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SUMMARY

Considerable work emphasizes a role for hippocampal circuits in governing contextual fear
discrimination. However- the intra- and extrahippocampal pathways that route contextual
information to cortical and subcortical circuits to guide adaptive behavioral responses are poorly
understood. Using terminal-specific optogenetic silencing in a contextual fear discrimination
learning paradigm- we identify opposing roles for dorsal CA3-CA1 (dCA3-dCA1) projections and
dorsal CA3-dorsolateral septum (dCA3-DLS) projections in calibrating fear responses to certain
and ambiguous contextual threats: respectively. Ventral CA3-DLS (VCA3-DLYS) projections
suppress fear responses in both certain and ambiguous contexts: whereas ventral CA3-CAl
(vCA3-vCA1l) projections promote fear responses in both these contexts. Lastly- using retrograde
monosynaptic tracing- ex vivo electrophysiological recordings- and optogenetics,- we identify a
sparse population of DLS parvalbumin (PV) neurons as putative relays of dCA3-DLS projections
to diverse subcortical circuits. Taken together- these studies illuminate how distinct dCA3 and
VCA3 outputs calibrate contextual fear discrimination.
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Besnard et al. show that dorsal and ventral hippocampal CA3 projections to CA1 and dorsolateral
septum (DLYS) play distinct roles in calibration of contextual fear discrimination. DLS parvalbumin
inhibitory neurons receive monosynaptic dorsal CA3 inputs and modulate fear responses in a
context-specific manner.

INTRODUCTION

Adaptive navigation of our external world requires an assessment of contextual information
pertaining to threat. When danger is clear and certain, defensive behavioral responses are
deployed to permit survival. On the other hand, when threat is ambiguous, efficient
discrimination is required for adaptive generalization of fear responses so that the organism
is poised for pausing, flight, or fight. The hippocampus (HC) is thought to play a critical role
in this process by encoding contextual information and relaying it to brain regions that
mediate fear and stress responses (Kim and Fanselow, 1992; Maren et al., 2013).
Specifically, the dorsal (septal) HC (dHC) is thought to mediate encoding and discrimination
of contextual information, exploration, and navigation (Bannerman et al., 2014; Fanselow
and Dong, 2010; Frankland et al., 1998; Kheirbek et al., 2013; McHugh et al., 2007; Strange
etal., 2014), and the ventral HC (VHC; temporal) processes information underlying goal-
directed behaviors and innate anxiety (Ciocchi et al., 2015; Fanselow and Dong, 2010;
Jimenez et al., 2018; Kheirbek et al., 2013; Strange et al., 2014). Together, this division of
labor along the septotemporal axis of the HC in rodents is thought to calibrate adaptive fear
responses or defensive behavior, such as immobility (high levels of freezing behavior) when
threat is certain (e.g., context associated with a mild footshock) and increased mobility (low
levels of freezing behavior) to ambiguous, non-threatening stimuli in the environment (e.g.,
a similar neutral context not associated with a footshock). However, the dHC and vHC have
different efferent connectivity: the dHC projects to the mammillary bodies (MB), nucleus
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accumbens (Trouche et al., 2019), anterior thalamic nuclei, and dorsolateral septum (DLS)
nuclei, whereas the vHC sends monosynaptic projections to amygdala, nucleus accumbens,
prefrontal cortex, hypothalamus, and DLS (Fanselow and Dong, 2010; Strange et al., 2014).
Consequently, a fundamental question that arises is how information pertaining to certain
and ambiguous contextual threats computed in the dHC and vHC is integrated and relayed to
extrahippocampal circuits to calibrate fear responses. One mechanism is that information
pertaining to certain and ambiguous threats computed in dHC and vHC is relayed to the
amygdala, prefrontal cortex, and hypothalamus by VHC outputs. Alternatively, computations
underlying certain and ambiguous threats are relayed directly out of the dHC and vHC
through distinct pathways and integrated at extrahippocampal sites, such as the DLS
(Besnard et al., 2019; Fanselow and Dong, 2010; Luo et al., 2011; Risold and Swanson,
1996) or thalamus (Fanselow and Dong, 2010; Liberzon and Abelson, 2016; Vertes, 2006;
Xu and Sudhof, 2013).

Within the HC, distinct subregions contribute differentially to encoding of contextual
information. The dentate gyrus (DG)-CAS3 circuit in dHC is thought to play a critical role in
resolving overlapping contextual information to distinguish between certain and ambiguous
threats (Besnard and Sahay, 2016; McHugh et al., 2007). At the neural level, this may be
accomplished by pattern separation, a mechanism by which similar inputs are made
divergent at the level of output (Berron et al., 2016; Besnard and Sahay, 2016; Deng et al.,
2013; Lee et al., 2015; Leutgeb et al., 2007; Madar et al., 2019a, 2019b; McAvoy et al.,
2016; Miller and Sahay, 2019; Neunuebel and Knierim, 2014; Sakon and Suzuki, 2019).
Intriguingly, CA1 appears to be less sensitive to contextual discrimination and pattern
separation, raising the question of how DG-CA3 computations resolving overlapping
contextual information are propagated to extrahippocampal circuits without being modified
or undone in CA1 (Knierim and Neunuebel, 2016; Leutgeb et al., 2004; Vazdarjanova and
Guzowski, 2004; Yassa and Stark, 2011).

The DLS, a brain region comprised of a heterogeneous population of inhibitory neurons, by
virtue of receiving direct hippocampal synaptic inputs, is ideally positioned to relay DG-
CA3 computations resolving overlapping contextual information to the hypothalamus and
the supramammilary nucleus (SUM) (McGlinchey and Aston-Jones, 2018; Pan and
McNaughton, 2004; Risold and Swanson, 1996, 1997a, 1997b; Sheehan et al., 2004;
Sweeney and Yang, 2015,2016), a potent modulator of defensive behavior (Blanchard et al.,
1998) (exploration, freezing), arousal, and stress responses (Campeau and Watson, 2000;
Pan and McNaughton, 2004). We recently found that within the DLS, somatostatin (SST)-
expressing neurons receive monosynaptic inputs from hippocampal CA3, CA1, and
subiculum and these neurons gate mobility in aversive contexts (Besnard et al., 2019).
Together, these observations suggest that contextual information may be relayed out of CA3
by CA1 or the DLS to cortical and subcortical circuits to calibrate fear responses.

Here, we used optogenetic terminal-specific attenuation to delineate the precise
contributions of dorsal and ventral CA3 (vCA3) outputs to contextual fear discrimination
learning (CFCDL). We found that optogenetic attenuation of excitatory dorsal CA3 (dCA3)
projections to CA1 and DLS impaired behavioral fear responses (freezing levels) in
conditioned and similar (neutral) contexts, respectively. In contrast, optogenetic attenuation
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of excitatory vVCA3 projections to CAl and DLS had opposing effects on freezing behavior
in both conditioned and similar, neutral contexts. Retrograde monosynaptic tracing, ex vivo
electrophysiological recordings, and optogenetic manipulation identified DLS parvalbumin
(PV) neurons as potential cellular relays of excitatory dCA3 outputs to proximal and distal
subcortical circuits. Together, these studies illuminate how distinct dorsal and vCAS3 outputs
calibrate contextual fear discrimination.

Topographical Organization of Excitatory CA3/CA2 Projections in the DLS

We recently identified the CA3-DLS, but not the CA3-CAL1 circuit, as highly sensitive to
contextual fear discrimination (Besnard et al., 2019). Retrograde tracing studies have
demonstrated that the DLS receives monosynaptic inputs from CA3, CA2, CA1l, and the
dorsal subiculum (Besnard et al., 2019; Leroy et al., 2018). In line with these previous
findings, we observed robust CA3 excitatory projections to DLS in mice in which the Cre
recombinase drives the expression of fluorescent genetic reporters (Ai27 and Ai35) in CA3
(Madisen et al., 2012; Nakazawa et al., 2002) (Figures 1A and 1B). Injection of rAAV5-
CaMKII-ChR2-eYFP viral vectors into dCA3 or vCA3 of C57BL/6J mice (red arrows)
illuminated topographically segregated projections in medial and lateral regions of DLS,
respectively (Figures 1C and 1D), in addition to dorsal CA1 (dCAL) and ventral CA1l
(VCAL1) (red asterisks). These are most likely excitatory projections because viral labeling of
GAD2-expressing cells (Taniguchi et al., 2011) in CA3 only illuminated projections to the
medial septum (MS) (Figure 1E, asterisk). Collectively, these results suggest that dorsal and
ventral CA3/CA2 excitatory projections are topographically organized along a mediolateral
axis in the DLS, reminiscent of the pattern seen in the rat (Risold and Swanson, 1997b).

dCA3 Excitatory Projections to CA1 and DLS Mediate Fear Responses to Fearful and
Neutral Contexts, Respectively

To evaluate the contributions of dCA3-dCA1 in processing certain (fear conditioning context
A) and ambiguous contextual threats (similar, neutral context B) (Figure S1A), we used
terminal-specific optogenetic attenuation using halorhodopsin during CFCDL (Figures 2A—
2C). Optogenetic terminal-specific attenuation was performed after the training phase of
CFCDL (or stabilization of discrimination learning performance) during block 7 in contexts
A and B (Figures SLA-S1C). At the completion of CFCDL, mice were sacrificied at 30 or
60 min post-recall in context A or B for brain-wide c-Fos quantifications (Figures S1D, S1E,
and S2). We performed bilateral injections of control rAAV5-CaMKIlla-eYFP or rAAV5-
CamklI-eNpHR3.0-eYFP (halorhodopsin) viral vectors into dCA3 of adult male C57BL/6J
mice 3 weeks prior to stereotaxic implantation of fiber-optic probes above dCA1 (Figure
S3A). Optogenetic attenuation of the dCA3-dCA1 pathway did not affect horizontal activity
and behavioral measures of innate anxiety in the open-field (OF), elevated plus-maze
(EPM), and novelty suppressed feeding (NSF) tests (Figures 2D-2G). Optogenetic
attenuation of the dCA3-dCA1 pathway in block 7 preferentially decreased freezing
behavior in context A (Figure 2H; Figures S3C and S3D) and resulted in a decrease in the
discrimination ratio (Figure 21). Analysis of brain-wide patterns of c-Fos expression
following optogenetic attenuation of the dCA3-CA1 pathway 60 min post-exposure to
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context A (Figure S3E) identified brain regions (Figure S4) in which c-Fos activity was
either enhanced (e.g., MS, medial SUM, and dorsomedial periaqueductal gray [PAG]) or
decreased (e.g., lateral amygdala [LA]) (Figure 2J; Figure S3I). These results suggest that
dCA3-CAL pathway recruits specific subcortical targets in response to contextual threat
(context A).

To evaluate the contributions of dCA3-DLS in processing contextual fear discrimination, we
used terminal-specific optogenetic attenuation using halorhodopsin during CFCDL (Figures
3A-3C). We performed bilateral injections of control rAAV5-CaMKIla-eYFP or rAAV5-
Camkll-eNpHR3.0-eYFP (halorhodopsin) viral vectors into dCA3 of adult male C57BL/6J
mice 3 weeks prior to stereotaxic implantation of fiber-optic probes above DLS (Figure
S3B). Optogenetic attenuation of the dCA3-DLS pathway did not affect horizontal activity
and behavioral measures of innate anxiety in the OF, EPM, and NSF tests (Figures 3D-3G).
Optogenetic attenuation of the dCA3-DLS pathway on block 7 preferentially decreased
freezing behavior in context B (Figure 3H; Figures S3F and S3G), which resulted in an
increase in the discrimination ratio (Figure 31). Analysis of kinetics of c-Fos expression in
DLS revealed significantly greater activation at 30 min than at 60 min post-exposure to
context B (Figures S1E and S2G). We, therefore, analyzed brain-wide patterns of c-Fos
expression following optogenetic attenuation of dCA3-DLS pathway at 30 min post-
exposure to context B (Figure S3H). We identified brain regions in which c-Fos expression
was either enhanced (e.g., lateral DLS, lateral hypothalamus [LH], and lateral PAG) or
decreased (e.g., ventral BNST [bed nucleus of the stria terminalis] and dorsal DG) (Figure
3J; Figure S3J). These results suggest that the dCA3-DLS pathway recruits specific
subcortical targets in response to ambiguous contextual threat (context B).

Together, these findings suggest that the dCA3-dCA1 and dCA3-DLS pathways are
differentially required to mediate behavioral responses to certain and ambiguous contextual
threats. Specifically, dCA3-dCA1 and dCA3-DLS pathways promote freezing behavior
when the threat is certain or ambiguous, respectively.

The Strength of Contextual Fear Memory Determines the dCA3-DLS-Pathway-Dependent
Calibration of Contextual Fear Discrimination

To determine whether dCA3-DLS-dependent modulation of freezing behavior in the neutral
context necessitates encoding of the fear conditioned context, we assessed the impact of
optogenetic attenuation of the dCA3-DLS pathway during early and late stages of CFCDL
(Figure 3K). We performed bilateral injections of control rAAV5-CaMKIla-eYFP or
rAAV5-Camkll-eNpHR3.0-eYFP (halorhodopsin) viral vectors into dCA3 of adult male
C57BL/6J mice 3 weeks prior to stereotaxic implantation of fiber-optic probes above DLS
(Figure S5A). After an initial training session in context A on day 1, optogenetic terminal-
specific attenuation was performed on day 2 in contexts A and B (counterbalanced) (Figure
3L). On day 2, optogenetic attenuation of dCA3-DLS terminals increased freezing behavior
in context A but not context B (Figure 3M). After extended training in context A for 3
consecutive days (Figure 3N), optogenetic attenuation of the dCA3-DLS pathway decreased
freezing behavior in context B but not context A (Figure 30), reminiscent of what we had
observed using an extended discrimination learning protocol (Figure 3H).
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VvCA3 Excitatory Projections to CAl and DLS Exert Opposing Roles in Gating Contextual
Fear Responses

To interrogate the roles of vCA3-vCAL and vVCA3-DLS pathways in processing certain
(context A) and ambiguous contextual threats (context B), we used terminal-specific
optogenetic attenuation using halorhodopsin during CFCDL as described above (Figures
4A-4C). We performed bilateral injections of control rAAV5-CaMKIla-eYFP or rAAV5-
Camklla-eNpHR3.0-eYFP (halorhodopsin) viruses into vCA3 of adult male C57BL/6J
mice 3 weeks prior to stereotaxic implantation of fiberoptic probes above vCA1 and DLS
(Figures S6A and S6B). Optogenetic terminal-specific attenuation was performed after the
training phase of CFCDL during block 7 in contexts A and B. Optogenetic attenuation of the
vCA3-vCALl pathway did not affect horizontal activity and behavioral measures of innate
anxiety in the OF and EPM paradigms (Figures 4D-4F). However, a decrease in the latency
to feed in the familiar but not novel context in the NSF test was observed (Figure 4G). In the
CFCDL paradigm, both eYFP and eNpHR3.0 groups learned to discriminate between
contexts A and B over the first 6 training blocks (Figure 4H). Optogenetic attenuation of
VvCA3-vCAL1 terminals decreased overall freezing behavior in context A and B (Figure 4H,
block 7; Figures S6C and S6D) without altering discrimination efficiency (Figure 4l).

Optogenetic attenuation of vCA3-DLS pathway (Figure 4J) did not affect horizontal activity
and behavioral measures of innate anxiety in the OF and EPM paradigms (Figures 4K-4M).
However, an increase in the latency to feed in the familiar but not novel context in the NSF
test was observed (Figure 4N). Importantly, optogenetic attenuation of the vCA3-DLS
pathway increased overall freezing levels (Figure 40, block 7; Figures S6E and S6F)
without altering discrimination specificity (Figure 4P). Note that in both vCA3-vCA1 and
VCA3-DLS experiments, the effects on freezing behavior were dissociable from the change
in freezing levels induced by tethering in block 7.

Optogenetic attenuation of the vCA3-DLS pathway dampened activity throughout the limbic
brain, as assessed by c-Fos immunoreactivity 30 min following exposure to context B on day
21 (Figure S6G) (e.g., prelimbic [PL], DLS lateral, dorsal BNST, PVN [paraventricular
nucleus], posterior CPuL [caudate putamen lateral], LA, BLA [basolateral amygdala], NAcc
[nucleus accumbens] shell, and PAG) (Figure 4Q; Figure S6H). Collectively, these data
suggest that the vCA3-vCA1 and vCA3-DLS pathways promote and decrease freezing
levels, respectively, regardless of contextual fear certainty or ambiguity. Through their
diametrically opposed roles, these two pathways may permit a coarse calibration of
contextual fear responses.

VCA3 Excitatory Projections Modulate DLS SST Neuronal Activity

We have recently demonstrated that optogenetic silencing of SST-expressing neurons in DLS
results in the enhancement of freezing behavior in a context nonspecific manner (Besnard et
al., 2019). Here, we found that optogenetic attenuation of the vVCA3-DLS pathway also
results in the enhancement of freezing behavior in a context nonspecific manner (Figure
40). To infer whether vCA3 projections recruit SST-expressing neurons to control freezing
behavior, we measured c-Fos expression in SST neurons located in the lateral aspect of DLS
following photosilencing of dCA3-DLS (Figure S7A) and vCA3-DLS (Figure S7D)
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projections 30 min post-exposure to context B (Figures S3H and S6G). Optogenetic
attenuation of vVCAS3 (Figures S7E and S7F) but not dCA3 (Figures S7B and S7C) inputs to
DLS resulted in a decrease in c-Fos+SST+ neurons. These results suggest that vCA3 inputs
to DLS may control defensive responses by recruiting SST-expressing neurons in DLS.

DLS PV Neurons Receive Monosynaptic Hippocampal Inputs and Send Long-Range
Projections to Subcortical Circuits

Mapping of PV neuronal distribution in the DLS identified a sparse population of PV
neurons localized within the dCA3 termination zone (Besnard et al., 2019). Histological
examination of tdTomato-labeled PV neurons (PV-Cre::Ail4) confirmed preferential
localization to the medial part of DLS (Figures 5A and 5B). All tdTomato-expressing cells
in the DLS also expressed PV (data not shown). DLS PV neurons did not overlap with
tdTomato-expressing cells in GAD2-Cre::Ail4 and SST-Cre::Ail4 mice (Figure 5C),
suggesting that within the DLS, PV and SST neurons are non-overlapping cell populations.
Finally, an analysis of overlap between PV immunostaining and tdTomato labeling in PV-
Cre::Ail4 mice revealed that approximately 75% of DLS PV neurons underwent
recombination (unlike the caudate putamen and nucleus accumbens) (Figure 5D).

To identify presynaptic partners of DLS PV neurons, we performed pseudotyped rabies virus
trans-synaptic retrograde tracing (Sun et al., 2014; Wickersham et al., 2007). Infection with
modified rabies virus (Env-A pseudotyped RABYV [rabies virus] lacking G glycoprotein and
expressing mCherry, SADAG-mCherry) is restricted to a specific, labeled population of
starter cells expressing the avian receptor TVA (avian tumor virus receptor A) and limits
tracing to first-order presynaptic partners, as further trans-synaptic spread is abrogated in the
absence of glycoprotein. We bred PV-Cre mice with a conditional TVA-expressing mouse
line (LSL-TVA) to generate PV-Cre::TVA mice (Seidler et al., 2008). We injected
conditional AAV (adeno-associated virus) helper virus expressing GFP and EnvA-
pseudotyped G-deleted rabies virus in DLS of PV-Cre::TVA mice, identified starter cells
(GFP+mCherry+) in the DLS (Figure 5E, yellow arrowhead), and mapped the presynaptic
cells (mCherry+) in the MS, diagonal band nucleus (DBN), dSubiculum, CA1, and CA3,
albeit to a lesser extent (Figure 5F).

To establish whether CA3 projections functionally synapse onto PV-expressing neurons in
DLS, we performed bilateral injections of control rAAV5-Camklla-ChR2-eYFP
(channelrhodopsin) virus into dCA3 of 4-week-old male PV-Cre::Ail4 mice and performed
whole-cell patch clamp recordings in PV-expressing neurons (tdTomato-labeled) and non-
PV cells (unlabeled) in DLS (Figure 5H). Light-evoked short latency (2 + 0.7 ms) excitatory
postsynaptic currents (eEPSCs) were detected in 35% of PV neurons (6/17 tdTomato-labeled
cells from 4 mice) and 7% of non-PV neurons (2/27 unlabeled cells from 4 mice) following
CAZ3 terminal activation by a single blue light pulse (5 ms, 0.1 Hz) (Figures 51 and 5J). In a
subset of non-PV+ neurons, we observed a light-evoked delayed (46 + 5 ms) inhibitory
postsynaptic current (elPSC) following a short latency (1.5 + 0.8ms) eEPSC, suggestive of
feedforward inhibition (4/27 unlabeled cells) (Figures 51 and 5J). We compared the
amplitude of excitatory currents of all light-responsive cells and found that inputs onto PV
neurons were significantly larger than inputs onto hon-PV neurons (Figure 5K). These data
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demonstrate that PV-expressing neurons in DLS receive functional monosynaptic inputs
from CA3.

An analysis of termination fields of DLS PV neurons revealed long-range projections to the
DBN, lateral hypothalamus, and supramammillary nucleus (Figure 5L) that were largely
overlapping with projections of SST-expressing DLS neurons (Besnard et al., 2019).

DLS PV Neurons Bidirectionally Regulate Contextual Fear Discrimination

To interrogate the role of PV neurons in contextual fear discrimination, we used cell-body-
specific optogenetic silencing using halorhodopsin during CFCDL as described above
(Figures 6A—6C). We performed bilateral injections of control rAAV5-DIO-eYFP or
rAAV5-DI0-eNpHR3.0-eYFP (halorhodopsin) viruses into DLS of adult male PV-Cre mice
3 weeks prior to stereotaxic implantation of fiber optic probes above DLS (Figure S8A).
Optogenetic silencing of DLS PV neurons did not affect horizontal activity and behavioral
measures of innate anxiety in the OF, EPM, and NSF paradigms (Figures 6D-6G). In the
CFCDL paradigm, both eYFP and eNpHR3.0 groups learned to discriminate between
contexts A and B over the first 6 training blocks (Figure 6H). Optogenetic silencing of DLS
PV neurons decreased freezing behavior only in context B (Figure 6H, block 7; Figures S8C
and S8D), and this resulted in enhanced contextual fear discrimination (Figure 61).

Optogenetic silencing of DLS PV neurons profoundly altered activity throughout the limbic
brain, as assessed by c-Fos immunoreactivity 60 min following exposure to context B on day
21 (Figure S8E) (e.g., infralimbic [IL], NAcc shell, DLS lateral, BNST, posterior CPu, LA,
PVT, SUM, and PAG) (Figure 6J; Figure S8lI).

Next, we used cell-body-specific optogenetic stimulation using channelrhodopsin during
CFCDL, as described above (Figures 7A-7C). We performed bilateral injections of control
rAAV5-DIO-eYFP or rAAV5-DIO-ChR2-eYFP (channelrhodopsin) viral vectors into DLS
of adult male PV-Cre mice 3 weeks prior to stereotaxic implantation of fiber optic probes
above DLS (Figure S8B). Optogenetic stimulation (15 Hz) of DLS PV neurons did not affect
horizontal activity and behavioral measures of innate anxiety in the OF and NSF paradigms
(Figures 7D, 7E, and 7G) but exerted potent anxiolytic effects in the EPM (Figure 7F). In the
CFCDL paradigm, both eYFP and ChR2 groups learned to discriminate between contexts A
and B over the first 6 training blocks (Figure 7H). Optogenetic stimulation of DLS PV
neurons altered freezing behavior levels in context A and B (Figure 7H, block 7; Figures
S8F and S8G), and this resulted in decreased contextual fear discrimination (Figure 71).
Optogenetic stimulation of DLS PV neurons decreased activity throughout the limbic brain,
as assessed by c-Fos immunoreactivity 60 min following exposure to context B on day 21
(Figure S8H) (e.g., IL, ventral BNST, PVN, PVT, dCA3, vCA1, and PAG lateral) (Figure 7J;
Figure S8J). Collectively, these data suggest that DLS PV neurons may relay contextual
information to downstream subcortical areas to calibrate fear responses in a context-specific
manner.
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DISCUSSION

A considerable body of work emphasizes a role for hippocampal-cortical and subcortical
interactions in governing fear responses. However, the intra- and extrahippocampal
pathways that route contextual information to cortical and subcortical circuits to guide
adaptive behavioral responses are poorly understood. Here, we identified distinct
contributions of dCA3 and vCA3 projections to CAl and DLS in contextual fear
discrimination and identified DLS PV and SST neurons as putative relays of dCA3 and
VvCA3 outputs in regulating fear responses to unequivocal and ambiguous contextual threats.

Consistent with a role for CA3 outputs in contextual memory consolidation (Nakashiba et
al., 2008, 2009) and dCA3-dCAL inputs in place field responses (Davoudi and Foster, 2019),
we found that dCA3-dCA1 excitatory projections support recall of a fear conditioned
context and, as such, mediate behavioral responses to certain contextual threats. In contrast,
dCA3-DLS projections appear to be required for regulating freezing behavior in the similar
neutral context once the memory of the training context is consolidated. That is, when mice
are placed in the conditioned context and are immobile because of the certainty of threat,
attenuation of excitatory CA3 projections to the DLS has no effect on freezing behavior
(immobile to mobile state transition). In contrast, when mice are placed in the similar,
neutral context, attenuation of excitatory CA3 projections to DLS decreases freezing levels.

Interestingly, we found that the dCA3-dCA1 pathway may dictate the engagement of the
dCA3-DLS pathway to context discrimination. Specifically, we found that the strength of the
contextual fear memory (presumably supported by dCA3-dCAL) determines dCA3-DLS-
dependent modulation of freezing behavior in the neutral similar context. This is intuitive as
contextual discrimination necessitates the proper encoding of the fear-conditioned context in
the first place. Future work should investigate how contextual information is routed from
dCA3 to dCA1 and DLS to govern contextual discrimination.

Our dCA3-DLS terminal-specific optogenetic silencing experiments warrant discussion of
the physiological significance of weakening dCA3 outputs to the DLS. We speculate that
efficient contextual discrimination in DG-CA3 is accompanied by the generation of a sparse
code in CA3 (Knierim and Neunuebel, 2016; McAvoy et al., 2016; Neunuebel and Knierim,
2014; Niibori et al., 2012) that may arise from increased dentate granule cell recruitment of
feedforward inhibition onto CA3 (Guo et al., 2018; Sun et al., 2017). This, in turn, results in
weakening excitatory CA3 outputs to DLS to decrease freezing behavior in the similar
neutral context. Interestingly, we have found that optogenetic attenuation of the dCA3-DLS
pathway also promotes discrimination of social stimuli (Raam et al., 2017). Thus,
discrimination of social and contextual information in DG-CA3 may attenuate the dCA3-
DLS pathway to calibrate adaptive behavioral responses (reduced freezing in similar neutral
context and increased social interaction).

In striking contrast to how context-specific information is routed by the dCA3-dCA1 and
dCA3-DLS pathways, we found that vCA3-vCALl and vCA3-DLS projections play a role in
either promoting or decreasing defensive behavioral responses (freezing behavior) in a
context-nonspecific manner. What functions might such circuit functional architecture
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serve? One proposal is that the vVCA3-vCAL1-BLA and vCA3-DLS pathways may
antagonistically recruit a common downstream target, such as the PAG, to calibrate fear
responses (Tovote et al., 2016; Xu et al., 2016). The PAG may play a critical role in
ultimately relaying subcortical inputs controlling active (dorsomedial and dorsolateral
columns of PAG) and passive (lateral and ventrolateral columns of PAG) behavioral coping
responses to threats (McNally et al., 2011). The antagonistic roles of vCA3-vCAl and
vCAZ3-DLS pathways may, therefore, enable vHC to provide a coarse calibration of fear
responses despite inefficiently performing spatial pattern separation in ventral DG-CA3
(Kjelstrup et al., 2008; McAvoy et al., 2016).

Rabies tracing and optogenetic interrogation of DLS PV neurons suggest that these
inhibitory neurons may relay dCA3 outputs to diverse subcortical circuits. Optogenetic
inhibition of DLS PV neurons decreased freezing levels only in the similar neutral context,
enhanced contextual fear discrimination, decreased c-Fos expression in the PAGdm
(dorsomedial periaqueductal gray) and SUMm (medial supramammillary nucleus), and
increased c-Fos expression in the LA. Conversely, silencing dCA3 projections to CAl
produced a decrease in freezing behavior in the context associated with footshock, decreased
contextual fear discrimination, increased c-Fos expression in the PAGdm and SUMm, and
decreased c-Fos expression in the LA. Although c-Fos expression analysis permits a first
pass approximation of brain regions that may be directly or indirectly recruited by these
different manipulations, changes in c-Fos may also reflect rebound and compensatory
network effects (Mahn et al., 2016). Caveats notwithstanding, these results suggest that the
calibration of freezing responses in the dangerous and ambiguous contexts, and therefore
discrimination specificity, may differentially recruit CA3 projections to CA1 and DLS PV
neurons to diametrically recruit PAG, SUM, and LA.

Recently, we found that optogenetic silencing of DLS SST neurons increased freezing
behavior in a fear-conditioned context as well as a similar neutral context, which was
associated with a decrease in c-Fos expression in PAGI (lateral periaqueductal gray), BLA,
and PVN (Besnard et al., 2019). Here, we showed that optogenetic attenuation of vCA3-
DLS terminals increased freezing behavior in the context associated with the footshock and
the ambiguous context, and this manipulation was also associated with a decrease in c-Fos
expression in the PAGI, BLA, and PVN. These data suggest that DLS PV and SST neurons
may relay dCA3 and vCAS3 outputs to calibrate fear responses by opposing recruitment of
dorsal and lateral PAG. Further studies are needed to directly assess functional recruitment
of these subcortical targets.

Together, these findings begin to illuminate how contextual information is routed by CA3
outputs along the hippocampal septotemporal axis to subcortical targets. A limitation of our
study is that it does not distinguish between CA3 and CA2 subregions. Future efforts will
refine contributions of CA1 and CA2 projections to DLS neurons in the calibration of
defensive and motivated behaviors. Proximal and distal CA1 send projections to dorsal
subiculum (Roy et al., 2017), whereas distal CAL appears to preferentially target DLS PV
neurons (present work). Simultaneous recordings of hippocampal subregions and their
corresponding outputs may edify how different cognitive demands differentially recruit
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specific efferent targets to generate adaptive behaviors (Bender et al., 2015; Ciocchi et al.,

2015; Tingley and Buzsaki, 2018).

STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti c-fos Calbiochem Cat# PC38, RRID: AB_2106755
Rabbit polyclonal anti c-fos Santa Cruz Cat# SC52, RRID: AB_2106783

Rabbit polyclonal anti-GFP

Life Technologies

Cat# A11122, RRID: AB_221569

Mouse monoclonal anti-PV Millipore Cat# MAB1572, RRID:
AB_2174013

Goat polyclonal anti-SST Santa Cruz Cat# SC7819, RRID:
AB_2302603

Alexa Fluor 488 donkey polyclonal anti-rabbit Jackson ImmunoResearch  Cat#711-545-152, RRID:
AB_2313584

Cy5 donkey polyclonal anti-rabbit Jackson ImmunoResearch ~ Cat#711-175-152, RRID:
AB_2340607

Alexa Fluor 647 donkey polyclonal anti-mouse Jackson ImmunoResearch  Cat#715-605-151, RRID:
AB_2340863

Cy3 donkey polyclonal anti-goat Jackson ImmunoResearch  Cat#705-165-147, RRID:
AB_2307351

Bacterial and Virus Strains

AAV5-CaMKlIla-eYFP UNC Vector Core N/A

AAV5-CaMKlla-eNpHR3.0-eYFP UNC Vector Core N/A

AAV5-CaMKlla-hChR2(H134R)-eYFP UNC Vector Core N/A

AAV5-EF1a-DIO-eYFP-WPRE-hGH UPENN Vector Core Addgene27056

AAV5-EF1a-DIO-eNpHR3.0-WPRE-hGH UPENN Vector Core Addgene 26966

AAV5-EF1a-DIO-hChR2(H134R)-eYFP-WPRE- UPENN Vector Core Addgene 20298P

hGH

AAVS- EFla -FLEX-HB Dr. Xiangmin Xu N/A

Pseudotyped RG-deleted rabies virus EnvA- Dr. Xiangmiin Xu N/A

SADAG-mCherry

Experimental Models: Organisms/Strains

C57BL/6J Mus musculus
C57BL/6-Tg(Grik4-cre)G32-4Stl/J Mus musculus

B6.Cg-Gt(ROSA)26Sortm27.1(CAG-COP4*H134R/
tdTomato)Hze/J Mus musculus

B6;129S-Gt(ROSA)26Sortm35.1(CAG-aop3/
GFP)HzelJ Mus musculus

B6J.Cg-Gad2tm2(cre)Zjh/Mwar) Mus musculus
B6.129P2-Pvalbtm1(cre)Arbr/d Mus musculus
B6J.Cg-Ssttm2.1(cre)Zjh/Mward Mus musculus

B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J
Mus musculus

Rosa-LSL-Tva-lacZ (mixed 129S6;C57BL/6J)

Software and Algorithms

The Jackson Laboratory
The Jackson Laboratory

The Jackson Laboratory

The Jackson Laboratory

The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory

The Jackson Laboratory

Dr. Dieter Saur

RRID:IMSR_JAX:000664
RRID:IMSR_JAX:006474
RRID:IMSR_JAX:012567

RRID:IMSR_JAX:012735

RRID:IMSR_JAX:028867
RRID:IMSR_JAX:017320
RRID:IMSR_JAX:028864
RRID:IMSR_JAX:007914

N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

MotorMonitor Kinder Scientific http://kinderscientific.com
Videotrack Viewpoint http://www.viewpoint.fr/en/fhome
FreezeFrame Actimetrics https://www.actimetrics.com
FreezeView Actimetrics https://www.actimetrics.com
NIS Elements Nikon https://www.nikon.com

ImageJ NIH https://imagej.nih.gov/ij/
GraphPad Prism 7.0 GraphPad Software https://www.graphpad.com/

LEAD CONTACT AND MATERIALS AVAILABILITY

All unique/stable reagents generated in this study are available from the Lead Contact
without restriction. Further information and request for resources and reagents should be
directed to and will be fulfilled by Amar Sahay (asahay@mgh.harvard.edu). This study did
not generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal Care—Male mice were housed four per cage in a 12 hr (7:00 a.m. to 7:00 p.m.)
light/dark colony room at 22°C-24°C with ad /ibitum access to food and water. Age-
matched, male mice (3—4 months old) were used for behavioral experiments. Cagemates
were pseudo-randomly assigned to groups during virus injection. Behavioral experiments
took place between 8:00 a.m. and 6:00 p.m. All animals were handled and experiments were
conducted in accordance with procedures approved by the Institutional Animal Care and Use
Committee at the Massachusetts General Hospital and Boston University in accordance with
NIH guidelines.

Mouse lines—8 week-old C57BL/6J male mice were purchased from Jackson labs (Bar
Harbor, ME). G32-4 Cre mouse line expresses Cre recombinase primarily in CA3 pyramidal
neurons expressing ionotropic kainate 4 glutamate receptor (Nakazawa et al., 2002). G32-4
Cre was purchased from Jackson labs (stock number 006474). Rosa-CAG-LSL-
hChR2(H134R)-tdTomato-WPRE (Ai27) mouse line has a floxed-STOP cassette allowing
transcription of ChR2-tdTomato fusion gene following Cre-mediated recombination
(Madisen et al., 2012). Ai27 was purchased from Jackson labs (stock number 012567).
Rosa-CAG-LSL-Arch-GFP-WPRE (Ai35) mouse line has a floxed-STOP cassette allowing
transcription of Arch-GFP fusion gene following Cre-mediated recombination (Madisen et
al., 2010). Ai35 was purchased from Jackson labs (stock number 012735). GAD2-IRES-Cre
knock-in (C57BL/6J) mouse line expresses Cre-recombinase in GAD2-expressing neurons
(Taniguchi et al., 2011). GAD2-IRES-Cre was purchased from Jackson labs (stock number
028867). PV-IRES-Cre knock in (C57BL/6J) mouse line expresses Cre recombinase in
paravalbumin-expressing neurons (Hippenmeyer et al., 2005). PV-Cre was purchased from
Jackson labs (stock number 017320). SST-IRES-Cre knock-in (C57BL/6J) mouse line
expresses Cre recombinase in somatostatin-expressing neurons (Taniguchi et al., 2011).
SST-IRES-Cre was purchased from Jackson labs (stock number 028864). Rosa-CAG-LSL-
tdTomato-WPRE::deltaNeo (Ail4) (C57BL/6J) mouse line harbors a loxP-flanked STOP
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cassette allowing transcription of CAG promoter-driven tdTomato following Cre-mediated
recombination (Madisen et al., 2010). Ail4 was purchased from Jackson labs (stock number
007914). Rosa-LSL-Tva-lacZ (mixed 129S6;C57BL/6J) mouse line has a loxed-STOP
cassette allowing transcription of avian receptor Tva-lacZ fusion gene following Cre-
mediated recombination (Seidler et al., 2008). Rosa-LSL-TVA-lacZ mouse line was
generously provided by Pr. Dieter Saur. Tail DNA from all offspring was genotyped by PCR
to detect the presence of each transgene separately. All experiments were conducted with 8—
16 week-old mice (unless indicated otherwise).

METHOD DETAILS

AAV Virus construction and packaging—The recombinant AAV5-CaMKlla-eYFP (6
x 1012 particles/mL), AAV5-CaMKIla-eNpHR3.0-eYFP (3 x 1012 particles/mL) and
AAV5-CaMKlla-hChR2(H134R)-eYFP (4 x 1012 particles/mL), were packaged by the
University of North Carolina Vector Core (Chapel Hill, NC). The recombinant AAV5-EF1a-
DIO-eYFP-WPRE-hGH (5.8 x 1012 particles/mL), AAV5-EF1a-DIO-eNpHR3.0-WPRE-
hGH (6 x 1012 particles/mL) and AAV5-EF1a-DIO-hChR2(H134R)-eYFP-WPRE-hGH (6.2
x 1012 particles/mL) were packaged by the University of Pennsylvania Vector Core
(Philadelphia, PA). AAVS- EFla -FLEX-HB (2 x 101! particles/mL) and pseudotyped RG-
deleted rabies virus EnvA-SADAG-mCherry (2 x 102 particles/mL) were kindly provided by
Dr. Xiangmin Xu.

Viral Stereotactic surgery—Adult mice (8 week-old) were maintained under standard
housing conditions, mice were given carprofen (5mg/kg, s.c., Patterson Veterinary Supply,
Devens, MA) prior to surgery and 24h later to minimize discomfort. Mice were
anaesthetized with ketamine and xylazine (10mg/mL and 1.6mg/mL, i.p, Patterson
Veterinary Supply, Devens, MA) and placed in a stereotaxic frame (Stoelting, Holliston,
MA). Small holes were drilled at each injection location and injected with a Hamilton
microsyringe at a rate of 0.1 pl/min. Viruses were injected into dorsal CA3 (+/- 2.5 mm ML,
—-2.1 mm AP, -2.25 mm DV from Bregma) of C57BL/6J mice (0.5 pl, bilateral, 4 weeks for
AAV5-CaMKlla-eYFP, ChR2 or eNpHR3.0) or GAD2-Cre mice (0.1 pl, bilateral, 4 weeks
for AAV5-EF1a-DIO-ChR2). Viruses were injected into ventral CA3 (+/- 3.0 mm ML,
-3.25 mm AP, —4.0 mm DV from Bregma) of C57BL/6J mice (0.1 pl, bilateral, 5 weeks for
AAV5-CaMKlla-eYFP, ChR2 or eNpHR3.0). Viruses were injected into anterior
dorsolateral septum (flat skull £ 0.25 mm ML, +1.15 mm AP, -3 mm DV from Bregma) of
PV-Cre mice (0.2 pl, bilateral, 4weeks for AAV5-EF1a-DIO-eYFP, AAV5-EF1a-DIO-
eNpHR3.0-eYFP or AAV5-EF1a-DIO-ChR2-eYFP). Viruses were injected into posterior
dorsolateral septum (flat skull £ 0.4 mm ML, +0.0 mm AP, -2.8 mm DV from Bregma) of
PV-Cre::TVA mice (0.5 pl, unilateral, 3weeks for AAV8- EFla -FLEX-HB followed by 0.5
ul, unilateral, 10 days for EnvA-SADAG-mCherry). After completion of the injection, the
needle was left on the site of injection for 5 min, raised 0.2 mm and left on the site for an
additional 5 min to allow diffusion of virus at the injection site and then slowly withdrawn.
The skin incision was closed carefully using nylon sutures. Behavioral experiments were
conducted 4-5 weeks following surgery (except for rabies tracing analysis which took place
10 days after EnvA-SADAG-mCherry infection).
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Ex vivo electrophysiology—Two weeks post-viral injection, 6 weeks old mice were
decapitated and coronal brain slices (250 pm thick) were prepared using a vibratome
(VT1200S, Leica, Buffalo Grove, IL) in an ice slush NMDG solution containing (in mM):
92 NMDG, 2.5 KCl, 1.25 NaH2P0O4, 30 NaHCO3, 20 HEPES, 25 glucose, 2 thiourea, 5 Na-
ascorbate, 3 Na-pyruvate, 0.5 CaCl2, 10 MgSO4, pH 7.3-7.4 (Ting et al., 2014). Slices
recovered at 32°C in NMDG solution for < 12 min and at room temperature for an additional
45 min in HEPES solution (in mM): 92 NaCl, 2.5 KCl, 1.25 NaH2P0O4, 30 NaHCO3, 20
HEPES, 25 glucose, 2 thiourea, 5 Na-ascorbate, 3 Na-pyruvate, 2 CaCl2, 2 MgSO4. All
solutions were continually bubbled with O2/CO2. During recordings, slices were kept at
32°C and continuously perfused at ~2ml/min with aCSF (in mM): 126 NaCl, 2.5 KCl, 1.25
NaH2PO4, 1.2 MgClI2, 10 glucose, 25 NaHCO3, 2 CaCl2. Whole-cell patch clamp
recordings were made using Axopatch 700B amplifier (Molecular Devices), with Altering at
1 kHz using 4-6 MQ electrodes filled with an internal solution containing (in mM): 130 K-
gluconate, 10 HEPES, 5 NaCl, 1 EGTA, 5 Mg-ATP, 0.5 Na-GTP, pH 7.3, 280 mOsm. To
induce light-evoked synaptic transmission, 5 ms blue light pulses (pE-100, Cool LED) were
delivered through a 60X immersion objective centered above the recorded cell at a rate of
0.1 Hz. To measure excitatory responses, cells were held in voltage-clamp mode at —60 mV.
For inhibitory evoked responses, cells were held in voltage-clamp mode at 0 mV. Responses
were characterized as short latency if they occurred < 5ms after termination of blue light
stimulation, and delayed if they were > 10 ms after blue light termination. Data acquisition
was performed using Clamp ex and analyzed with Clampfit.

Construction of Optical Fibers—200um core, 0.37 numerical aperture (NA) multimode
fiber (Thorlabs, Newton, NJ) was threaded through and glued with epoxy (Thorlabs,
Newton, NJ) to a 230 pum core zirconia multimode ferrule (Precision Fiber Products,
Milpitas, CA), polished and cut for implantation. Optical patch cables were generated the
same way, with the free end connected to a multimode FC ferrule assembly for connecting to
a 1x2 Optical rotary joint (Doric lenses, Québec, Canada). The other end of the rotary joint
was connected via a patch cable to 561 nm laser diode (OEM laser systems, Bluffdale, UT)
via a non-contact style laser to fiber coupler (OZ optics, Ontario, Canada).

Fiber Optics Stereotactic surgery—Mice were surgically implanted with fiber optic
cannulas 3 weeks following AAV5-CaMKIla-eYFP, AAV5-CaMKlla-eNpHR3.0-eYFP,
AAV5-CaMKlla-hChR2(H134R)-eYFP, AAV5-EF1a-DIO-eYFP, AAV5-EF1a-DIO-
eNpHR3.0-eYFP or AAV5-EF1a-DIO-ChR2-eYFP, injection and behavioral experiments
started 1 week after surgery. Mice were implanted bilaterally with chronically dwelling
optical fibers targeted to dorsolateral septum (flat skull £ 1.0 mm ML angle + 10°, +1.15
mm AP from Bregma, implants length: 2.5 mm), dorsal CA1 (+/- 1.5 mm ML, -2.0 mm AP
from Bregma, implants length: 1.0 mm) and ventral CA1 (+/- 3.65 mm ML, —3.05 mm AP
from Bregma, implants length: 3.0 mm). Optical fibers were secured with dental cement.
After surgery, mice were returned to their home cage and monitored until recovery from
surgery.

In vivo Laser Delivery—Mice were kept in a quiet room for at least 1 h before testing.
Behavioral tests took place under bright lighting conditions (700 lux) and performed in the
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following order (Figures 1, 2, 3, 5, and 6): open field (day 1), elevated plus maze (day 2),
novelty suppressed feeding (day 4) and contextual fear conditioning discrimination learning
(CFCDL) (day 5-20). Abbreviated CFCDL experiment took place between day 1-6 (Figure
2). Prior to each experiment, mice were bilaterally attached to the patch cables via a zirconia
sleeve (Precision Fiber Products, Milpitas, CA), and allowed to recover for 30-60 s in a
transition cage similar to their home cage. The patch cables were interfaced to an FC/PC
rotary joint (Doric lenses, Québec, Canada), which was attached on the other end to a 561
nm or 473 nm laser diode (OEM laser systems, Bluffdale, UT). The light power at the end of
the fiber tip was 15-20 mW for 561 nm light and 8-10 mW for 473 nm light (5-6 mW when
pulsing at 15 Hz). The laser diode was controlled by a Master-8 stimulator (Keysight
Technology, Santa Clara, CA) which delivered 20 ms blue light pulses at 15 Hz. At the end
of each behavioral experiment (5 to 7 weeks following viral surgery), post-mortem control
of viral and fiber optics placement was carried out to ensure appropriate targeting.

Open field—Optogenetic interrogation of hippocampal circuits in the open field (OF) was
recorded for 25 min divided in five 5 min laser epochs (OFF-ON-OFF-ON-OFF) in a
Plexiglas open-field (OF) box of 41 x 41cm with 16 sets of double stacked pulse-modulated
infrared photobeams (Kinder Scientific, Poway, CA) equally spaced on every wall (128
total) to record x-y ambulatory movements. MotorMonitor Software (Kinder Scientific,
Poway, CA) defined grid lines that divided the open field into center (25% of total area) and
periphery (75% of total area), with the periphery consisting of the 10 cm closest to the wall
around the entire perimeter. Dependent measures were the overall motor activity quantified
as the total distance traveled (in centimeters) and the distance traveled in the center divided
by total distance traveled (percentage distance in center). The apparatus was cleaned with
70% ethanol between each trial.

Elevated Plus Maze test—Optogenetic interrogation of hippocampal circuits in the
elevated plus maze (EPM) was recorded for 15 min divided in three 5 min laser epochs
(OFF-ON-OFF). The maze consisted of a black Plexiglas apparatus (Med Associates Inc.,
St. Albans, VT) placed 1 m above the floor, with two open arms (67 cm x 7 cm)
perpendicular to two enclosed arms (67 x 7 x 17 cm). The four arms were separated by a
neutral transition central square (5 x 5 cm) in which mice were placed at the beginning of
the experiment and their behavior was recorded for 15 min with a video camera system
(ViewPaint, Lyon, France) located above the maze. Cumulative time spent in the open and
closed arms was scored manually by investigators blind to the treatment conditions and data
were expressed as the time spent in open arms divided by total time in open and closed arms
(percentage time in open arms). An arm visit was recorded when the mouse moved its
forepaws into the arm. The apparatus was cleaned with 70% ethanol between each trial.

Novelty Suppressed Feeding test—Optogenetic interrogation of hippocampal circuits
in the novelty suppressed feeding test (NSF) was recorded for up to 15 min in a novel
context and up to 5 min in a familiar environment during which the laser was constantly ON.
Mice were food deprived in clean home cages 24 hours prior to testing. Mice were weighed
before food deprivation and again just before testing to assess changes in body weight
(approximately 10% body weight loss). A single food pellet (familiar laboratory mouse
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chow) was placed on a circular piece of white filter paper (12 cm diameter) positioned in the
center of a plastic arena (45 cm wide x 30 cm long x 15 cm high) with wood chip bedding
covering the floor. Mice were placed in a corner of the arena and the latency to approach the
pellet and beginning feeding was recorded (maximum time 15 minutes). Immediately upon
beginning to feed, each mouse was transferred to a familiar cage and the latency to begin
feeding in the familiar cage was recorded (maximum time 5 minutes). Droppings were
removed from the arena between each trial.

Contextual Fear conditioning Discrimination learning—The conditioning chambers
(18 x 18 x 30 cm) consisted of 2 clear Plexiglas walls and ceiling, 2 metal walls, and a
stainless steel grid floor (Coulbourn Instruments, Whitehall, PA). The conditioning
chambers were placed inside a ventilated, sound-dampening isolation cubicles and lit by
house lights mounted on one wall (Coulbourn Instruments, Whitehall, PA). FreezeFrame and
FreezeView softwares (Actimetrics, Wilmette, IL) were used for recording and analyzing
freezing behavior, respectively. For the training context (designated A throughout), the
cubicle door was closed, the fan and house light were on, a light cue was on, stainless-steel
bars were exposed, silver wall panels were used and each conditioning chamber was cleaned
with 70% ethanol between each trial. Context B was a modified version of A by covering the
stainless-steel bars with a solid floor covered with bedding, black wall panels were used
(covering 30% of total wall surface), 15 cm high curved green plastic inserts covered the
bottom half of the walls, and the house fan and lights were turned off. The cubicle door was
left ajar and white noise was delivered through built-in speakers for the duration of the
testing. The bedding was changed between trials. The contextual fear conditioning protocol
consisted in delivering a single 2 s footshock of 0.7 mA, 180 s after placement of the mouse
in the training context A. The mouse was taken out 20 s after termination of the footshock.
No footshock was administered in context B during 180 s sessions. Mice were allowed to
rest for 2—3 hours between tests. Freezing behavior over the initial 180 s was used to assess
discrimination between both contexts. The discrimination ratio was calculated as (freezing in
training context - freezing in similar context) / (freezing in training context + freezing in
similar context). Figures 1, 2A-2J, 3,5, and 6: CFCDL consisted in 8 block (2 days each)
trainings (days 5-20, untethered except for block 7). Two groups of mice (eYFP and
eNpHR3.0 or eYFP and ChR2) were trained to discriminate between contexts A and B. Both
contexts were presented once a day in a counterbalanced manner in order to avoid any
session order bias. Block 7 was carried out with the laser constantly ON. On block 7, the
percent time freezing as well as the number of freezing bouts and their average duration was
measured. At the end of CFCDL, a final exposure to context B (day 21) with the laser ON
took place 30 min or 60 min prior to sacrifice for c-Fos brain-wide analysis. A subset of
eYFP and eNpHR3.0 mice (n = 2 per group randomly selected) was used for baseline c-Fos
expression. Figures 2K-20: After an initial training session in context A (day 1, tethered, no
light), optogenetic terminal-specific silencing was performed on day 2 in contexts A and B
with the laser constantly ON (counterbalanced for morning and afternoon session). A second
phase of training took place in context A for 3 consecutive days (days 3-5, tethered, no
light). On day 6, optogenetic terminal-specific silencing was performed in contexts A and B
with the laser constantly ON (counterbalanced for morning and afternoon session).
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Immunohistochemistry—Mice were anesthetized with ketamine and xylazine (100 and
3 mg/kg body weight, respectively) and transcardially perfused with PBS (10 mM phosphate
buffer saline, pH 7.5,) at 4°C, followed by 4% paraformaldehyde in PBS at 4°C. Brains were
post-fixed over-night in the same solution at 4°C, then cryoprotected in PBS sucrose (30%
w/v) and stored at 4°C before freezing in OCT on dry ice. Coronal serial sections (35 pm)
were obtained using a Leica cryostat in six matched sets. Sections were stored in PBS with
0.01% sodium azide at 4°C. On day 1, free-floating sections were rinsed three times for 10
min in 10 mM phosphate buffer saline (PBS), pH 7.5, followed by a permeabilization step
15 min in 0.2% Triton X-100 in PBS. The sections were rinsed another three times for 10
min in PBS and 2 h with a blocking buffer (10% natural donkey serum (NDS; w/v)). After
three rinses in PBS, incubation with primary antibodies rabbit anti c-fos, Calbiochem PC38,
1:10,000 (Antibodyregistry.org: AB_2106755)(discontinued); different batches of rabbit,
Santa Cruz SC52, 1:2,000-1:5,000 (Antibodyregistry.org: AB_2106783)(discontinued);
rabbit anti-GFP, Life Technologies A11122, 1:500 (Antibodyregistry.org: AB_221569);
mouse anti-PV, Millipore MAB1572, 1:2,000 (Antibodyregistry.org: AB_2174013); goat
anti-SST, Santa Cruz SC7819, 1:400 (Antibodyregistry.org: AB_2302603)(discontinued)
was carried out with shaking at 4°C overnight. On day 2, sections were rinsed three times for
10 min in PBS and incubated for 90 min with a donkey anti-rabbit, anti-mouse and/or anti-
goat Alexa Fluor 488-, Alexa Fluor 647-, Cy3-, or Cy5-coupled secondary antibody
(Jackson ImmunoResearch, 1:500). Sections were rinsed three times for 10 min in PBS
before mounting in PBS and coverslipped with Fluoromount.

Images acquisition and analysis—Images were obtained from one set of brain sections
(1/6th of the brain) for each immunostaining. For single stainings (c-Fos or GFP), brain
regions of interest were identified at various Bregma coordinates. Images were acquired
bilaterally with an epifluorescence microscope (Nikon) using a 10x objective. High-
resolution reconstruction was achieved by combining multiple images with overlapping
fields of view (NIS Elements software). Quantifications were performed manually using an
image analysis software (ImageJ 1.49v, NIH), taking into account cells with
immunofluorescence above background. For dual immunostainings (PV co-labeled with
tdTomato, GFP co-labeled with mCherry, c-Fos co-labeled with SST), z stacks images were
acquired bilaterally with a Nikon A1R Si confocal laser, a TiE inverted research microscope
using a 20x objective. Images (1024 resolution) were acquired as 14 pM z stacks with a step
size of 2 uM. For c-Fos intensity in SST cells (Figure S7), we measured c-Fos
immunoreactivity in SST cells and expressed the data as a percentage of background in the
same field of view. All analyses were performed by an investigator blinded to treatment
and/or genotype.

QUANTIFICATION AND STATISTICAL ANALYSIS

Scoring—During testing, investigators were not blind to conditions. However, results were
replicated across several cohorts. Videos for behavioral scoring (i.e., freezing behavior) were
analyzed using FreezeView softwares (Actimetrics, Wilmette, IL) during sessions without
light application. For sessions in which mice received photostimulation (or silencing), the
light coming out of the implants prevented automatic scoring and was therefore
independently scored by 2 investigators. Other analyses of behavior such as ambulation in
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the open-field was scored automatically using MotorMonitor Software (Kinder Scientific,
Poway, CA). Anxiety assessment in the elevated plus maze and novelty suppressed feeding
tests were carried out by 1 investigator blinded to treatment and/or genotype. Sahay (PI)
selected individuals in the lab to perform independent scoring.

Statistical Analysis—No statistical methods were used to pre-determine sample sizes but
our sample sizes are similar to those reported in previous publications (Felix-Ortiz et al.,
2013; Xu et al., 2016). Statistical analysis was carried out using GraphPad Prism v7
software. Data (means + SEM) were analyzed using paired or unpaired two-tailed Student’s
t test, ordinary one-way ANOVA followed by Tukey’s multiple comparisons test when
appropriate (difference among means, p < 0.05), mixed factor two-way ANOVA (repeated-
measures over time) followed by Bonferroni’s multiple comparisons test when appropriate
(only if interaction, p < 0.05). Multiple comparisons for correlation matrix data were
corrected with Bonferroni’s correction method. Novelty suppressed feeding data were
analyzed using Log-Rank (Mantel Cox) test. Data distribution was assumed to be normal but
this was not formally tested unless specified otherwise. Detailed statistical analyses can be
found in Table S1. In any case, significance was set at p < 0.05.

Data exclusion—Figures 4J-4P consisted of two cohorts of eYFP (n = 8) and eNpHR3.0
(n = 12), among which 2 eYFP mice lost their fiber optic implants because of handling, total
number of animals eYFP (n = 14) and eNpHR3.0 (n = 24). Figure 5 consisted of 5 cohorts of
4 PV-Cre::TVA mice (n = 20). Because of the sparse distribution of PV neurons in DLS,
very few mice (n = 2) displayed enough starter cells to perform relevant brain-wide
quantifications of presynaptic partners. Figure 7 consisted of one cohort of DIO-eYFP (n =
8) and DIO-ChR2 (n = 8) among which 2 DIO-ChR2 mice were excluded based on their
mis-targeted fiber optic implants.

DATA AND CODE AVAILABILITY

All data generated in this study are available from the Lead Contact without restriction.
Further information and request for original data should be directed to and will be fulfilled
by Amar Sahay (asahay@mgh.harvard.edu).
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

CAZ3 projections to CA1 and dorsolateral septum (DLS) contribute to
contextual fear

Dorsal CA3-CA1l and CA3-DLS projections mediate context-specific
defensive responses

Ventral CA3-CA1 and vCA3-DLS projections play opposing roles in
defensive responses

DLS-PV neurons mediate context-specific defensive responses
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Figure 1. Topographical Organization of Excitatory CA3 Projections in DLS
(A and B) Forward mapping of CA3 excitatory terminals in DLS obtained from the progeny

of G32-4 bred with Ai27 (tdTomato) or Ai35 (GFP). In these mouse lines, ChR2-tdTomato
or Arch-GFP is restricted mainly to CA3 (bottom panels). Note the abundance of terminals
in DLS (top panels).
(C and D) Local injection of CaMKII-ChR2-eYFP in dorsal or ventral CA3 of C57B6/J

mice leads to restricted expression of eYFP in the medial or lateral part of DLS, respectively.

Asterisks denote the abundance of terminals in dorsal and ventral CA1, respectively.

eYFP

Page 24

& Gad2-Cre
@ DIO-ChR2
(dCA3)

(E) Dorsal CA3 inhibitory neurons do not innervate DLS, as evidenced by selective infection
of GAD2-Cre mice with DIO-ChR2-eYFP. Asterisk denotes the presence of terminals in the

medial septum. Scale bar: 100 um.
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Figure 2. Dorsal CA3 Excitatory Projections to CA1 Instruct Fear Responses to Certain but Not
Ambiguous Contextual Threats

(A and B) Schematic of the behavioral timeline.

(C) Schematic illustrating dorsal CA3 infection with CaMKI1-eNpHR3.0 and fiber optic
implantation on top of dorsal CA1 in C57B6/J mice.

(D-G) Silencing dorsal CA3 terminals in dorsal CA1 has no effect on locomotor behavior
and innate anxiety in OF (D and E), EPM (F), and NSF (G).

(H and I) Silencing dorsal CA3 terminals in dorsal CA1 decreases freezing behavior in
context A but not B (H), which results in a decrease in fear discrimination ratio on block 7
(). Data (means = SEM; n = 14, 15 mice per group) were analyzed using mixed factor two-
way ANOVA (repeated measure over time) followed by Bonferroni’s multiple comparisons
post hoc test and log-rank (Mantel Cox) test. *p < 0.05, eNpHR3.0 versus eYFP; #p < 0.05,
block 7 versus block 6. Statistics detailed in Table S1.

(J) Schematic representation of the effect of light silencing dorsal CA3 terminals in CA1 on
brain-wide c-Fos expression 60 min following exposure to context A (day 21). Regions
highlighted in red denote a significant effect of eNpHR3.0, and arrows indicate the direction
of the effect.

See also Figures S1, S3, and S4.
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Figure 3. Dorsal CA3 Excitatory Projections to DLS Instruct Fear Responses to Ambiguous
Contextual Threats

(A and B) Schematic of the behavioral timeline.

(C) Schematic illustrating dorsal CA3 infection with CaMKI1-eNpHR3.0 and fiber optic
implantation on top of anterior DLS in C57B6/J mice.

(D-G) Silencing dorsal CA3 terminals in anterior DLS has no effect on locomotor behavior
and innate anxiety in OF (D and E), EPM (F), and NSF (G).

(H and 1) Silencing dorsal CA3 terminals in anterior DLS decreases freezing behavior in
context B but not A (H), which results in an increase in fear discrimination ratio on block 7
(). Data (means = SEM; n = 8,8 mice per group) were analyzed using mixed factor two-way
ANOVA (repeated measure over time) followed by Bonferroni’s multiple comparisons post
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hoc test and log-rank (Mantel Cox) test. *p < 0.05, eNpHR3.0 versus eYFP; #p < 0.05,
block 7 versus block 6. Statistics detailed in Table S1.

(J) Schematic representation of the effect of light silencing dorsal CA3 terminals in DLS on
brain-wide c-Fos expression 30 min following exposure to context B (day 21). Regions
highlighted in red denote a significant effect of eNpHR3.0, and arrows indicate the direction
of the effect.

(K and L) Schematic of the behavioral timeline.

(M-0) Silencing dorsal CA3 terminals in anterior DLS increases freezing behavior in
context A but not B early on training and (M), and decreases freezing behavior in context B
but not A later on training (O) following repeated training in context A (N). Data (means +
SEM; n = 8,10 mice per group) were analyzed using mixed factor two-way ANOVA
(repeated measure over time) followed by Bonferroni’s multiple comparisons post hoc test.
*p < 0.05, eNpHR3.0versus eYFP. Statistics detailed in Table S1.

See also Figures S1, S2, S3, S5, and S7.
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Figure 4. \entral CA3 Excitatory Projections to CA1l and DLS Exert Opposing Roles in Gating
Contextual Fear Responses

(A and B) Schematic of the behavioral timeline.

(C) Schematic illustrating ventral CA3 infection with CaMKII-eNpHR3.0 and fiber optic
implantation on top of ventral CAl in C57B6/J mice.

(D-G) Silencing ventral CA3 terminals in ventral CA1 has no effect on locomotor behavior
and innate anxiety in OF (D and E) and EPM (F) while decreasing the latency to feed in the
familiar environment in NSF (G).

(H and 1) Silencing ventral CA3 terminals in ventral CA1 decreases freezing behavior in
context A and B (H) without altering fear discrimination ratio on block 7 ().
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(J) Schematic illustrating ventral CA3 infection with CaMKII-eNpHR3.0 and fiber optic
implantation on top of anterior DLS in C57B6/J mice.

(K-N) Silencing ventral CA3 terminals in DLS did not affect locomotor behavior and innate
anxiety in OF (K and L) and EPM (M) while increasing the latency to feed in the familiar
environment in NSF (N).

(O and P) Silencing ventral CA3 terminals in anterior DLS increases freezing behavior in
context A and B (O), without altering fear discrimination ratio on block 7 (P). Data (means
+ SEM; n = 8,8 per group and n = 14,24 mice per group) were analyzed using mixed factor
two-way ANOVA (repeated measure over time) followed by Bonferroni’s multiple
comparisons post hoc test and log-rank (Mantel Cox) test. #p < 0.05, eNpHR3.0 versus
eYFP. Statistics detailed in Table S1.

(Q) Schematic representation of the effect of light silencing vCA3 terminals in aDLS on
brain-wide c-Fos expression 30 min following exposure to context B (day 21). Regions
highlighted in red denote a significant effect of eNpHR3.0, and arrows indicate the direction
of the effect.

See also Figures S1, S6, and S7.
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Figure 5. Characterization of DLS PV Neurons
(A) Mapping of tdTomato-expressing cells in the medial and lateral part of DLS in the

progeny of PV-Cre mice bred with Ail4 mice. Scale bar: 100 um. Representative images for
3 independent animals. Scale bar: 100 pm.
(B) Quantifications of tdTomato-expressing cells in DLS along the rostrocaudal and
mediolateral axis. Data (means = SEM; n = 3 mice per group) were analyzed using paired
two-tailed Student t test. *p < 0.05, medial versus lateral.
(C) Immunohistochemistry for PV and endogenous expression of tdTomato in the DLS of
GAD2-Cre::Ail4, SST-Cre::Ail4 and PV-Cre::Ail4. Note the lack of overlap between PV
and tdTomato in GAD2-Cre::Ail4 and SST-Cre:Ail4 mice. Representative images for 3
independent animals (single experiment). Scale bar: 25 pm.
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(D) Quantifications of the overlap of tdTomato-expressing cells with PV immunpositive
cells in the cingulate cortex, DLS, MS, nucleus accumbens shell and core, and caudate
putamen medial and lateral of PV-Cre::Ail4. Data (means £ SEM; n = 3 mice per group).
(E) PV-Cre::TVA bigenic mice were injected with helper virus (AAV8-EFla-FLEX-HB)
followed by pseudotyped G-deleted rabies virus (EnvA-SADAG-mCherry) in the DLS.
Yellow arrowheads denote starter cells, which are positive for both GFP (helper) and
mCherry (rabies). Representative images for 2 independent animals. Scale bar: 50 pm.
Means + SEM; n = 2 mice per group.

(F) Presynaptic partners were identified in the MS/DBN, dorsal subiculum, dorsal CA1, and
dorsal and ventral CA3. Representative images for 2 independent animals. Scale bar: 100
um. Means + SEM; n = 2 mice per group.

(H-K) CA3 provides powerful synaptic input to PV neurons in DLS.

(H) Acute slices obtained from 6-week-old PV-Cre::Ail4 bigenic mice injected with
CaMKII-ChR2 into CA3 were used for ex vivosslice electrophysiology. Solid yellow
arrowhead indicates tdTomato-labeled PV neuron. Representative image for 4 independent
animals. Scale bar: 10 um.

(1) Light-evoked short latency (2 = 0.7ms) excitatory postsynaptic currents (eEPSCs) were
detected in PV and non-PV neurons following CA3 terminal activation. A light-evoked
delayed (46 + 5 ms) inhibitory current (elPSC) was observed in a subset of non-PV neurons.
(J) Example recordings of blue-light-evoked inputs onto DLS neurons. Traces show synaptic
currents (EPSCs: bottom, IPSCs: top) evoked in both PV- and non-PV-expressing neurons
(red and black, respectively), and the 5-ms light pulse is indicated by a blue box.

(K) Average amplitude for both cell types. Data (means +£ SEM; n = 6, 4 animals per group)
were analyzed using unpaired Student two-tailed t test (detailed in Table S1).

(L) Immunohistochemistry for eYFP in the DLS, DBN, NAcc, BNST, LH, PVN, and SUM
of PV-Cre mice injected with AAV5-DIO-ChR2-eYFP. Representative images for 3
independent animals (single experiment). Scale bar: 100 um.
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Figure 6. Optogenetic Silencing of DLS PV Neurons Increases Contextual Fear Discrimination
(A and B) Schematic of the behavioral timeline.

(C) Schematic illustrating infection of DLS PV neurons with DIO-eNpHR3.0 and fiber optic
implantation on top of DLS in PV-Cre mice.

(D-G) Silencing DLS PV neurons has no effect on locomotor behavior and innate anxiety in
OF (D and E), EPM (F), and NSF (G).

(H and 1) Silencing DLS PV neurons decreases freezing behavior in context B but not A (H),
which results in an increase in fear discrimination ratio on block 7 (I). Data (means + SEM;
n = 8,8 mice per group) were analyzed using mixed factor two-way ANOVA (repeated
measure over time) followed by Bonferroni’s multiple comparisons post hoc test and log-
rank (Mantel Cox) test. *p < 0.05, eNpHR3.0 versus eYFP. Statistics detailed in Table S1.
(J) Schematic representation of the effect of light silencing PV neurons in DLS on brain-
wide c-Fos expression 60 min following exposure to context B (day 21). Regions
highlighted in red denote a significant effect of eNpHR3.0, and arrows indicate the direction
of the effect.

See also Figures S1 and S8.

60 min
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Figure 7. Optogenetic Stimulation of DLS PV Neurons Decreases Contextual Fear
Discrimination

(A and B) Schematic of the behavioral timeline.

(C) Schematic illustrating infection of DLS PV neurons with DIO-ChR2 and fiber optic
implantation on top of DLS in PV-Cre mice.

(D-G) Stimulating DLS PV neurons has no effect on locomotor behavior and innate anxiety
in OF (D and E) and NSF (G) but induces a strong anxiolytic effect in EPM (F).

(H and 1) Stimulating DLS PV neurons alters freezing behavior in both context A and B (H),
which results in decrease in fear discrimination ratio on block 7 (I). Data (means £ SEM; n =
8, 6 mice per group) were analyzed using mixed factor two-way ANOVA (repeated measure
over time) followed by Bonferroni’s multiple comparisons post hoc test and log-rank
(Mantel Cox) test. *p < 0.05, ChR2 versus eYFP. Statistics detailed in Table S1.

(J) Schematic representation of the effect of light stimulating PV neurons in DLS on brain-
wide c-Fos expression 60 min following exposure to context B (day 21). Regions
highlighted in red denote a significant effect of ChR2, and arrows indicate the direction of
the effect.
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See also Figures S1, S2, and S8.
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