequently be used as a reward in the T-maze. Mice were habituated to the T-maze

for 10 min. During habituation to the maze, sugar pellet rewards were placed in the reward cups (2.5 cm diameter) at the end of

each arm, and were replaced as they were consumed. The behavioral training consisted of ten trials per day with each trial having

two separate runs (Sample and Choice runs). The first run in each trial was the Sample run, in which mice were placed in the stem of

the T-maze and allowed to run to the end of one arm of the maze (the other arm was closed off). This open arm was rewarded. After

reward consumption, mice were returned to their home cage for �30 s when the T-maze was quickly cleaned and both arms were
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opened. Mice were once again placed in the stem of the T-maze and during this Choice runmice were allowed to choose which of the

two arms to visit. The opposite arm from the one visited during the previous Sample run was rewarded. If the mouse chose the incor-

rect arm (i.e., the previous arm), it was blocked in that arm for a 30 s punishment. Following this Sample and Choice run procedure for

a single trial, each mouse performed nine more trials per day with an inter-trial interval of 20 min. Mice were manually scored on the

percentage of time that theymade a successful alternation and howmany days until they reached a daily success rate of over 70% for

two consecutive days (referred to as days to criterion). Once they reached criterion, the next two days were used for testing animals’

success rate when the delay between Sample and Choice runs was 10 s (ten trials per day). Their performance in the 10 s delay con-

dition was an average of these two test days. Similarly, the following two days were used for testing animals’ success rate when the

delay between Sample and Choice runs was 60 s (ten trials per day), which was a more demanding version of this task.

Cocaine-induced conditioned place preference

The conditioned place preference (CPP) behavior chamber was a rectangular arena (423 15 cm), divided into three quadrants (left,

middle, right). The left and right quadrants were 15 cm long, while the middle quadrant was 12 cm long. The left quadrant had wide

grid floors and a pattern (series of parallel lines) on the wall. The right quadrant had white smooth polypropylene floors and a pattern

(series of circles) on the wall. On day 1 (pre-exposure), mice were allowed to explore the entire arena for 30min. Experiments showed

no preference to any one quadrant. On day 2 (training), mice were confined to the left or right quadrants for 10 min following cocaine

(20 mg kg-1) or saline intraperitoneal administration in addition to receiving optogenetic light activation for the entire session. This

10min session was repeated twice with an inter-trial interval of 3 hr. On days 3-7 (training continued), mice were conditioned in oppo-

site quadrants in an alternating manner (i.e., cocaine left-saline right-cocaine left, etc) until every mouse received 3 cocaine- and 3

saline-pairing days. For every behavioral cohort, half the mice were conditioned with cocaine in the left quadrant, while the remaining

mice received cocaine in the right quadrant. On day 8, memory recall was measured by preference to the left or right quadrant

(10 min), without optogenetic light activation. All sessions were performed with dim white lighting. On day 9, generalization behavior

was measured using a modified CPP chamber (10 min), without optogenetic light activation. Specifically, in this modified chamber,

the left quadrant had thin grid floors and a pattern (series of squares) on the wall, while the right quadrant had smooth black floors and

a pattern (series of triangles) on the wall, and the room had bright white lighting. Mouse behavior, specifically position tracking

and duration, was recorded using an automated infrared (IR) detection system (EthoVision XT, Noldus). Raw data were extracted

and analyzed using Microsoft Excel.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as mean values accompanied by SEM. No statistical methods were used to predetermine sample sizes. Data

analysis was performed blind to the conditions of the experiments. Data were analyzed using Microsoft Excel with the Statplus

plug-in and Prism 6 software. One-way ANOVA followed by Bonferroni post hoc tests, two-way ANOVA with repeated-measures

followed by Bonferroni post hoc tests, two-tailed unpaired t tests, and paired t tests were used to test for statistical significance

when appropriate. Statistical parameters including the exact value of n, precision measures (mean ± SEM), and statistical

significance are reported in each main and supplementary figure legend. The significance threshold was placed at a = 0.05 (NS,

p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001).
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