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SUMMARY

Observational learning is a powerful survival tool al-
lowing individuals to learn about threat-predictive
stimuli without directly experiencing the pairing of
the predictive cue and punishment. This ability has
been linked to the anterior cingulate cortex (ACC)
and the basolateral amygdala (BLA). To investigate
how information is encoded and transmitted through
this circuit, we performed electrophysiological re-
cordings in mice observing a demonstrator mouse
undergo associative fear conditioning and found
that BLA-projecting ACC (ACC/BLA) neurons pref-
erentially encode socially derived aversive cue infor-
mation. Inhibition of ACC/BLA alters real-time
amygdala representation of the aversive cue during
observational conditioning. Selective inhibition of
the ACC/BLA projection impaired acquisition, but
not expression, of observational fear conditioning.
We show that information derived from observation
about the aversive value of the cue is transmitted
from the ACC to the BLA and that this routing of infor-
mation is critically instructive for observational fear
conditioning.
INTRODUCTION

Animals use direct sensory experiences to learn about aversive

stimuli and the novel cues that predict them. However, learning

aversive associations through direct experience (e.g., smells or

colors predicting predation or poisonous food) can be life-threat-

ening. Thus, the ability to learn through observing the experi-

ences of others and to extract predictive information about po-

tential threats is critical to evolutionary fitness.
Observational learning broadly describes any type of learning

aided by observation of another individual. For humans, obser-

vational learning represents a critical means by which we learn

about the world (Baeyens et al., 1996; Heyes and Dawson,

1990; Hopper et al., 2008; Meltzoff and Moore, 1977), and this

highly conserved innate learning ability may form the basis for

more complex behaviors, such as empathy and altruism (Bas-

tiaansen et al., 2009; Panksepp and Lahvis, 2011; Preston and

de Waal, 2002).

Observational learning, emotional contagion, and other

related behaviors also have been demonstrated experimentally

in other animal species, including rodents. For example, rodents

display defensive behaviors when in the presence of conspe-

cifics undergoing aversive experiences (Atsak et al., 2011;

Chen et al., 2009; Church, 1959; Kim et al., 2010; Pereira et al.,

2012), and mice that observe demonstrators undergoing nega-

tive experiences show increased depression-like and anxiety-

like behaviors (Warren et al., 2013). In addition, rodents are

also capable of observational fear learning; the ability to learn

about novel stimuli in the environment that are predictive of aver-

sive consequences without directly experiencing them (Bruchey

et al., 2010; Guzmán et al., 2009; Jeon et al., 2010; Kim et al.,

2012; Twining et al., 2017; Yusufishaq and Rosenkranz, 2013).

Here, we define observational fear conditioning as the acqui-

sition of an association between a conditioned stimulus and a

punishment that may have each been directly experienced, but

never temporally paired in a contingent manner, except through

observation of another animal. This learning process is depen-

dent on the detection and integration of social signals in order

to adaptively change behavior (Bruchey et al., 2010; Chen

et al., 2009; Dulac and Torello, 2003; Guzmán et al., 2009; Isogai

et al., 2011; Twining et al., 2017; Yusufishaq and Rose-

nkranz, 2013).

In rodents, non-human primates, and humans, the anterior

cingulate cortex (ACC) and the amygdala have been implicated

in observational fear learning and social cognition (Adolphs

et al., 1994; Chang et al., 2013, 2015; Haroush and Williams,
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2015; Jeon et al., 2010; Kim et al., 2012; Olsson et al., 2007). In

humans, both brain regions are recruited when subjects acquire

fear responses to a novel cue through observation (Olsson et al.,

2007). Likewise, mice show increased theta frequency synchro-

nization between the ACC and the basolateral amygdala (BLA)

during observational fear learning (Jeon et al., 2010), and

pharmacological inhibition of either region inhibits observational

fear learning (Jeon et al., 2010; Kim et al., 2012). The ACC and

BLA also form reciprocal connections with each other (Bissière

et al., 2008; Cassell and Wright, 1986; Gabbott et al., 2005),

raising the possibility that they work together during observa-

tional fear learning.

Although the ACC and BLA have been implicated in the acqui-

sition of a fear response through observation, many questions

remain open. For instance, what is the actual function of BLA-

projecting ACC (ACC/BLA) pathways during observational

fear learning? How do the ensemble dynamics in the ACC and

BLA change across observational conditioning? What is the

directionality of information flow during observational condition-

ing? Is the direct projection from either the ACC/BLA or BLA/

ACC necessary for these functions?

To address these questions, we performed in vivo electro-

physiological recordings of single-unit activity in the ACC or

BLA of mice observing a demonstrator undergoing a fear-condi-

tioning paradigm in which a cue predicted electric shock. Here,

we show that neural populations in both the ACC and BLA of

observer mice exhibit robust response correlates of observa-

tional fear acquisition. We also characterize neural ensemble dy-

namics across observational conditioning using state-space and

neural trajectory analyses. We then utilized optogenetic-medi-

ated photoidentification to demonstrate that ACC neurons

directly projecting to the BLA exhibit an enhanced representa-

tion of cue information during observational learning. In addition,

we show that a subset of BLA neurons require ACC input in order

to encode conditioned cue information and that the ACC/BLA

pathway is necessary for the acquisition of observational, but not

classical, fear conditioning. Lastly, we demonstrate that the

ACC/BLA pathway is also necessary for other ethologically

relevant social behaviors.

Together, our data support a model wherein ACC neurons

represent socially derived aversive cue information. This infor-

mation is then transmitted to the BLA, where the association

between the cue and the demonstrator’s distress response is

formed, thus endowing the cue with its predictive value without

direct experience of the cue-shock pairing.

RESULTS

Defining the Experimental Parameters in Observational
Fear Conditioning
To study observational fear conditioning in a mouse model opti-

mized for in vivo single-unit recordings, we needed a trial-based

structure to compare neural responses to a cue across learning

trials. We designed a behavioral paradigm in which a mouse ob-

serves a familiar demonstrator mouse undergo classical cued

fear conditioning through a transparent, perforated divider allow-

ing for the observation of auditory, visual, and olfactory informa-

tion (Figure 1A). Mice termed ‘‘experienced observers’’ (EO) first
2 Cell 173, 1–14, May 31, 2018
explored the shock floor side of the chamber, received a single

uncued shock, and were immediately placed on the plastic

‘‘safe’’ floor side of the chamber. The ‘‘demonstrator’’ was then

placed on the shock floor side, and 30 cue-shock pairings

were delivered. 24 hr later, observers were placed on the shock

floor side to be tested for observational fear conditioning by

measuring freezing responses to the cue in the absence of shock

or demonstrator. EO mice demonstrated increased freezing in

response to the cue during observational conditioning as well

as on test day (Figures 1B–1D, S1A, and S1B).

To confirm that conditioned responses by EO mice were due

to the predictive value of the cue, we also examined an ‘‘experi-

enced unpaired’’ (EU) group, in which shock-experienced mice

observed demonstrators receiving shocks explicitly unpaired

to the cue (Figure 1B). EU mice did not display conditioned

freezing in response to the cue during conditioning or the test

day (Figures 1B–1D, S1A, and S1B). We also examined an

‘‘experienced solo’’ (ES) group that received an initial shock

experience but then observed the delivery of cues and shocks

to an empty chamber (i.e., no demonstrator present). In

contrast to EO mice, ES mice did not demonstrate conditioned

responses to the cue during conditioning or the test day (Figures

1B–1D, S1A, and S1B), confirming that the learning displayed by

EOmice was not driven by non-specific sensitization induced by

the prior shock (Poulos et al., 2015).

We also examined a ‘‘naive observer’’ (NO) group that never

directly experienced the shock, but observed demonstrator

mice receive cue-shock pairings. Similar to the initial EO group,

NOmice showed increased freezing to the cue during condition-

ing (Figures 1B, 1C, and S1A). However, NO mice did not show

significantly higher freezing on test day than did ‘‘naive solo’’

(NS) mice that never experienced the shock but observed

cues and shocks were delivered to an empty chamber (i.e.,

no demonstrator present), and NS mice did not display cue-

elicited freezing during conditioning or test (Figures 1B–1D,

S1A, and S1B). In addition to conditioned freezing responses,

EO and NO mice also mimicked demonstrator mice displaying

distress-related behaviors or interruption of grooming (Fig-

ure S1C; Videos S1 and S2).

To confirm that EOmice learned the predictive value of the cue

in a manner independent of contextual conditioning, we also

examined mice that underwent observational conditioning and

were then tested 24 hr later in a novel context (Figure 1E). These

mice showed significantly greater freezing during the cue relative

to baseline (Figure 1F), indicating context-independent memory

of the cue-shock association. We also examined avoidance of

the shock floor in the EO, ES, NO, and NS groups before and af-

ter observational conditioning (Figures S1D–S1F) and found that

EO mice showed increased avoidance of the shock floor,

whereas NO mice did not. Additionally, ES mice showed shock

floor avoidance, demonstrating that shock experience can drive

place avoidance but is not sufficient to drive freezing during the

cue as observed in the EO group (Figures S1D–S1F). Finally, we

found that EO and NO, but not ES, mice showed increased affili-

ative social interactions with demonstrators after observational

fear conditioning (Figures 1G and 1H). This suggested the in-

crease in interaction was driven by the observation of distress

in the demonstrator, which may reflect empathic processes



Figure 1. Parameters for Mice to Learn about a Predictive Cue via

Observational Conditioning

(A) Observational fear conditioning paradigm.

(B) Conditioning paradigms for all behavioral groups (EO, N = 7; EU, N = 5; ES,

N = 6; NO, N = 7; NS, N = 4 mice).
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(Burkett et al., 2016; Pisansky et al., 2017) or the social buffering

of stress previously observed in rodents (Beery and Kaufer,

2015; Taylor, 1981).

Characterization of ACC and BLA Neural Dynamics
during Observational Learning
We then performed single-unit recordings in EO (paired) and EU

(unpaired) mice to examine how ACC and BLA neurons encode

information during observational conditioning (Figures 2A and

S1G–S1I). To allow for comparison of responses to the cue

before, during, and after conditioning we added an initial block

of trials (habituation) where cues were delivered in the absence

of shock delivery prior to conditioning (Figure 2A). We examined

responses in ACC and BLA neurons (Figures 2B, 2C, and S2B)

and classified neurons based on the direction and magnitude

of responses to the cue during observational conditioning (Fig-

ures 2D and 2E). Surprisingly, the proportion of cue-responsive

ACC neurons was similar in paired (47.5%, n = 112/236 neurons;

N = 16 mice) and unpaired (46.7%, n = 56/120; N = 7) groups

(Figure 2F), and the proportion of these cue-responsive neurons

that showed conditioning-dependent cue responseswas not de-

tectably different between groups (paired group: 41.1%, n = 46/

112; unpaired group: 35.7%, n = 20/56). However, we found that

a significantly greater proportion of ACC neurons showed a

potentiated change in response magnitude in the paired group

(74%, n = 34/46) relative to the unpaired group (40%, n = 12/20).

In contrast, the proportion of BLA neurons that showed

conditioning-dependent changes was significantly greater in

the paired group as compared to the unpaired group (Figure 2G).

While proportions of cue-responsive BLA neurons were again

similar in the paired (42.7%, n = 63/110; N = 7) and unpaired

group (36.9%, n = 38/103; N = 7), the proportion of neurons

that showed conditioning-dependent changes in the BLA paired

group (38.3%, n = 18/47) was significantly greater than the BLA

unpaired group (5.3%, n = 2/38).

Taken together, BLA encoding of the cue across conditioning

was tightly regulated by the predictive value of the cue. The ACC,

however, showed similar proportions of neurons that encoded

the cue across conditioning regardless of the temporal contiguity

of the cue and shock to the demonstrator. Instead, differences in
(C) On day 1: training, EO andNOmice showed a significantly higher difference

in freezing between cue and baseline epochs (cue - baseline) than did EU, ES,

and NSmice (one-way ANOVA, F(4,24) = 13.76, p < 0.0001, Bonferroni post hoc

analysis, *p < 0.05, **p < 0.01,***p < 0.001, **** < 0.0001).

(D) On day 2: test, EOmice showed significantly higher freezing (cue - baseline)

than did EU and ES mice (one-way ANOVA, F(4,24) = 5.964, p = 0.0023, Bon-

ferroni post hoc analysis, **p < 0.01, *p < 0.05).

(E) Modified observational conditioning paradigm to test for context inde-

pendent cue learning in EO mice.

(F) EO mice showed significantly higher freezing during cue presentation in a

novel context (two-tailed, unpaired Student’s t test, t = 4.535, degrees of

freedom [df] = 10, **p = 0.0011).

(G) Testing for affiliative interactions between demonstrator and observer mice

before and after observational conditioning.

(H) Time interactingwith the demonstrator after observational conditioningwas

statistically higher for EO mice (one-way ANOVA, F(2,16) = 3.779, p = 0.0453,

Bonferroni post hoc analysis, *p = 0.0427) and showed a trend for NO mice

(#p = 0.0859) when compared to ES mice. All error bars indicate ± SEM.

See also Figure S1.
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predictive value of the cue were reflected by changes in

response magnitude (Figure 2F) and baseline firing rate changes

(Figure S2F) in ACC neurons.

Temporal Dynamics of Neural Ensembles across
Observational Conditioning
To further characterize the changes in firing rate that occurred

across observational conditioning, we used two different state-

space approaches to reveal the precise temporal resolution of

the neural dynamics in ACC and BLA both across (Figures

3A–3D) andwithin (Figures 3F–3I) trials. State-spacemodels pro-

vide a general framework for solving a broad range of problems in

dynamic systems (Churchland et al., 2012; Czanner et al., 2008;

Smith and Brown, 2003; Smith et al., 2010), including complex

cognitive processes in the prefrontal cortex (Mante et al., 2013).

Applied to neural data, thesemodels provide ameans to estimate

the underlying firing rate of neurons more accurately than other

conventional approaches and identify changes in firing rate

across trials in a statistically robust manner (Barbieri et al.,

2004; Czanner et al., 2008; Suzuki and Brown, 2005).

The first state-space approach was applied to cue-responsive

neurons. Doing so showed changes in cue responses that

occurred during conditioning, and this information provided a

probabilistic estimate of the trial at which neurons began to

encode the learned meaning of the cue (‘‘rate change trial’’ of

the neuron) (Figures 3A, 3B, S3A, and S3B) (Smith et al., 2010).

The rate change trial was defined as the first trial during observa-

tional conditioning in which that trial and the subsequent trial had

a >95% probability of having a greater or lesser firing rate (de-

pending on whether the neuron was excited or inhibited to the

cue, respectively) than the average ‘‘habituation’’ firing rate. We

found that the ACC had a significantly earlier distribution of rate

change trials when compared to the BLA (Figure 3C) and an

earlier average rate change trial than the BLA (Figure 3D), which

suggested that socially derived information about the cue is first

encoded in the ACC. This result led us to hypothesize that ACC

cue responses underlie learning and that transmission of this in-

formation to the BLA could underpin observational fear condition-

ing. We also compared behavior for all mice in which we per-

formed recordings from the ACC or BLA in paired and unpaired

groups before and during the cue presentation (Figure 3E).

To further explore the neural dynamics within a given trial type

in an unbiased manner, we used a second state-space approach
Figure 2. Encoding of Observational Conditioning in the ACC and BLA

(A) Observational fear conditioning paradigm used for in vivo single-unit recording

group, N = 6; unpaired group, N = 6 mice).

(B and C) Representative ACC (B) and BLA (C) neuron responses to cue and shoc

spikes (1 trial per row) and each peri-stimulus time histogram (PSTH) depicts the

Insets show the average waveform recorded for each neuron (y axis, 200 mV; x a

(D and E) Cue responses for paired and unpaired groups in ACC (D) and BLA (E).

neurons, and columns represent time bins relative to cue onset (100-ms width). B

the right show the average Z score responses for cue-excited and cue-inhibited

(F) Cue-responsive ACC subpopulations. Task-modulated neurons in the paired g

than the unpaired group (bar graph inset; c2 = 6.93, **p = 0.008). On the right, e

reduced cue responses.

(G) Cue-responsive BLA subpopulations. A significantly greater proportion of cue-

than in the unpaired group (U) (bar graph inset; c2 = 8.27, **p = 0.004).

See also Figure S2.
wherein we used the entire ensemble (all neurons recorded dur-

ing the session regardless of any response characteristics) during

baseline and cue presentations and plotted this ensemble activity

in a state-space trajectory in reduced dimensionality space

(Churchland et al., 2012; Cunningham and Yu, 2014; Mante

et al., 2013). We then examined the neural trajectories in ACC

and BLA for paired and unpaired groups during habituation and

observational conditioning (Figures 3F and 3G). Qualitatively,

ACC paired and unpaired trajectories shared a similar shape in

habituation and observational conditioning trials, but these trajec-

torieswere repositioned in state-space (Figure 3F).We compared

the distance between the habituation and observational condi-

tioning trajectories in the paired and unpaired groups as a time

series across these trial types and found they were similar across

the trial and did not change from baseline to cue (Figure 3H). This

suggested that baseline changes could be driving the results

seen in our rate-change trial analysis (Figures 3C, 3D, and S2F).

In contrast, BLA trajectories revealed a distinct pattern of the

trajectory for the neural activity in the BLA paired, but not un-

paired, group for observational conditioning trials, relative to

the habituation trials (Figure 3G). The BLA paired group had a

greater change in the distance across trial types from baseline

to cue presentation than did the trajectories from other groups

(Figure 3I). Consistent with these results, the variance of baseline

firing in ACC was significantly greater than in the BLA, for both

paired and unpaired groups (Figure S2F).

To assess what memories were stored in the ACC and BLA,

we also examined neural activity during the Test day, when no

demonstrator was present and no shocks were delivered (Fig-

ure S2D). The proportions of ACC neurons that were cue respon-

sive in the paired (30%) and unpaired (29%) groups were similar

(Figure S2D), but the proportion of BLA neurons that were cue

responsive on the test day was significantly greater in the paired

group (31%) than in the unpaired group (17%).

Together, these data prompted us to revise our initial hypoth-

esis that the ACC neurons were representing the association

between the cue and shock to demonstrator earlier than BLA

neurons. Instead, the baseline changes suggested that ACC

neurons are rapidly changing basal firing rates in the face of

demonstrator distress, thereby potentiating responses to salient

stimuli, but that the acquisition of the predictive value of the cue

is mediated by neurons in the BLA. Thus, ACC neurons transmit

socially derived information to the BLA during the cue
s in the ACC (paired group, N = 16; unpaired group, N = 7 mice) or BLA (paired

k delivery during paired observational conditioning. Raster plots depict neural

average firing frequency across all trials, relative to cue onset (100-ms bins).

xis, 1 ms).

Heatmap rows represent the Z-score-transformed average PSTH for individual

lue and red bars indicate statistically significant cue-responsive cells. Plots to

cells.

roup showed a greater proportion of potentiated responses during conditioning

ach PSTH shows example ACC neurons with training-induced potentiated or

responsive neurons showed task-modulated responses in the paired group (P)
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Figure 3. ACC and BLA Contain Neural Correlates of Observational Learning

(A and B) Raster and PSTH (100-ms bins) of an ACC (A) and BLA (B) neuron identified as having a significant change in cue response during conditioning. State-

space analysis provides a probabilistic estimate of the trial at which the neuron undergoes a rate change.

(C) The distribution of rate change trials calculated by state-space analysis of conditioning-dependent neurons was significantly earlier in ACC than BLA neurons

(Kolmogorov-Smirnov test, *p < 0.024).

(D) The average rate change trial of neurons in the ACC was earlier than those in the BLA (two-tailed, unpaired Student’s t test, t = 2.622, df = 45, *p = 0.0119).

(E) Behavioral rasters (1-s bins) of the average freezing for all paired (EO) and unpaired (EU)mice across day 1:training and day 2:test in both ACC andBLA groups.

(F and G) Neural ensemble dynamics in ACC and BLA across habituation and conditioning trials. Trial-averaged neural trajectories projected on a 2D space

formed by first (PC1) and second (PC2) principal components for ACC neurons (F) (paired, n = 201 neurons, N = 12mice; unpaired n = 93 neurons, N = 7mice) and

BLA neurons (G) (paired, n = 106, N = 6 mice; unpaired n = 97 neurons, N = 6 mice). Dots on the trajectories represent timestamps (50 ms).

(H and I) Calculated Euclidean distance between trajectory for habituation and trajectory for observational conditioning in paired and unpairedmice in the ACC (H)

and BLA (I) plotted as distance across time (�2 s to +5 s fromCS onset). Insets show averaged values for baseline and cue period. The distance between baseline

and cue epochs in the BLA paired group was significantly different from other groups (Pearson’s Chi-square test c2 = 4.953, df = 1, *p = 0.026).

See also Figure S3.

6 Cell 173, 1–14, May 31, 2018

Please cite this article in press as: Allsop et al., Corticoamygdala Transfer of Socially Derived Information Gates Observational Learning, Cell
(2018), https://doi.org/10.1016/j.cell.2018.04.004



Figure 4. Photoidentified ACC/BLA Projectors Have an Enhanced

Cue Representation when Compared to Non-network ACC Neurons

(A) Schematic of intersectional viral approach. Retrograde virus CAV2-Cre was

stereotaxically injected into the BLA and AAV-DIO-ChR2-eYFP into the ACC,

resulting in ChR2 expression only in ACC neurons that monosynaptically

project to the BLA.

(B) Representative confocal images of ChR2 expression in the ACC and pro-

jection fibers in the BLA (blue, DAPI; green, eYFP).

(C and D) Ex vivo electrophysiological recordings of ACC neurons in slices. (C)

Voltage traces in response to light stimulation from ChR2+ (green) and ChR2�
(gray) cells (only cells firing action potentials are shown). (D) Average latency

responses for all cells.

(E) An optrode was placed into the ACC of mice (N = 16) expressing ChR2 in

ACC neurons projecting to the BLA. In vivo recordings during observational

conditioning and subsequent phototagging were performed. Circuit model

shows proposed ACC/BLA network connectivity of ACC neurons based on

in vivo phototagging. Inset shows the range of photoresponse latencies seen

during in vivo recordings (green bar, projectors [< 8ms]; magenta bars, excited

network neurons [20–120 ms]).

(F) Example rasters and PSTH of non-network (10-ms bins), ACC/BLA

photoidentified (10-ms bins), and ACC/BLA excited (10-ms bins) or inhibited

network neurons (100-ms bins).

(G) Proportions of non-network, ACC/BLA photoidentified, and ACC/BLA

excited or inhibited network neurons that showed responses to the cue during

observational conditioning. The ACC/BLA projector population exhibited a

significantly greater proportion of cue-responsive neurons with 62.5% (n = 10/

16 neurons; N = 16 mice) being excited compared to non-network neurons

with 33% (n = 55/167) being excited in response to the cue (Chi-square test;

c2 = 4.85, df = 1, *p = 0.0276). In the ACC/BLA excited network, 79% (n = 26/

33) were excited and 6% (n = 2/33) were inhibited to the cue.

(H) Three-dimensional heatmap (100-ms bins) displaying the trial by trial

Z score response of the ACC/BLA photo-identified and non-network neu-

rons to the cue during observational conditioning.

(I) Average Z score trace of cue responses in non-network (gray) or ACC/BLA

phototagged (green) neurons. Inset: ACC/BLA projectors show a signifi-

cantly greater average Z score response to the cue during conditioning

compared to non-network neurons (two-tailed, unpaired Student’s t test, t =

2.122, df = 181, *p = 0.0352).

(J) ACC/BLA projectors had a higher peak Z score response to the cue

during observational conditioning when compared to non-network neurons

(two-tailed, unpaired Student’s t test, t = 2.413, df = 181, *p = 0.0168). All error

bars indicate ± SEM.

See also Figure S4.
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presentation, allowing the BLA to form an association between

the cue and shock to the demonstrator.

Optogenetic-Mediated Photoidentified ACC/BLA Cells
Exhibit Preferential Cue Encoding
To directly test the hypothesis that socially derived information

about the aversive cue is transmitted from the ACC to the BLA

during observational conditioning, we used an intersectional viral

strategy (Senn et al., 2014) to express channelrhodopsin-2

(ChR2) in ACC neurons that monosynaptically project to the

BLA (Figures 4A and 4B) (Burgos-Robles et al., 2017). Ex vivo re-

cordings demonstrated that ChR2-expressing neurons fired ac-

tion potentials or EPSPs in response to blue light while non-ex-

pressing neighbors showed no response (Figure 4C).

Photoresponse latencies during patch-clamp recordings allowed

us to establish a photoidentification latency threshold (Beyeler

et al., 2016; Nieh et al., 2015) of 8 ms for ACC/BLA projectors

(Figures 4C and 4D). We then performed in vivo recordings from

ACC neurons during observational fear conditioning and
Cell 173, 1–14, May 31, 2018 7



Figure 5. ACC Input to the BLA Governs Cue Encoding during Observational Conditioning

(A) Viral injection and optrode placement for selective inhibition of ACC/BLA input during individual trials of observational conditioning.

(B) Behavioral paradigm during in vivo optrode recordings.

(C) Rasters and PSTH (100-ms bins) of example BLA neuron responses to the cue with and without optogenetic inhibition of ACC input to the BLA as well as

inhibition during baseline.

(D) Response tree of all BLA neurons (n = 98; N = 5mice) with% of BLA neurons that were cue-responsive and whether ACC inhibition altered cue response. Cue

responsive neurons showed greater modulation by ACC input inhibition than the non-responsive population (excited c2 = 18.60, df = 1, ***p < 0.0001; inhibited

c2 = 13.87, df = 1, ****p = 0.0002).

(E) Average Z score trace of BLA neurons (n = 27) that were excited in response to the cue with (orange) and without (purple) laser stimulation. Neurons excited by

the cue showed a significantly reduced Z score response during laser stimulation. Inset shows average peak Z scores for the first 2 s after the cue (N = 5 mice,

paired, two-tailed t test, t = 4.586, df = 26, ***p = 0.0001).

(F) Average Z score trace of BLA neurons (n = 16) that were inhibited in response to the cue was plotted with (orange) and without (purple) laser stimulation. Inset

shows average peak Z scores for the first 2 s after the cue (N = 5 mice, paired, two-tailed t test, t = 3.01, df = 15, **p = 0.0088).

(legend continued on next page)

8 Cell 173, 1–14, May 31, 2018

Please cite this article in press as: Allsop et al., Corticoamygdala Transfer of Socially Derived Information Gates Observational Learning, Cell
(2018), https://doi.org/10.1016/j.cell.2018.04.004



Please cite this article in press as: Allsop et al., Corticoamygdala Transfer of Socially Derived Information Gates Observational Learning, Cell
(2018), https://doi.org/10.1016/j.cell.2018.04.004
subsequently photoidentified ACC neurons projecting to the BLA

(Figure 4E).Within the ACC, neuronswere categorized as follows:

short latency responses (< 8ms; termed ‘‘ACC/BLA photoiden-

tified neurons’’), long-latency excitations (20–110 ms) or inhibi-

tions (termed ACC/BLA excited or inhibited network neurons,

respectively), or no photoresponse (non-network neurons) (Fig-

ures 4F, S4A, and S4B). We found that of ACC/BLA photoiden-

tified neurons, 62.5% showed phasic excitations while 0% were

inhibited by the cue. In contrast, only 38% of non-network neu-

rons responded to the cue (Figure 4G). Furthermore, 79% of

ACC/BLA excited network neurons were excited in response

to the cue, whereas only 30% of ACC/BLA inhibited network

neurons were excited to the cue (Figure 4G). Moreover, we found

that the population Z score of cue responses of ACC/BLA pho-

toidentified neurons was significantly greater than that of neurons

outside the network (Figures 4H–4J). The preferential cue encod-

ing within the ACC/BLA photoidentified population and its

concomitant network provided further evidence suggesting that

transfer of socially derived cue information from the ACC to the

BLA might be necessary for observational learning.

BLA Encoding of Cue Information Is Dependent on ACC
Input during Observational Conditioning
If ACC/BLA information transfer is indeed necessary for obser-

vational learning, then one would expect a subset of cue re-

sponses in the BLA to be dependent on ACC input. To test this,

we examined the effects of selectively inhibiting ACC inputs to

the BLA during observational conditioning. We expressed halor-

hodopsin (NpHR) in ACC neurons of observer mice, placed an

optrode in the BLA (Figures 5A, S5D, and S5E), and inhibited

ACC inputs to the BLA in a pseudo-random, interleaved subset

of cue presentations during observational conditioning (Fig-

ure 5B). We found that BLA neurons showed differences in their

cue responses when ACC inputs were inhibited (Figures 5C and

5D). The population Z score of all neurons that were excited or in-

hibited to the cue was significantly attenuated by photoinhibition

of ACC inputs (Figures 5E and 5F). Significantly fewer neurons

were cue-responsive during the trials with inhibition of ACC input

(29%, n = 28/98) relative to trials without light (44%, n = 43/98)

(Figure 5G). This effect was not due to non-specific effects of illu-

mination as the proportion of BLA neurons whose activity was

modulated by photoinhibition of ACC input was significantly

smaller during the baseline period (7%, n = 7/98) than during

the cue (28%, n = 27/98) (Figure 5H), suggesting that ACC mod-

ulation of BLA activity is heightened during the cue.

ACC Input to the BLA during Conditioning Is Necessary
for Observational Learning
The data from our photoinhibition experiments demonstrated

that input from the ACCwas required for BLA neurons to encode

the cue during observational fear conditioning. We further pre-

dicted that the ACC/BLA projection underlies the acquisition

of observational fear conditioning and that inhibiting this input
(G) A significantly smaller proportion of cells were cue responsive on trials where

(H) Significantly more cells had firing rates that were modulated by light stim

***p = 0.0005). All error bars indicate ± SEM.

See also Figure S5.
during acquisition would lead to impairment in observational

learning. To test this hypothesis, we expressed NpHR bilaterally

in the ACC of observer mice and placed optical fibers over the

BLA in both hemispheres (Figures 6A, S5, and S6A–S6F) to

inhibit ACC input to the BLA during cue presentations

throughout observational fear conditioning (Figure 6B). Mice

receiving this manipulation showed no differences in freezing

during the conditioning session (Figure 6C, left), but when tested

24 hr later, in the absence of photoinhibition or a demonstrator,

they showed significantly less cue-specific freezing as

compared to eYFP control mice (Figure 6C, right). To assess

whether these differences were due to deficits in attention, we

analyzed the orientation and startle responses of mice and

found no differences between NpHR and eYFP mice (Fig-

ure S6B). However, we did observe a significant reduction in

mimicking behavior (Figure S6C), consistent with the notion

that ACC/BLA input is important for transmitting socially

derived information.

We also performed a separate experiment wherein we in-

hibited ACC/BLA only upon expression of observational fear

memory, during cue presentations on the test day (Figure 6D),

but found no effect on cued freezing (Figure 6E). Neither inhibi-

tion of this circuit only during the delivery of shock to the demon-

strator (Figures S6D–S6F) nor 20 Hz stimulation of the ACC/

BLA projection in mice expressing ChR2 (Figures S6G–S6K

and S6N–S6P) had a detectable effect. Taken together, these

experiments demonstrate that the transfer of socially obtained

cue information via the ACC/BLA circuit is necessary for obser-

vational fear conditioning but not for subsequent memory

expression (Figures 6A–6E).

Importantly, when ACC input to the BLA was inhibited using

the same approach during a classical fear conditioning para-

digm—where associations are formed through direct experi-

ence—mice showed no differences in freezing during the cue

presentation when compared to control mice (Figure 6F). This

suggests that the ACC/BLA pathway is only required for obser-

vational learning, but not associative learning in general.

ACC Input to the BLA Is Important for Other
Ethologically Relevant Social Behaviors
We then sought to determine whether the same ACC/BLA cir-

cuit was involved in amore ethologically relevant task: the avoid-

ance of aggressive and potentially threatening animals (Hultman

et al., 2016). Naive observer mice were injected with NpHR or

eYFP bilaterally in the ACC and implanted with optical fibers

over the BLA, and the ACC/BLA projection was inhibited while

the observer witnessed the interaction of a familiar demonstrator

mouse and an aggressive CD-1 mouse for two 3-min sessions

(Figure 7A). While control mice showed avoidance of the CD-1

in a 3-chamber test following two sessions of observation,

NpHR mice did not show avoidance (Figures 7B–7D) suggesting

that the ACC/BLA projection is also necessary for acquisition

of avoidance following observation of social defeat.
ACC input to the BLA was inhibited (c2 = 4.969, df = 1, *p = 0.0258).

ulation during cue presentation compared to baseline (c2 = 12.10, df = 1,
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Figure 6. Photoinhibition of ACC/BLA Impairs Observational Fear

Conditioning but Not Classical Fear Conditioning

(A) Viral injection and optic fiber placement for selective inhibition of ACC/

BLA circuit.

(B) Behavioral and light delivery paradigm for inhibition of ACC/BLA

circuit during cue presentations during acquisition (Day 1) of observational

conditioning.

(C) During observational conditioning, there were no significant differences in

freezing between NpHR (N = 7) and eYFP (N = 12) mice (unpaired, two-tailed t

test, t = 0.0785, df = 17, p = 0.9383). However, on Test day, cue driven freezing

was impaired in NpHR compared to eYFP mice (unpaired, two-tailed, t test, t =

2.378,df=17, *p=0.0294). Insets showcueandbaseline (20sprior tocueonset)

freezing values for observational conditioning and test day (BL = baseline;

Observational conditioning: two-way repeated-measures [RM] ANOVA, group

effect,F(1,17)=8.286,p=0.0104,epocheffect,F(1,17) =66.26,p<0.0001,groupX

epoch interaction,F(1,17) = 0.0829,P0.7769;Bonferroni post hocanalysis, ****p<

0.0001, ***p = 0.0002; Test day: two-way RM ANOVA, group effect, F(1,17) =

0.3596, p = 0.5566, epoch effect, F(1,17) = 10.64, p = 0.0046, group X epoch

interaction, F(1,17) = 5.657, p = 0.0294; Bonferroni post hoc analysis,

***p = 0.0005).

(D) Behavioral and light delivery paradigm for inhibition of ACC/BLA

circuit during cue presentations during expression (Day 2) of observational

conditioning.

(E) There were no significant differences in cue driven freezing between NpHR

(N = 9) and eYFP (N = 8)mice during observational conditioning (unpaired, two-

tailed, t test, t = 0.4916, df = 15, p = 0.6301) or Day2: Test (unpaired, two-tailed,

t test, t = 0.2615, df = 15, p = 0.7973). Insets show cue and baseline (20 s prior

to cue) freezing values during conditioning and test day (Observational con-

ditioning: two-way RM ANOVA, group effect, F(1,15) = 10.46, p = 0.0056, epoch

effect, F(1,15) = 18.17, p = 0.0007, group X epoch interaction, F(1,15) = 0.2416,

p = 0.6301; Bonferroni post hoc analysis, *p < 0.05; Test day: two-way RM

ANOVA, group effect, F(1,15) = 12.30, p = 0.0032, epoch effect, F(1,15) = 6.778,

p = 0.02, group X epoch interaction, F(1,15) = 0.06837, p = 0.7973; no significant

Bonferroni post hoc analysis).

(F) Inhibition of ACC/BLA circuit during classical fear conditioning. No signifi-

cant differences were detected between NpHR (N = 7 mice) and eYFP (N = 10)

mice in cue driven freezing on test day (unpaired, two-tailed, t test, t = 1.02, df =

15, p = 0.3237). Inset shows cue and baseline (20 s prior to cue) freezing values

(two-way RM ANOVA, group effect, F(1,15) = 0.0061, p = 0.9389, epoch effect,

F(1,15) = 28.48, p < 0.0001, group X epoch interaction, F(1,15) = 1.041, p = 0.3237;

Bonferroni post hoc analysis, **p < 0.01). All error bars indicate ± SEM.

See also Figure S6 and Videos S1 and S2.
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We also examined whether the ACC/BLA projection was

important for a more general role in processing social cues. We

performeda resident-intruder task, inwhich a juvenilemalemouse

was introduced into the home cage of an observer and the time

spent interactingwasanalyzed (Figure7E). InhibitionofACC inputs

to the BLA led to a significant impairment in social interaction (Fig-

ures 7F and 7G) but did not alter novel object exploration (Figures

7H–7J). Optogenetic 20Hz stimulation of the ACC/BLA circuit

had no effect on social interaction, novel object exploration, or

place preference when comparing ChR2-expressing and eYFP

control mice (Figures S6J, S6K, and S6P). Optogenetic inhibition

orexcitationof thiscircuit hadnoeffectonanxiety-relatedbehavior

or locomotion (FiguresS6L–S6O). Thus, given that inhibition of this

circuit impaired social interaction, this circuitmay play a necessary

role in observational learning because it is specialized for process-

ing social cues todrive behavior (Appset al., 2016). Because these

regions have reciprocal connections, we also examined the role of

the BLA/ACC projection (Figure S7) and found inhibition of

this projection did not appear to affect observational fear condi-

tioning, though further investigation of this pathway is warranted.



Figure 7. Photoinhibition of ACC/BLA Also Impairs Other Etho-

logically Relevant Social Behaviors

(A) Social defeat observation paradigm. NpHR (N = 9) and eYFP (N = 9) mice,

naive to a CD-1mouse, received 593 nm to inhibit the ACC/BLA circuit during

two social defeat observation sessions (3min each). Mice were then placed in a

3-chamber arena for habituation followed by conditioned avoidance.

(B) Representative heatmaps of time spent by NpHR and eYFP mice in the

arena during the 3-chamber test.

(C) Average of total time spent within the CD-1 or the object zone for NpHR and

eYFP mice during the 3-chamber test.

(D) NpHR mice had a higher ratio of time spent with the CD-1 instead of the

object than eYFP mice (unpaired, Two-tailed t test, t = 2.147, df = 16,

*p = 0.0475).
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Together, these results demonstrate a causal relationship be-

tween the transfer of socially extracted information from the ACC

to the BLA and the ability of mice to learn about dangerous stim-

uli in their environment through observation.

DISCUSSION

The ACC/BLA Circuit Encodes Observational Learning
Here we show that the ACC/BLA circuit plays a critical role in

mediating the acquisition of aversive memory through observa-

tional conditioning. We find that during observational learning,

neurons within the ACC and BLA respond to a predictive cue

and shock delivery to a familiar conspecific, and that within the

ACC, BLA-projecting neurons show an enhanced representation

of the predictive cue. Additionally, we found that optogenetic

inhibition of the ACC/BLA projection disrupts acquisition, but

not expression, of observational fear conditioning.

Neurons in both the ACC and BLA show rapid conditioned

responses to the cue during observational fear learning, as

has previously been seen in the amygdala, auditory cortex,

and ACC during classical fear conditioning (Maren, 2000; Quirk

et al., 1995; Steenland et al., 2012). However, we revealed

several surprising features of neural dynamics in these regions

during observational conditioning. In both the ACC and BLA,

the overall proportion of cue-responsive neurons alone was

not indicative of learning the predictive value of the cue, as it

was similar for the paired and unpaired groups, perhaps due to

latent inhibition. Rather, the proportion of neurons undergoing

significant changes in firing rate across learning (and the direc-

tion of those changes) proved to be a greater differentiator be-

tween the paired and unpaired groups. In addition, our state-

space analysis of neural trajectories showed that ACC neurons

show baseline changes in the context of the demonstrator’s

distress and that some BLA neurons were dependent on ACC

input during the cue in order to respond appropriately to the

cue. These data suggest that during observational conditioning,

the ACC encodes the demonstrator’s distress response, thereby

enabling the acquisition of the aversive value of the cue by BLA

neurons and subsequent behavioral output.
(E) Resident-intruder paradigm. A juvenile intruder was introduced to the

homecage of a resident NpHR (N = 7) or eYFP (N = 11) mouse during light

on and light off conditions separated by 24 hr and counterbalanced be-

tween mice.

(F) Inhibition of ACC input to the BLA in the resident-intruder paradigm

decreased social interaction time in NpHR compared to eYFP mice (unpaired,

two-tailed t test, t = 2.609, df = 16, *p = 0.019).

(G) Summary of light-evoked changes in behavior during resident-intruder

paradigm (non-social behaviors = grooming and rearing). NpHR mice showed

a decrease in social behaviors during ACC/BLA inhibition that was not

evident in the eYFP group.

(H) A novel object is introduced into the homecage of a resident NpHR or eYFP

mouse during light on and light off conditions separated by 24 hr and coun-

terbalanced between mice.

(I) Novel object exploration was not altered by light-evoked inhibition of ACC

input to the BLA (unpaired, two-tailed t test, t = 0.6952, df = 15, p = 0.4975).

(J) Summary of light-evoked changes in behavior during novel object para-

digm. NpHR and eYFP mice showed no change in object exploration during

ACC/BLA inhibition. All error bars indicate ± SEM.

See also Figure S7.
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ACC/BLA Circuit Is Necessary for Observational, but
Not Classical, Fear Conditioning
The results from behavioral experiments in which we inhibited

the ACC/BLA projection provided further support for the

importance of this circuit for observational conditioning and

social processing in general. We found that optogenetic inhibi-

tion of the ACC/BLA pathway during the cue in observational

conditioning led to an impairment of cue-elicited freezing on

the test day, though freezing during conditioning was unaf-

fected. The lack of a behavioral effect during conditioning is

likely due to the presence of the demonstrator, which could

impact the observer’s behavior independent of learning the

predictive value of the cue. We also found that ACC/BLA in-

hibition on the test day did not inhibit cue-induced freezing.

This suggests that ACC input to the BLA is necessary during

acquisition, but not expression, of freezing behavior once the

associative memory of the cue’s significance is consolidated

in the BLA. Our finding that inhibition of the ACC/BLA circuit

had no detectable effect on classical fear conditioning indi-

cates that when mice have direct access to an unconditioned

stimulus, the associative learning of the predictive value of a

cue does not require the ACC/BLA projection. We posit

that when the predictive value of the cue is learned through

processing of social information (distress of the demonstrator),

the necessary social information is routed through the ACC

before being sent to the BLA to drive conditioned fear-related

behaviors.

Although some have suggested a role for the rodent ACC in

classical forms of conditioning (Bissière et al., 2008; Buchanan

and Powell, 1982; Steenland et al., 2012), the ACC is a large

structure and different anatomical portions of the ACC may

have different functions (Allman et al., 2001; Apps et al., 2016;

Bussey et al., 1996; Devinsky et al., 1995; Jones et al., 2005). Dif-

ferences in the targeted regions of the ACC between our and

previous studies could lead to different behavioral effects. In

agreement with this, experiments targeting the portion of ACC

as we did also showed no effect on classical fear conditioning

(Jeon et al., 2010; Kim et al., 2012). It is likely that manipulations

of specific ACC projections may reveal different behavioral ef-

fects than non-specific lesions, as has been seen in other brain

regions, such as the amygdala or ventral tegmental area (VTA)

(Lammel et al., 2012; Tye et al., 2011).

The Role of Prior Experience in Observational Learning
Various studies in rodents have raised some debate for the role

of prior experience in learning through other’s experiences.

Some studies have found that rodents can undergo emotional

contagion or observational learning without prior experience

(Bruchey et al., 2010; Chen et al., 2009; Jeon et al., 2010; Kim

et al., 2012; Twining et al., 2017; Yusufishaq and Rosenkranz,

2013), whereas others have found that prior experience is neces-

sary (Atsak et al., 2011; Greene, 1969; Kim et al., 2010; Pereira

et al., 2012; Sanders et al., 2013). Our findings show that prior

experience is an important factor in observational conditioning,

as mice with prior shock experience (EO group) demonstrated

more robust acquisition of an association between the cue and

the shock during observational conditioning than those without

shock experience (NO group).
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Experience may be particularly important when the punish-

ment delivered to the demonstrator is not visible, audible or

otherwise readily observed (e.g., delivery of foot shock, which

may be imperceptible to an observer). Indeed, NO group mice

did not learn to avoid the shock floor after watching demon-

strator mice being shocked there, suggesting that they were un-

able to identify the shock floor as the source of the aversive

event. Prior experience with punishments from an imperceptible

source may equip animals with the added advantage of not only

being able to identify predictive cues, but to also avoid the

source of the aversive event (Masuda and Aou, 2009; Mineka

and Cook, 1993; Sanders et al., 2013). With more naturalistic

aversive stimuli (such as in our observational social defeat exper-

iment) prior experience may be less important since the source

of the punishment can be readily observed or inferred from

similar experiences.

Conclusion
Wedemonstrate that the ACC/BLA circuit plays a critical role in

routing socially acquired information about environmental stimuli

necessary for observational learning. The involvement of this

circuit in social interaction suggests common evolutionarily

conserved circuits are used both to perform innate social pro-

cesses and to infer environmental contingencies from other an-

imals’ experiences. Understanding how these circuits underlie

fundamental aspects of social cognition may provide insight

into psychiatric conditions, such as autism spectrum disorders,

social anxiety disorder, and schizophrenia, where social cogni-

tion and behavior are impaired.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and Virus Strains

AAV5-CaMKII-hChR2(H134R)-eYFP UNC Vector Core Cat# AV4316b/AV4316e

AAV5-CaMKII-eNpHR3.0-eYFP UNC Vector Core Cat# AV4318b

AAV5-CaMKIIa-eYFP UNC Vector Core Cat# AV4808C

CAV2-Cre Plateforme de Vectorologie

de Montpellier, Plateau IGMM

Cat# CAV-Cre

AAV5-EF1a-DIO-hChR2(H134R)-eYFP UNC Vector Core Cat# AV4313b

Chemicals, Peptides, and Recombinant Proteins

DAPI for nucleic acid staining Sigma-Aldrich Cat# D9542

PVA-DABCO Sigma-Aldrich Cat# 10981-100ml

Alexa Fluor 350 Thermo Fisher Cat# A-21093

Biocytin Sigma-Aldrich Cat# B4261

Adhesive Dental Cement C&B Metabond Parkell

Cranioplastic Dental Cement Ortho-Jet Lang Dental

Experimental Models: Organisms/Strains

Mouse: wild-type CD-1IGS Charles River Laboratory RRID:IMSR_CRL:22

Mouse: wild-type C57BL/6 Jackson Laboratory RRID:IMSR_JAX:000664

Software and Algorithms

State-space algorithm Smith et al., 2010 http://www.annecsmith.net/firingrates.html

Prism 6 Graphpad https://www.graphpad.com/

ODLog Macropod Software http://www.macropodsoftware.com/

MATLAB R2016a Mathworks https://www.mathworks.com/

pClamp10 Molecular Devices https://www.moleculardevices.com/

Ethovision XT Noldus http://www.noldus.com/animal-behavior-

research/products/ethovision-xt

Other

Fibers for optogenetics Thor Labs Cat# TS1843490

Ferrules for optogenetics Kientec Systems Cat# FSS-LC-330

Electrodes Innovative Neurophysiology Cat# A79014-001

Conditioning Chambers Med Associates INC http://www.med-associates.com/products/;

Number: ENV-008

Behavioral Chambers (3-Chamber, Open Field,

Elevated Plus Maze)

California Model and Design http://www.anyscale.com/#/scientific/

Small animal stereotax David Kopf Instruments http://kopfinstruments.com/product/model-

942-small-animal-stereotaxic-instrument-

with-digital-display-console/

10 ml microsyringe Nanofil World Precision Instruments Part# NANOFIL

Microsyringe Pump UMP3 and Controller Micro4 World Precision Instruments Part# UMP3-3

Vibrating blade microtome VT1200 Leica https://www.leicabiosystems.com/histology-

equipment/sliding-and-vibrating-blade-

microtomes/vibrating-blade-microtome/

products/leica-vt1200/

Microscope BX51 for ex vivo recordings Olympus Discontinued product

P-1000 Horizontal puller for glass microelectrodes

for ex vivo recordings

Sutter https://www.sutter.com/MICROPIPETTE/

p-1000.html

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Multiclamp 700B amplifier for ex vivo recordings Molecular Devices https://www.moleculardevices.com/systems/

conventional-patch-clamp/multiclamp-700b-

microelectrode-amplifier

Peristaltic pump for ex vivo recordings Minipuls 3 Gilson http://www.gilson.com/Pipette/Products/

63.228/Default.aspx#.WqGao66nFhE

battery-operated commutator and pre-amplifier

for in vivo recordings

Tucker-Davis Technologies http://www.tdt.com/motorized-commutators.html

HM430 sliding microtome Thermo Fisher Scientific Cat# 910010
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CONTACT FOR REAGENT AND RESOURCES SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Kay Tye

(kaytye@mit.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Test naive, adult (8-12 weeks) wild-type male C57BL/6J mice from the Jackson Laboratory (RRID:IMSR_JAX:000664) were used

for all experiments. All mice were pair-housed in the Picower Institute on a reverse 12 hour light-dark cycle with food and water

ad libitum. Littermates were randomly assigned to experimental groups. All experiments were conducted during their light off period

and in accordance with NIH guidelines and approval of theMIT Institutional Animal Care andUseCommittee and theMIT Department

of Comparative Medicine.

METHOD DETAILS

Stereotactic surgery procedures
All surgeries were conducted under aseptic conditions using a digital small animal stereotaxic instrument (David Kopf Instruments,

Tujunga, CA, USA). Mice were anaesthetized with isoflurane (5% for induction, 1%–2.5% for maintenance). Injections were per-

formed using a beveled 33-gaugemicroinjection needle. A 10 mLmicrosyringe (nanofil; WPI, Sarasotam FL, USA) was used to deliver

virus at a rate of 0.1 mL per min using amicrosyringe pump (UMP3;WPI) and controller (Micro4;WPI). Mice were given a post-surgical

recovery time of at least 7 days prior to start of any experimental procedures.

Surgery for in vivo recordings
To target the basolateral amygdala (BLA) for in vivo recordings, a craniotomy was made in the right hemisphere at anteroposterior

(AP)�1.6mmandmediolateral (ML) +3.35mm. Two to three skull screwswere implanted around the site of the craniotomy. One layer

of adhesive cement (C&B Metabond; Parkell, Edgewood, NY, USA) followed by cranioplastic cement (Dental cement; Ortho-Jet,

Lang Dental, Wheeling, IL, USA) was used to stabilize screws to the skull. A 16-channel multi array electrode (Innovative Neurophys-

iology) was then lowered at approximately 0.01 mm/s to�4.75 mm dorsoventral (DV) as measured from bregma. A ground wire was

placed in the contralateral posterior hemisphere at an approximate depth of 1mm. An additional layer of cranioplastic cement (Ortho-

Jet, Lang Dental, Wheeling, IL, USA) was applied to the skull as well as around the wires. The electrode was then lowered to�4.9mm

DV and stabilized with additional layers of cement.

In order to record from anterior cingulate cortex (ACC) neurons in a circuit-specific manner an adeno-associated virus serotype

5 carrying a construct for expression of channelrhodopsin-2 fused to enhanced yellow fluorescent protein, under the control of a

double-inverted open reading frame expressing under the EF1a promoter (AAV5- EF1a -DIO-ChR2-eYFP) (1 ml) was injected into

the ACC (AP: +1.0 mm, ML: �0.3 mm, DV: �2.1 mm) and 1 mL of the retrogradely traveling canine adenovirus carrying Cre-

recombinase CAV2- Cre was injected into the BLA (AP: �1.6 mm, ML: 0.35 mm, DV: �4.9 mm). 5-8 weeks later, a second surgery

was performed to implant an optrode (i.e., combination of recording electrode and optical fiber for light delivery). Using the same

surgical conditions and anesthesia as previously described, one craniotomy was drilled over the ACC (AP: +1.0 mm,

ML: �0.3 mm). The optrode was lowered at approximately 0.01 mm/s to �1.9 mm DV. The ground wire was implanted at a depth

of approximately 1 mm into the posterior ipsilateral hemisphere. Cranioplastic cement was placed around the optrode and the

ground wire and the optrode was then lowered to �2.1 mm DV. Sham surgery was performed on the observer’s cage mate.

A craniotomy was made and mice were left under anesthesia for an equivalent amount of time as their observer but no electrode

was implanted. A small amount of cranioplastic cement was placed on the skull to cover up the craniotomy. Cage mates were

reunited directly after surgery.
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Surgery for optogenetic experiments
In order to inhibit ACC/BLA input, 300ml of an AAV carrying the gene for a fusion protein comprised of enhanced Halorhodopsin and

enhanced yellow fluorescent protein under the calmodulin kinase II promoter (AAV5-CaMKIIa-eNpHR3.0-eYFP) or eYFP alone was

bilaterally injected into the ACC (AP: +1 mm, ML: ± 0.25 mm, DV: �2.1 mm). After waiting for 5 minutes the needle was raised

to �2.0 mm and another 300 mL of virus was injected at the same rate. After waiting 5 additional minutes the needle was raised

to �1.9 mm for 10 minutes before being slowly withdrawn. After 4-8 weeks mice underwent a second surgery in which two optical

fibers were implanted bilaterally over the BLA (AP: �1.6 mm, ML: ± 3.35 mm, DV: �4.5 mm). Fibers were lowered at approximately

0.01 mm/s and were secured using a thin layer of adhesive cement followed by dental cement. In a subset of mice instead of optical

fibers an optrode was implanted in the BLA following the same surgical procedure as described above.

For optogenetic activation of ACC/BLA input, we injected the same amount of an AAV carrying the gene for a fusion protein

comprised of Channelrhodopsin2 and enhanced yellow fluorescent protein under the CaMKIIa promoter (AAV5-CaMKIIa-ChR2-

eYFP) unilaterally into the right ACC, and an optical fiber unilaterally over the right BLA, as described above.

Behavioral Tasks
Observational conditioning task

Mice were placed in a soundproof conditioning chamber (Med Associates, St Albans, VT, USA) with a shock floor side and a plastic

floor side separated by a transparent, perforated plastic divider. Mice in the Experienced Observers (EO) group received a ‘‘shock

experience’’ by being placed on the shock floor side of the chamber and allowed to freely explore. After 5 minutes they received 1

unpredicted, un-cued, footshock (all mice greater than 30 g were shocked with 1.5 mA, while mice less than 30 g were shocked with

1 mA) and were immediately transferred to the plastic floor side of the chamber. The cage mate of the observer was then placed into

the shock side of the chamber as the demonstrator for ‘‘observational conditioning.’’ After 5 minutes of habituation, demonstrators

underwent 30 trials that occurred at random intervals (60, 90, 120, 150, 180 s) in which a 20 s compound cue (light and 10 kHz tone)

predicted the delivery of a 2 s shock (1mA - 1.5mA) 10 s after the onset of the cue. Freezing was scored during the 20 s cue and a 20 s

baseline period prior to cue onset. Directly after, micewere placed back into their home cages. 24 hr later, observermicewere placed

back into the shock side of the chamber and 30 cues were delivered to the chamber in the absence of shock. Mice in the Experienced

UnpairedObserver (EU) group received a ‘‘shock experience,’’ however during observational conditioning cues and shocks delivered

to the demonstrator were explicitly unpaired. Experienced Solo mice (ES) also received a ‘‘shock experience’’ but then

no demonstrator was placed into the shock side of the chamber. Paired cues and shocks were delivered to the empty side of the

chamber. Naive Observers (NO) did not receive a ‘‘shock experience’’ but instead were placed on the plastic side of the chamber

where they observed demonstrators in the same way as EO. Lastly, Naive Solo mice (NS) also did not receive a ‘‘shock experience’’

but instead were placed on the plastic side of the chamber. Paired cues and shocks were delivered to the shock floor side of the

chamber in the absence of a demonstrator.

Observational place preference task

On Day 1 mice were placed in the same soundproof conditioning chamber mentioned above except that there was no barrier

between the shock floor and plastic floor so mice could freely explore both. After 30 minutes mice were removed. On Day 2, a barrier

was placed in the chamber separating the two floors and mice underwent observational conditioning according to their behavioral

groups as described above. On Day 3, the barrier was removed and mice were again allowed to freely explore for 30 minutes. After

5 minutes of exploration, cues were played.

Observational test in novel context

On Day 1, EO mice were observationally conditioned as described above. To test for cue learning in a novel context, on Day 2

observer mice were placed in a soundproof conditioning chamber that had a plastic floor covered with fresh bedding. 20 s cues

(10 KHz tone and house light) were delivered to the box and time spent freezing during the baseline (20 s prior to the cue) and

cue was measured.

Optogenetics during observational learning

Mice that expressed halorhodopsin, channelrhodopsin or eYFP in the ACC or BLA and had optical fibers over either BLA or ACCwere

tethered to a cable attached to a laser and placed in the same observational conditioning chamber described above. Mice received

one footshock and were then placed on the plastic side of the chamber to observe their demonstrator. 30 cue-shock pairings were

then delivered to the box in the samemanner as described for EO. Yellow (593 nm, 10mW) or blue (473nm, 20Hz, 15-20mW) light was

delivered one second before every cue and the laser stayed on for one second after the cue offset. 24 hr later mice were again teth-

ered to the laser and placed back on the shock floor and 30 cues were delivered to the chamber in the absence of shock delivery and

laser stimulation. All behavioral scoring for this experiment was performed in the manner described in the Quantitative and Statistical

analysis section.

Optogenetics during classical fear conditioning

Mice that expressed halorhodopsin or eYFP bilaterally in the ACC or BLA and had bilateral optical fibers over either BLA or ACCwere

tethered to a cable attached to a laser and placed in a behavioral chamber with a shock floor. Mice received 12 trials in which a 20 s

cue (2 kHz tone and houselight) was followed by delivery of a 0.5 ms footshock. The footshock occurred 10 s into the cue just as in
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observational conditioning. One second before every cue, yellow light (593 nm, 10mW) was emitted from the laser and stayed on until

1 s after the cue. 24 hr later, mice were placed back in the chamber and 12 cues were played in the absence of shock delivery and

laser stimulation. All behavioral scoring for this experiment was performed in the manner described in the Quantitative and Statistical

analysis section.

Observational social defeat

The home cage of an aggressive CD-1mouse (Charles River, RRID:IMSR_CRL:22) wasmodified by placing a transparent, perforated

divider in the middle. Observer mice with viral vectors allowing for the expression of NpHR or eYFP bilaterally injected into the ACC

and optical fibers over the BLAwere tethered to a laser that would deliver yellow light (593nm, 10mW). They were then placed into the

home cage of an aggressive CD-1, separated from the aggressor by the transparent divider. The light was turned on in order to inhibit

ACC input to the BLA and the demonstrator was immediately placed into the side of the home cage with the CD-1 mouse for 3 mi-

nutes. After 3minutes, the demonstrator was removed from the home cage and the light was turned off. Approximately one hour later,

the demonstrator and observer were placed back into the CD-1 cage in an identical manner for 3 minutes. Immediately following this

session, the observer was placed into an empty modified 3-chamber box for 5 minutes following which the same CD-1 aggressor as

well as a novel object were placed in the left and right chamber (counterbalanced between mice) of the box for 5 minutes. The time

spent in the zone of the CD-1 or novel object was recorded by The EthoVision XT video tracking system (Noldus, Wageningen,

Netherlands). The 3-minute social defeat sessions were recorded with a video camera.

Resident-intruder assay

Social Interaction in the homecage was examined as follows. The cagemate was temporarily moved to a holding cage and the exper-

imental mouse was allowed to explore its homecage freely for 1 min (habituation). A novel juvenile (3-4 weeks old) male C57BL/6

mouse was then introduced into the cage and allowed to interact freely for 3 min (test session). Each experimental mouse underwent

two social interaction tests separated by 24 hr, with one intruder paired with optical stimulation and one with no stimulation. Groups

were counterbalanced for order of light stimulation. All behaviors were video recorded and analyzed by an experimenter blind to the

testing condition using ODLog software (Macropod software). The overall score of social interaction was defined as any period of

time in which the experimental mouse was actively investigating the juvenile intruder, including behaviors such as face or body sniff-

ing, anogenital sniffing, direct contact, and close following (< 1 cm). Nonsocial behaviors were also represented in an overall explo-

ration score, which included walking, rearing, digging, and self-grooming. For the social interaction assay described in Figure 1G, the

time spent engaging in social interaction by EO, ES, or NSmice was scored in the homecage for the 15minutes prior to observational

conditioning. Directly following observational conditioning, the demonstrator and observer mice were placed back into their home-

cage and time spent interacting was again scored for 15 minutes.

Novel object exploration

The novel object test was executed exactly like the resident-intruder assay. Instead of a juvenile intruder, a plastic object was intro-

duced to the mice’s home cage and total time spent investigating the object over 3 min was quantified. Objects were thoroughly

cleanedwith 0.03%acidic acid in between tests. Each experimental mouse underwent two novel object investigation tests separated

by 24 hr, with one trial paired with optical stimulation and one with no stimulation, counterbalanced for order of light stimulation and

object.

Open field test

The open field chamber wasmade of transparent plastic (533 53 cm) and divided into a central and a peripheral field. Individual mice

were tethered to a laser and placed in the center of the open field at the start of the session. The open field test consisted of a 9 min

session with three 3 min epochs (OFF-ON-OFF) in which the mouse was permitted to freely investigate the chamber.

Elevated plus maze assay

The elevated plus maze was made of gray plastic and consisted of two open arms (30 3 5 cm) and two enclosed arms (30 3 5 x

30 cm) extending from a central platform (5 3 5 cm). The maze was elevated 75 cm from the floor. Individual mice were connected

to the patch cable and allowed 2 min on the lid of the homecage for recovery from handling before the 9 min session was initiated.

Each session was divided into three 3 min epochs with only the second epoch with light stimulation (OFF-ON-OFF).

Real-time place preference

Individual mice were placed in a transparent Plexiglas arena (57.15 3 22.5 3 30.5 cm; divided into left, right, and center compart-

ments) and were allowed to freely move between compartments for 30 min. Entry into one half of the chamber resulted in photosti-

mulation (20 Hz, 5 ms pulses). Stimulation and no stimulation sides were counterbalanced between mice. In between subjects, the

behavioral chamber was thoroughly cleaned with 0.03% acetic acid diluted in water.

All behavioral tests were recorded by a video camera. The EthoVision XT video tracking system (Noldus, Wageningen,

Netherlands) was used to track mouse location, velocity, and movement of head, body, and tail. All measurements displayed are

relative to the center of the mouse body.

Electrophysiological Recordings
Ex vivo recordings and analysis

Six to eight weeks after surgery for ChR2 expression in ACC/BLA projectors, 4micewere anesthetized with 90mg/kg pentobarbital

and perfused transcardially with 10 mL of modified artificial cerebrospinal fluid (ACSF, at �4�C) containing (in mM): 75 sucrose,

87 NaCl, 2.5 KCl, 1.3 NaH2PO4, 7 MgCl2, 0.5 CaCl2, 25 NaHCO3 and 5 ascorbic acid. The brain was then extracted and glued
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(Roti coll 1; Carh Roth GmbH, Karlsruhe, Germany) on the platform of a semiautomatic vibrating blade microtome (VT1200; Leica,

Buffalo Grove, IL). The platform was then placed in the slicing chamber containing modified ACSF at 4�C. Coronal sections of

300 mm containing the ACC and BLA were collected in a holding chamber filled with ACSF saturated with 95% O2 and 5% CO2,

containing (in mM): 126 NaCl, 2.5 KCl, 1.25 NaH2PO4, 1.0 MgCl2, 2.4 CaCl2, 26.0 NaHCO3, 10 glucose. Recordings were started

1 h after slicing and the temperature was maintained at approximately 31�C both in the holding chamber and during the recordings.

The viral injection sites were checked and imaged with a camera (Hamatsu Photonics K.K., Japan) attached to the microscope

(BX51; Olympus, Center Valley, PA). The slice images were registered to the mouse brain atlas (Paxinos and Watson) and the center

of the injection was taken at the brightest point of the fluorescence. If the injection site was outside the ACC, data was not collected

from that mouse.

Recordings were made from visually identified neurons expressing ChR2-eYFP (ChR2+) and non-expressing (ChR2-) neighboring

cells. Patched cells were filled with Alexa Fluor (AF) 350 and biocytin. Voltage and current-clamp recordings of ACC/BLA projectors

were made using glass microelectrodes (5-7 MU) shaped with a horizontal puller (P-1000, Sutter, CA) and filled with a solution con-

taining (in mM): 125 potassium gluconate, 20 HEPES, 10 NaCl, 3 MgATP, 8 biocytin and 2 Alexa Fluor 350 (pH 7.25-7.4; 280-290

milliosmol). Recorded signals were amplified using Multiclamp 700B amplifier (Molecular Devices, Sunnyvale, CA). Analog signals

were digitized at 10 kHz using a Digidata 1440 and recorded using the pClamp10 software (Molecular Devices, Sunnyvale, CA).

Oxygenated ACSF was perfused onto the slice via a peristaltic pump (Minipuls3; Gilson, Middleton, WI) at �3 mL/min. Cells were

confirmed to be expressing ChR2 based on the constant inward current response to a 1 s constant blue light pulse in voltage clamp.

Offline analysis was performed using Clampfit software (Molecular Devices, Sunnyvale, CA). Light evoked latencies of action po-

tentials (AP) and excitatory postsynaptic potentials (EPSP) were measured for each cell for 20 pulses of a 1 Hz train with 5 ms pulses.

Latencies were measured from the onset of the light pulse to the peak of the AP or EPSP.

In vivo recordings during observational learning

ACC or BLA electrode-implanted mice were connected to a head stage that plugged into a battery-operated commutator and

pre-amplifier for multichannel spike acquisition (Tucker-Davis Technologies, Alachua, FL). Electrophysiological recordings were

performed during either paired or unpaired observational training (i.e., EO or EU, respectively) as described above for the initial

behavioral experiments. Recordings were also performed during an initial ‘‘habituation’’ session shortly prior to the observational

conditioning phase in which only the cue was delivered at random intervals to allow for comparisons of neural cue responses before

and during observational learning.

Mice that expressed halorhodopsin bilaterally in the ACC and had an optrode implanted in the right BLA were plugged into the

spike acquisition system and an optical patch cord. Mice were then placed into the observational conditioning chamber described

above, received an initial shock experience, and were then transferred to the plastic side of the chamber. The demonstrator was

placed on the shock floor and 15 cue-shock pairings were delivered to the chamber. The next 30 trials had a subset of trials were

the laser delivered yellow light (593 nm) 1 s before the onset of the cue and stayed on until 1 s after the cue. This was done in a pseu-

dorandom order. Overall, there were 25 trials in which no laser stimulation was delivered and 20 trials where laser stimulation was

delivered. Neural activity was recorded continuously throughout the experiment.

Immunohistochemistry and confocal microscopy
All micewere anesthetizedwith sodiumpentobarbital and then transcardially perfusedwith ice-cold phosphate-buffered saline (PBS)

followed by 4% paraformaldehyde (PFA) in PBS (pH 7.3). Extracted brains were post-fixed in 4% PFA overnight and then transferred

to 30% sucrose in PBS until equilibration. 50-60 mm-thick coronal sections were sliced using a sliding microtome (HM430: Thermo

Fisher Scientific, Waltham, MA) and stored in PBS at 4�C until processed for immunohistochemistry. Free-floating sections were

incubated with a DNA specific fluorescent probe (DAPI: 4’,6-Diamidino-2-Phenylindole, 1:50,000; Sigma-Aldrich) for 1 hour at

room temperature. Sections were washed for 4 3 10 min with PBS followed by mounting on microscope slides with PVA-DABCO

(Sigma-Aldrich). Fluorescence images were acquired using an Olympus FV1000 confocal laser scanning microscope using a 10x/

0.40 NA or a 40x/1.30 NA oil-immersion objective. Mice without viral expression or mis-targeted fiber placements were excluded

from further analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Analysis
Statistical analyses were performed using either GraphPad Prism (GraphPad Software, Inc, La Jolla, CA, USA) or MATLAB (Math-

works, Natick, MA, USA). Group comparisons were made using either one-way or two-way analysis of variance (ANOVA) followed

by Bonferroni post hoc tests. Single variable comparisons were made with two-tailed unpaired Student’s t tests while chi-square

analyses were used to compare proportions. Non-parametric Wilcoxon signed-rank tests were used to compare in vivo neural firing

rates across conditions, using an a = 0.01. An a = 0.01 was also used to determine whether z-score transformed peri-stimulus time

histograms of neural data exhibited significant neural responses. Multiple comparisons were corrected when appropriate by adjust-

ing P values using the Bonferroni method. Differences between behavioral groups were assessed using ANOVA tests followed by

post hoc tests when applicable using an a = 0.05. The number of animals (N) and the number of neurons (n) recorded is specified

in the figures, the figure legends, and the text. All state space analyses were performed according to Smith et al. (2010).
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Analysis of Observational conditioning

Behavioral performancewas recorded by digital video cameras. All videosweremanually analyzed offline by an experimenter blind to

experimental conditions. Freezing behavior of the observer was scored on both conditioning and test day as the amount of freezing

during the cue minus the amount of freezing in the 20 s directly preceding the cue (baseline). Freezing was defined as absence of

movement, with the exception of respiration. Based on preliminary behavioral data, analysis of freezing behavior for the training

day was performed on trials 5-20. Analysis of freezing behavior on test day was performed on the first 5 trials. Additional other ste-

reotyped behaviors shown by the observer (e.g., grooming and escaping), were quantified by manual scoring. Observer mice were

said to be mimicking when they displayed escape behaviors in direct response to demonstrators exhibiting escape behaviors during

the cue.

Grooming andmimicking behaviors were quantified during the 20 s of the cue and compared to the baseline taken as the 20 s prior

to the cue onset. The number of trials in which mice that were engaged in grooming stopped at cue onset was quantified as a per-

centage of all trials. This was averaged across all mice in the respective groups. The percentage of trials in which the Observers

showed mimicking behaviors was also quantified and averaged across mice in a given group.

Analysis of Observational Place Preference Task

Observational Place Preference videos of all mice were recorded then viewed and analyzed by an experimenter blind to experimental

conditions. The percentage of time mice spent with all four limbs on the shock floor side of the chamber on Day 1 was scored and

calculated. The percentage of time spent on the shock floor on Day 3 was also scored and calculated. A preference score ((% time on

shock floor onDay 3) - (% time on shock floor on Day1)) was calculated for eachmouse. This scorewas then divided by the average of

the naive solo group to give a normalized preference score ((% time on shock floor Day 3) - (%time on shock floor Day 1/ average NS

preference score)). The normalized preference score for the group was calculated as an average of all of the normalized preference

scores for mice in that group.

Behavioral analysis of electrophysiology mice
Behavior of electrode-implanted observer mice was recorded throughout observational conditioning and test day, with videos

manually scored offline as described above to identify bouts of freezing, grooming and escape behaviors. Raster plots of behavior

were generated for each individual mouse and presented in 0.1 s bins. Raster plots of average freezing behavior for each group were

calculated and presented in 1 s bins, indicating the average proportion of time (0%–100%) spent freezing during each 1 s bin by all

mice in each group.

Analysis of neural responses to cue delivery

The response of individual neurons to the cue was examined using the non-parametric Wilcoxon signed-rank test. Two signed-

rank tests were performed per neuron to capture phasic and sustained responses to the cue. For phasic cue responses, neural

activity was binned in 100 ms epochs, and statistical comparisons were made between the firing frequency within a baseline win-

dow of 1000 ms prior to cue onset and the firing frequency within an experimental window of 500 ms after cue onset. For sustained

cue responses, neural activity was binned in 1 s epochs, and statistical comparisons were made between the firing frequency

within a baseline window of 20 s prior to cue onset and the firing frequency within an experimental window of 9 s after cue onset.

Both tests were performed with 1000 bootstraps, the significance threshold was set to p < 0.01, and Bonferroni corrections were

performed to control for multiple comparisons (i.e., 0.01 divided by 2 tests, p < 0.005). Neurons were deemed as cue responsive

if they exhibited statistical significance on either the phasic or sustained response test. Additional Bonferroni-corrected signed-

rank tests were performed to determine whether cells exhibited training-induced changes in the magnitude of cue response

by comparing firing frequencies during the habituation and observational conditioning phases. Since there was a higher number

of trials during the observational conditioning phase, only a subset of 16 conditioning trials were used for comparisons

against 15 habituation trials. Conditioning trials 5-20 were chosen for this analysis as they corresponded to the trials that we

used to measure learning behaviorally.

Analysis of neural responses during shock

The response of neurons to shock delivery to demonstrator mice was also examined using the signed-rank test. Neural activity was

binned in 100ms epochs, and statistical comparisonsweremade between the firing frequencywithin a baselinewindow of 5 s prior to

shock onset and the firing frequency within the 2 s of shock delivery to the demonstrators. To account for potential electrical contam-

ination during shock delivery, statistical comparisons were also made between shock delivery with and without the presence of

demonstrator mice, while observer mice freely behaved on the safe plastic floor compartment. As for cue response analysis, shock

response analysis was performed with 1000 bootstraps and Bonferroni corrections for multiple comparisons.

Calculation of firing rate and rate change trial
Wemodeled firing rate using the state-space approach described in Smith et al. (2010). Because we were most interested in assess-

ing how the neuron’s firing during the cue changes over the course of learning, we selected a trial response window from the obser-

vation interval ð0;TÞ and analyzed how the firing rate during that window evolved over time. In order to find the trial during observa-

tional conditioning at which the firing rate during the cuewas significantly different than the firing rate observed during habituation, we

modified the trial-to-trial comparison algorithm in Smith et al. (2010) (Appendix C) in the following way. In Smith et al. (2010), samples

from the rate at trial iwere compared with samples at trial j and the probability that these distributions were different was computed.
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Here, we compare samples from the mean of the 15 habituation trials (making use of the first 15 trials’ covariance matrix) with sam-

ples from trial j (Smith et al., 2010). When the samples from trials j and j+1 are both greater/less than the combined samples from trials

1-15 with 95% probability, we designate trial j as the rate change trial.

We performed these analyses on all neurons that were classified as either showing conditioning selective responses or conditioned

responses after application of the statistical tests described above in the section ‘‘Electrophysiology Analysis of learned cue re-

sponses.’’ We chose response windows of 1 s and 9 s as these were close to the windows chosen for our Wilcoxon analyses.

We chose a 1 s response window instead of 500ms as it provided the model with more data and allowed estimations with greater

confidence. We performed the analysis with 1 s and 9 s response windows and used the earliest trial estimate. The algorithm suc-

cessfully provided estimates for 87% (n = 13/15) of BLA and 92% (n = 34/37) of ACC neurons. These estimates were used to generate

the histogram shown in Figures 3G and 3H.

The MATLAB code for state-space analysis of neural firing is downloadable from http://annecsmith.net/firingrates.html.

Neural trajectory analysis

We computed peri-stimulus time histograms (PSTHs) for each unit to estimate its trial-averaged activity over time for each condition.

We aligned trials to CS onset, and each trial was sampled from 2 s before the CS onset to 5 s after the CS onset. We binned spike

trains with a 50-msec window, and convolved these with a 150-msec Gaussian kernel to smooth the PSTHs. For each condition, a

high-dimensional neural activity space was created, where each axis is the firing rate for each unit. PSTHs from all the units will form a

trajectory evolving in an n-dimensional space (n = the number of units). Prior to dimensionality reduction, we removed neurons that

had extremely low firing rates over the 7 s window. We then normalized the PSTH for each unit by its maximum variance across con-

ditions for that unit, so we could avoid being biased by neurons with higher firing-rates and ensure that each unit has similar overall

variability across conditions (Ames et al., 2014). We then performed principal component analysis (PCA) on these PSTHs for each

condition to find the representative features in the face of the heterogeneity in neural dynamics. We preserved the dimensions

that represented more than 70% of the total variance of the original data. As the first two principal components (PCs) are the

most salient features of the population, we projected the trajectory on a 2D plane formed by PC1 and PC2.

Distance calculation

We calculated Euclidian distance between the neural trajectories for the habituation and observational conditioning conditions at

each time point, and plotted this distance across time (from 2 s before CS onset to 5 s after CS onset).

We then calculated the mean distance during baseline period before CS onset (2 s, 40 data points where each data point is

separated by 50 ms), and we chose 2 s right after CS onset and calculated the mean distance after CS onset (2 s, 40 data points).

We calculated their difference to quantify how far apart the neural state at the habituation and observational conditioning training

phases were during the baseline and CS presentation periods.

Identification of ACC network neurons

In mice expressing ChR2 in ACC/BLA projector neurons, an optrode was implanted into the ACC as described above. EO animals

underwent observational conditioning while we recorded neural activity using the spike acquisition system. Immediately after con-

ditioning the demonstrator mouse was removed and blue light (473 nm, 15-20 mW) from a laser was delivered through the optrode

(phototagging). Electrophysiological recording was not stopped between observational conditioning and phototagging. During pho-

totagging different stimulation parameters were used: 1 s pulse, 5ms 1Hz pulses, 5ms 10Hz pulses, and 5ms 20Hz pulses.We then

analyzed neural responses to photostimulation. Due to the wide range of latencies in response to light stimulation in recorded units,

we first used custom-written MATLAB scripts to calculate the latency from photostimulation onset to the first 10 ms bin (within

500 ms) with a 4 standard deviation (SD) increase over the baseline firing rate (�0.5 to 0 s) using the data from the 1Hz stimulation.

We then used the Wilcoxon signed-rank test to determine if the firing rate within an experimental window was significantly different

than the baseline firing rate. For neurons with latencies lower than 10ms, a baseline window of 50 ms and response window of 20ms

were used. For neurons with latencies above 10ms, a baseline of 500ms and a response window of 50mswere used. Lastly neurons

that showed inhibitory responses were analyzed using the data from the 1 s constant pulse of light with a baseline window of 1 s and a

response window of 500 ms. Neurons were categorized as ACC network neurons if they showed a significant excitatory or inhibitory

response to photostimulation. Neurons were classified as ACC/BLA projectors if they had latencies under 8 ms and a significant

difference in the signed-rank analysis (p < 0.01). Excited network neurons were defined as those that were excited to light with a la-

tency of 20-100 ms and significant difference in the signed-rank analysis (p < 0.01). Inhibited network neurons were defined as those

that were inhibited to light within a 500 ms window using the signed-rank analysis (p < 0.01).

Analysis of BLA neural responses

All of the non-laser stimulation trials and the laser stimulation trials were grouped together for statistical analysis. Responses of single

units to the cue onset were deemed statistically significant as described above. A neuron’s response to the cue was categorized as

being modulated by laser stimulation if the Wilcoxon signed-rank test for cue response was significant (p < 0.01) in either the laser

stimulation or non-laser stimulation condition but not the other condition, or if the response windows were significantly different from

each other. Multiple comparisons were corrected for by adjusting p values.
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Supplemental Figures

Figure S1. EO Mice Learn Association between Cue and Shock during Observational Conditioning, Related to Figure 1

(A) On Day 1: Training; only mice that observed a cue that was paired to shock delivered to the demonstrator (EO and NO) showed increased freezing during the

cue relative to baseline (20 s prior to cue onset) (two-way repeatedmeasures (RM) ANOVA, group effect, F(4,24) = 7.37, p = 0.0005, epoch effect, F(1,24) = 57.51, p <

0.0001, group X epoch interaction, F(4,24) = 13.76, p < 0.0001; Bonferroni post hoc analysis, ****p < 0.0001). Error bars indicate ± SEM.

(B) On Day 2: Test; only EO mice showed significantly increased freezing during the cue relative to baseline (20 s prior to cue onset) (two-way RM ANOVA, group

effect, F(4,24) = 4.368, p = 0.0085, epoch effect, F(1,24) = 0.4843, p = 0.4931, group X epoch interaction, F(4,24) = 5.524, p = 0.0027, Bonferroni post hoc analysis,

**p = 0.0073).

(C) Additional behaviors observed during observational conditioning. Left: EUmice show continued grooming after cue onset compared to EO (one-way ANOVA,

F(2,14) = 6.273, p = 0.0113, Bonferroni post hoc analysis of pre-defined pairs, EO versus EU,**p = 0.0071, EO versus NO, p = 0.7027). Right: Only EO mice

significantly mimicked behavior of the demonstrator (one sample t test, EO: t = 2.750, df = 6, *p = 0.0333), while NO mice showed a trend (NO: t = 2.359, df = 4,
#p = 0.0777).

(D) Outline of adapted conditioning paradigm to test for place preference after conditioning. On Day 1, mice were allowed to explore a chamber with a shock floor

side and a safe floor side without a barrier. On Day 2, EO (N = 7), ES (N = 8), NO (N = 7), and NS (N = 7) mice underwent observational conditioning as outlined

above. On Day 3 mice were once again placed into the chamber without the barrier and allowed to explore for 30 minutes.

(E) On the Test day, NOmice show an increase in time spent on the shock floor compared to both EO and ES groups (one- way ANOVA, F (3,25) = 5.663, p = 0.0042,

Bonferroni post hoc analysis,**p < 0.006). Error bars indicate ± SEM.

(F) On the Test day, all groups of mice spent less time on the shock floor in comparison to the Habituation day. However, mice in the different groups were

significantly different in the amount of time they spent on the shock floor relative to habituation (one-way ANOVA, F(3,25) = 5.802, p = 0.0037, Bonferroni post hoc

analysis of preselected comparisons, NO versus NS, *p = 0.0354, EO versus NO,**p = 0.0015). Error bars indicate ± SEM.

(G) Representative confocal images of electrolytic lesions in ACC (left) and BLA (right). Lesions indicated by yellow arrowhead (blue = DAPI).

(H and I) Histologically verified electrode placements in ACC (H) andBLA (I) for all subjects included in the study. Symbol represents electrolytic lesion site for each

individual mouse.
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Figure S2. Neural Responses in the ACC and BLA during Observational Conditioning and Test Day, Related to Figure 2

(A) Representative waveforms (top) and PCA cluster analysis (bottom) for single-unit identification. This single-unit was recorded from the BLA.

(B) Additional representative BLA and ACC neurons, recorded on Day1: Training exhibiting excitation or inhibition to the cue (upper panel), excitation or inhibition

during shock delivery to the demonstrator mice (middle panel) and activity during control shock epochs in which shocks were delivered in the absence of

demonstrator mice. Importantly, we did not see any significant changes in neuron activity to the shock during this control epoch, when the demonstrator was

absent from the box. Arrow heads on top of the raster plots indicate the reference events. PSTHs are illustrated in 100 ms bins.

(C) Hierarchical tree describing the full spectrum of cue and shock (to demonstrator) neural responses in both the BLA and ACC, per recording group during

observational conditioning. C+, cue excitation; C–, cue inhibition; S+, shock excitation; S–, shock inhibition; C+S+, cue excitation plus shock excitation; C–S–,

cue inhibition plus shock inhibition; C+S–, cue excitation plus shock inhibition; C–S+, cue inhibition plus shock excitation; No Resp, no response.

(D) Cue response analysis for the test day. Central pie charts show the proportions of neurons per neural recording group that exhibited either no cue

responsiveness (gray) or significant cue responsiveness (purple). Semi-rings illustrate the proportions of neurons that exhibited either cue-induced excitation or

cue-induced inhibition. Chi-square tests were performed to compare Paired (EO) and Unpaired (EU) groups. For the ACC (c2 = 0.0615, and p = 0.8041;n.s. = not

significant). For the BLA, we detected a significant difference in the proportion of neurons that were cue-responsive on test day between the EO and EU groups,

(c2 = 4.9032, *p = 0.0268).

(E) Proportions of BLA and ACC neurons that showed either phasic or sustained responses to the cue during observational conditioning per recording group.

Neurons were deemed as ‘‘phasic responsive’’ if they showed significant changes in activity within 500 ms from cue onset, relative to a baseline window of 1 s

preceding cue onset. In contrast, neuronswere deemed as ‘‘sustained responsive’’ if they showed significant changes in activity within 9 s from cue onset, relative

to a baseline window of 20 s preceding cue onset. Raster callouts illustrate examples for phasic and sustained cue-elicited responses (either excitation or in-

hibition) from the BLA and ACC paired training groups. Overall, ACC paired mice had more excitatory cue-elicited responses compared to BLA paired mice, both

in the phasic (Chi-square test, c2 = 9.265, df = 1, **p = 0.0023), as well as the sustained (Chi-square test, c2 = 6.817, df = 1, **p = 0.009) proportion of

responsive cells.

Within the BLA, paired mice had significantly more neurons responding with a phasic, excitatory cue-elicited response compared to BLA-unpaired mice (Chi-

square test, c2 = 3.939, df = 1, *p = 0.0472). The opposite was true within the ACC, were paired mice showed a significantly reduced proportion of neurons with a

sustained, excitatory cue-elicited response compared to ACC-unpaired mice (Chi-square test, c2 = 7.86, df = 1, **p = 0.0051).

(F) ACC baseline firing rates changed more from habituation to conditioning than BLA baseline firing rates. The average firing frequency of each neuron was

calculated for 5 s preceding cue presentations during the habituation phase (trials 1-15) and the observational conditioning phase (trials 5-20). Then a firing

frequency difference score was calculated for each neuron to evaluate training-induced changes. Black lines in the line plots represent all recorded neurons per

experimental group, whereas teal lines represent the neurons that showed significant training-induced changes in cue responsiveness (i.e., ‘‘Task D’’ sub-

populations represented in main Figures 2F and 2G). Overall, the ACC exhibited a significantly larger variance than the BLA on training-induced changes in

baseline activity (Kruskal-Wallis non-parametric test: ACC-EO versus BLA-EO groups, **p = 0.0025; ACC-EU versus BLA-EU groups, ****p < 0.0001).



Figure S3. Additional State-Space Analysis of ACC and BLA Neurons during Observational Conditioning and Test Day, Related to Figure 3

(A and B) Representative PSTHs (100ms bins) of conditioning dependent neurons in the ACC (A) and BLA (B) responding to the cue and the state-space analysis

of these neurons showing their respective rate change trial.

(C) Neural trajectories for the test day. Each plot illustrates the trial-averaged low-dimensional neural trajectory projected on a 2D space formed after PC1 and

PC2 per neural recording group. The light blue color represents the neural trajectory during the baseline period (i.e., prior to cue onset), whereas the darker blue

color represents the trajectories during cue presentation. The white-filled circle represents the starting point of the trajectory during a baseline period (�2 s

relative to cue onset), the white-filled triangle represents cue onset, and the white-filled square represents the trajectory end at 5 s after cue onset. Smaller dots

inside the trajectories represent timestamps with 50 ms apart from each other, indicating the speed of trajectory evolvement across time.



Figure S4. Neural and Behavioral Analysis of Individual Optrode-Implated Mice, Related to Figure 4

(A) The optrode placement of all mice containing ACC/BLA photo-identified neurons along with the proportion of neurons that were responsive to

photostimulation. The proportion of neurons responding to cue, footshock delivery to the demonstrator, or both is also displayed. These neural data summaries

(legend continued on next page)



are presented alongside corresponding behavioral rasters (1 s bins) showing freezing, grooming, escape and movement on the training and test day for each

animal.

(B) The population average of firing rates was calculated for all ACC/BLA inhibited network neurons we recorded. We computed the latency, from light onset, at

which the population firing rate decreased by 50%of themaximum decrease. This value was 26.7ms. Likewise, whenwe applied the same analysis to light offset,

the firing rate ‘‘returned’’ to the same point 70ms after the light turned off.



Figure S5. Histological Verification of Optic Fiber and Electrode Placements, Related to Figure 5

(A) Representative confocal images depicting the ACC of a mouse in which AAV-CaMKII-NphR3.0-eYFP (NpHR) was injected into the ACC (blue = DAPI, eYFP =

green) and an electrode or optical fibers were placed in the BLA (blue = DAPI, green = eYFP, arrowhead points to lesion site of optrode and optical fiber).

(B) Percentage of DAPI-positive (+) cells expressing NpHR in ACC, infralimbic cortex (IL), and dorsal peduncular (DP) cortex. Significantly more cells were ex-

pressed in the ACC region compared to the other 2 regions (N = 3 mice; one-way ANOVA, F(2,6) = 9.745, p = 0.013, Bonferroni post hoc analysis, *p < 0.05). Error

bars indicate ± SEM.

(C) Representative confocal image of the ACCof amouse inwhich AAV-CaMKII-ChR2-eYFP (ChR2) was injected into the ACC (blue =DAPI, eYFP = green) and an

optical fiber was placed above the BLA (blue = DAPI, green = eYFP, arrowhead points to lesion of optical fiber).

(D and E) Schematic of ACC viral injection sites (D) and electrode and fiber placements in BLA (E) for mice in Figures 5, 6A–6C, S7L, and S7M.

(F and G) Schematic of ACC viral injection sites (F) and optical fiber placements in BLA (G) for mice in Figures 6D, 6E and S7D–S7F.

(H and I) Schematic of ACC viral injection sites (H) and optical fiber placements in BLA (I) for mice in Figures S7G–S7K and S7N–S7P.



Figure S6. ACC/BLA Photoinhibition and Photoactivation during Observational Conditioning and Additional Behavioral Assays, Related to

Figure 6

(A) Schematic of behavioral paradigm testing for the necessity of ACC/BLA circuit in acquisition. During observational conditioning, yellow light (593 nm) was

delivered 1 s prior to cue onset and stayed on until 1 s after cue offset. On Day 2: Test, mice were re-exposed to the shock floor and cues were played while no

shocks or yellow light were delivered.

(legend continued on next page)



(B) Behavioral responses of EOmice during observational conditioning. Orienting and startle responses of the observer were used asmarkers for attentiveness to

the cue and shock delivery to the demonstrator. These behaviors were not significantly different between NpHR (N = 7) and eYFP (N = 12) expressing mice during

the first 5 cues of conditioning (two-tailed, unpaired Student’s t test, t = 0.07819, df = 17, p = 0.9386). Error bars indicate ± SEM.

(C) Mimicking behavior during the cue was significantly reduced in NpHR-expressing mice (two-tailed, unpaired Student’s t test, t = 2.654, df = 17, *p = 0.0167).

Error bars indicate ± SEM.

(D) Schematic of behavioral paradigm for optogenetic inhibition of the ACC/BLA circuit during the delivery of shock to the demonstrator. During observational

conditioning, yellow light (593 nm) was delivered 1 s prior to the onset of footshock delivery to the demonstrator and stayed on until 1 s after the footshock offset.

(E) Both NpHR (N = 8) and eYFP (N = 7) expressing mice showed increased freezing during the cue compared to the baseline (20 s prior to cue onset) during

observational conditioning (two-way RM ANOVA, group effect, F(1,13) = 2.033, p = 0.1775, epoch effect, F(1,13) = 37.63, p < 0.0001, group x epoch effect, F(1,13) =

0.3829, p = 0.5467; Bonferroni post hoc analysis **p = 0.0028, ***p = 0.001). Error bars indicate ± SEM.

(F) There were no significant interactions or post hoc analyses for time spent freezing during the cue on the test day (two-way RM ANOVA, group effect, F(1,13) =

0.0422, p = 0.8404, epoch effect, F(1,13) = 3.64, p = 0.0787, group x epoch effect, F(1,13) = 1.575, p = 0.2316). Error bars indicate ± SEM.

(G) Schematic of behavioral paradigm for optogenetic activation of the ACC/BLA circuit during the cue during observational conditioning. 20Hz blue light

(473nm) was delivered 1 s prior to the onset of the cue and lasted until 1 s after the cue offset. On Day 2: Test, mice were re-exposed to the shock floor and cues

were played while no shocks or blue light were delivered.

(H) Both ChR2 (N = 7) and eYFP (N = 7) expressing mice showed increased freezing during the cue compared to baseline (20 s prior to cue onset) during

observational conditioning (two-way RM ANOVA, group effect, F(1,12) = 0.1409, p = 0.714, epoch effect, F(1,12) = 42.92, p < 0.0001, group x epoch effect, F(1,12) =

0.05212, p = 0.8233; Bonferroni post hoc analysis **p = 0.0015, ***p = 0.0009). Error bars indicate ± SEM.

(I) Both ChR2 and eYFP expressing mice showed increased freezing during the cue on test day when compared to baseline (20 s prior to cue onset) (two-way RM

ANOVA, group effect, F(1,12) = 3.935, p = 0.0706, epoch effect, F(1,12) = 17.09, p = 0.0014, group x epoch effect, F(1,12) = 0.021, p = 0.8872; Bonferroni post hoc

analysis *p < 0.05). Error bars indicate ± SEM.

(J) A juvenile intruder is introduced into the homecage of a resident ChR2 or eYFP mouse during light on and light off conditions separated by 24 hours and

counterbalanced between mice. 20Hz optogenetic activation of ACC/BLA inputs did not significantly alter social behaviors, non-social behaviors, cage

exploration, or attack in this resident intruder task (two-way RM ANOVA for social interaction, group effect, F(1,12) = 0.077, p = 0.7861, epoch effect, F(1,12) =

0.8203, p = 0.3829, group x epoch effect, F(1,12) = 3.178, p = 0.0999). Error bars indicate ± SEM.

(K) A novel object is introduced into the homecage of a resident ChR2 or eYFP mouse during light on and light off conditions separated by 24 hours and

counterbalanced between mice. 20Hz optogenetic activation of ACC/BLA inputs did not significantly alter object exploration, non-social behaviors, or cage

exploration in a novel object task (two-way RM ANOVA for object exploration, group effect, F(1,12) = 1.807, p = 0.2038, epoch effect, F(1,12) = 0.6393, p = 0.4395,

group x epoch effect, F(1,12) = 03455, p = 0.8556). Error bars indicate ± SEM.

(L and M) Inhibition of ACC/BLA inputs (N = 7 NpHR; N = 11 eYFP mice) did not significantly alter center exploration (L; two-way RM ANOVA, group effect,

F(1,16) = 0.4983, p = 0.4904, epoch effect, F(2,32) = 22.59, p < 0.0001, group x epoch effect, F(2,32) = 0.1153, p = 0.8915; no significant Bonferroni post hoc analysis)

or distance traveled (M; two-way RM ANOVA, group effect, F(1,16) = 0.01251, p = 0.9123, epoch effect, F(2,32) = 1.285, p = 0.2905, group x epoch effect, F(2,32) =

0.9628, p = 0.3926) in an open field task. Error bars indicate ± SEM.

(N) 20Hz optogenetic activation of ACC/BLA inputs (N = 7 NpHR; N = 7 eYFPmice) did significantly alter center exploration in an open field task, in the last OFF

epoch only (two-way RM ANOVA, group effect, F(1,12) = 0.4235, p = 0.5275, epoch effect, F(2,24) = 31.94, p < 0.0001, group x epoch effect, F(2,24) = 5.221, p =

0.0131; Bonferroni post hoc analysis *p = 0.0486).

(O) Activation of ACC to BLA inputs did not significantly alter distance traveled (two-way RM ANOVA, group effect, F(1,12) = 0.07664, p = 0.7866, epoch effect,

F(2,24) = 9.223, p = 0.0011, group x epoch effect, F(2,24) = 0.08599, p = 0.9179; no significant Bonferroni post hoc analysis) in an open-field task. Error bars indicate

± SEM.

(P) Optogenetic activation did not have an effect during a real-time place preference task in ChR2 or eYFPmice (two-way RMANOVA, group effect, F(1,12) = 1.941,

p = 0.1888, epoch effect, F(1,12) = 1.318, p = 0.2733, group x epoch effect, F(1,12) = 0.8716, p = 0.3689). Error bars indicate ± SEM.



Figure S7. Probing the Function of BLA Projections to the ACC (BLA/ACC), Related to Figure 7

(A) NpHR was injected bilaterally into the BLA and optical fibers were placed bilaterally over the ACC to allow temporally precise inhibition of the BLA/ACC

circuit.

(B and C) Representative confocal images depicting the BLA of a mouse in which AAV-CaMKII-NphR3.0-eYFP (NpHR) was bilaterally injected into the BLA

(B, blue = DAPI, eYFP = green) and optical fibers were placed in the ACC (C, blue = DAPI, green = eYFP).

(D) Schematic of behavioral paradigm for optogenetic inhibition of the BLA/ACC circuit during the delivery of shock to the demonstrator. During observational

conditioning, yellow light (593 nm) was delivered 1 s prior to the onset of footshock delivery to the demonstrator and stayed on until 1 s after the footshock offset.

(E) Behavioral responses of EO mice during observational conditioning. During observational conditioning, there were no significant differences in freezing

between NpHR (N = 17) mice and eYFP (N = 11) mice (two-tailed, unpaired Student’s t test, t = 0.8989, df = 26, p = 0.377). Inset shows freezing during the cue and

baseline (20 s prior to cue onset) (two-way RM ANOVA, epoch effect, F(1,26) = 11.93, p = 0.0019; group effect, F(1,26) = 2.812, p = 0.1056; group x epoch effect,

F(1,26) = 0.808, p = 0.377). Error bars indicate ± SEM.

(F) On Test day, there were no significant differences in freezing betweenNpHR and eYFPmice (two-tailed, unpaired Student’s t test, t = 0.106, df = 26, p = 0.916).

Inset shows cue and baseline (20 s prior to cue onset) freezing values (two-way RM ANOVA, epoch effect, F(1,26) = 1.419, p = 0.2443; group effect, F(1,26) = 8.407,

p = 0.0075; group x epoch effect, F(1,26) = 0.01125, p = 0.9164). Error bars indicate ± SEM.

(G)Schematicofbehavioral paradigm for inhibitionofBLA/ACCcircuit duringclassical fear conditioningwheremice receiveddirect footshockspairedwith thecue.

(H) No significant difference was detected between NpHR (N = 17) and eYFP (N = 11) mice in cue driven freezing on test day after a classical fear conditioning

paradigm (two-tailed, unpaired Student’s t test, t = 0.8779, df = 26, p = 0.388). Inset shows cue and baseline (20 s prior to cue onset) freezing values (two-way RM

(legend continued on next page)



ANOVA, epoch effect, F(1,26) = 87.87, p < 0.0001, group effect, F(1,26) = 8.366, p = 0.0076, group x epoch effect, F(1,26) = 0.7708, p = 0.388; Bonferroni post hoc

analysis, ****p < 0.0001). Error bars indicate ± SEM.

(I) Inhibition of BLA/ACC input in the Resident-intruder paradigm did not significantly alter social interaction time in NpHR (N = 18) compared to eYFP (N = 11)

mice (unpaired, two-tailed t test, t = 0.03179, df = 27, p = 0.9749). Inset shows interaction times for ON and OFF periods (two-way RM ANOVA, group effect,

F(1,27) = 1.003, p = 0.3255, epoch effect, F(1,27) = 0.3138, p = 0.58, group X epoch interaction, F(1,27) = 0.001, p = 0.9749). Error bars indicate ± SEM.

(J) Summary of light-evoked changes in the Resident-intruder paradigm showing percentage of total time mice spent engaged in social interaction, non-social

behaviors (e.g., grooming and rearing), and cage exploration.

(K) Optogenetic inhibition of BLA/ACC inputs (N = 17 NpHR; N = 11 eYFP mice) did not significantly alter object exploration (unpaired, two-tailed t test,

t = 0.5409, df = 26, p = 0.5932). Inset shows object exploration times for ON and OFF periods (two-way RM ANOVA, group effect, F(1,26) = 0.0014, p = 0.9706,

epoch effect, F(1,26) = 0.0124, p = 0.9123, group X epoch interaction, F(1,26) = 0.2387, p = 0.6292). Error bars indicate ± SEM.

(L) Summary of light-evoked changes in the Novel object paradigm showing percentage of total time mice spent engaged in object exploration, non-social

behaviors (e.g. grooming and rearing), and cage exploration.

(M and N) Inhibition of BLA/ACC inputs (n=18 NpHR; n=11 eYFP) did not significantly alter center exploration (M; two-way RM ANOVA, group effect,

F(1,27)=2.171, P =0.1522, epoch effect, F(2,54)= 32.85, P<0.0001, group X epoch interaction, F(2,54)=0.5666, P =0.5708; no significant Bonferroni post-hoc analysis)

or total distance traveled (N; two-way RM ANOVA, group effect, F(1,27)=1.84, P =0.1862, epoch effect, F(2,54)= 16.37, P<0.0001, group X epoch interaction,

F(2,54)=0.3611, P =0.6986; no significant Bonferroni post-hoc analysis) in an open-field task. Error bars indicate ± SEM.

(O) Inhibition of BLA/ACC inputs (N=17 NpHR; N=12 eYFP) significantly increase time spent in the open arm of an elevated plus maze task (two-way RM

ANOVA; group effect, F(1,27)=6.615, P=0.0159; epoch effect, F(2,54)=1.475, P=0.2379, group X epoch interaction, F(2,54)=1.339, P =0.2706; Bonferroni post-hoc

analysis *P=0.0412). In the inset the two laser-OFF episodes are combined in the bar graph (two-way RM ANOVA; group effect, F(1,27)=6.768, P=0.0149; epoch

effect, F(1,27)=2.54, P=0.1226, epoch x group effect, F(1,27)=1.189, P=0.2851; Bonferroni post-hoc analysis*P=0.0204). Error bars indicate ±SEM.
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