Behavioural Brain Research xxx (xxxx) Xxx

Contents lists available at ScienceDirect

Behavioural Brain Research

journal homepage: www.elsevier.com/locate/bbr

ELSEVIER

Short communication

Enhancing adult neurogenesis promotes contextual fear memory
discrimination and activation of hippocampal-dorsolateral septal circuits

Antoine Besnard >, Amar Sahay *> %%~

2 Center for Regenerative Medicine, Massachusetts General Hospital, Boston, MA, 02114, USA

b Harvard Stem Cell Institute, Cambridge, MA, 02138, USA

¢ Department of Psychiatry, Massachusetts General Hospital, Harvard Medical School, Boston, MA, 02114, USA
4 BROAD Institute of Harvard and MIT, Cambridge, MA, 02142, USA

ARTICLE INFO ABSTRACT

Keywords:
Adult neurogenesis
Dentate gyrus

Hippocampal circuitry is continuously modified by integration of adult-born dentate granule cells (DGCs). Prior
work has shown that enhancing adult hippocampal neurogenesis decreases interference or overlap or conflict
between ensembles of similar contexts and promotes discrimination of a shock-associated context from a similar,

cA3 neutral context. However, the impact of enhanced integration of adult-born neurons on hippocampal network
Dorsolateral septum .. . . . . .

.Fos activity or downstream circuits such as the dorsolateral septum that mediate defensive behavioral responses is
Somatostatin poorly understood. Here, we first replicated our finding that genetic expansion of the population of adult-born

dentate granule cells (8 weeks and younger) promotes contextual fear discrimination. We found that enhanced
contextual fear discrimination is associated with greater c-Fos expression in discrete hippocampal subfields along
the proximo-distal and dorsoventral axis. Examination of the dorsolateral septum revealed an increase in acti-
vation of somatostatin expressing neurons consistent with recent characterization of these cells as calibrators of
defensive behavior. Together, these findings begin to shed light on how genetically enhancing adult hippocampal

neurogenesis affects activity of hippocampal-dorsolateral septal circuits.

1. Introduction

Adult-born dentate granule cells (DGCs) are continuously generated
from neural stem cells in the hippocampal dentate gyrus (DG) in humans
and rodents throughout life [1-6]. Adult-born DGCs functionally inte-
grate into hippocampal circuitry and exhibit heightened synaptic and
structural plasticity during distinct stages of maturation [5,7-10].
Consistent with proposed functions of DG in pattern separation, a circuit
mechanism by which similar inputs are made divergent at the level of
output [5,11-20], adult-born DGCs have been implicated in resolution
of memory interference in a range of behavioral paradigms -spatial
learning, contextual fear learning, delayed non-match to place radial
arm maze, and object displacement on touch screen [5]. A causal role for
adult hippocampal neurogenesis in mediating contextual fear discrimi-
nation has been demonstrated using gain of function [21-24] and loss of
function genetic approaches [25]. While in vivo calcium imaging sug-
gests that 6-week-old adult-born DGCs encode contextual information
[26], how adult-born DGCs resolve memory interference at a circuit
level is poorly understood. Cellular imaging studies using immediate
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early genes suggest that adult-born DGCs may promote discrimination
between similar contexts by influencing population activity in the dorsal
and ventral DG [22] and in CA3 [27]. Much work remains to be done to
understand how modulating levels of adult hippocampal neurogenesis
affects hippocampal circuits and key outputs that mediate contextual
memory discrimination.

The hippocampus is defined by distinct patterns of afferent and
efferent connectivity along its dorsoventral axis [28-30]. The dorsal (or
septal) hippocampus is thought to mediate the encoding of contextual
information [31,32]. The ventral (or temporal) hippocampus processes
information underlying goals [32-34]. The DG can be divided into the
supra and infrapyramidal blades receiving a gradient of inputs pro-
ceeding from the lateral and medial entorhinal cortex [35-37]. Molec-
ular and functional heterogeneity along the proximodistal axis of CA3
[14,38], CA2 [39] and CAl [40-42] may differentially relay hippo-
campal information to downstream subcortical circuits to calibrate fear
responses [43]

The DLS is a major subcortical target of the hippocampus that me-
diates contextual gating of defensive behavioral responses [44,45]. We
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recently demonstrated that contextual discrimination involves CA3 stem cells and progenitors in the adult DG (Nestin-CreER"2::Bax”f mice
projections to CAl and the dorsolateral septum (DLS). Dorsal CA3 pro- Fig. 1A). 8 weeks following tamoxifen-induced recombination of Bax in
jections to CAl and DLS control defensive behavioral responses adult neural stem cells, we performed behavioral testing of mice in an
(freezing behavior) in a context associated with a footshock and a abbreviated version of the contextual fear conditioning discrimination
similar neutral context, respectively [46]. Ventral CA3 projections to learning (CFCDL) task (Fig. 1B-C). Mice were then perfused for analysis
CA1 and DLS can promote or attenuate defensive responses in a context of neurogenesis by DCX immunostaining and network activity by c-Fos
agnostic manner, respectively [46]. Within DLS, immunostaining. Tamoxifen-treated Nestin-CreER"%::Bax” mice did not
somatostatin-expressing neurons (SST) receive monosynaptic inputs differ from controls during the first 3 days of conditioning (Fig. 1D) but
from hippocampal CA3 and these SST inhibitory neurons calibrate exhibited better discrimination between context A and neutral similar
freezing behavior [45]. context B or neutral distinct context C than vehicle-treated controls on
Here, we assessed the impact of inducible enhancement of adult day 4 (Fig. 1E-F).

neurogenesis on DG-CA3-CAl activity along the proximo-distal and
dorsal-ventral axes and recruitment of the DLS during contextual fear

discrimination. We first confirmed that enhancing levels of neurogenesis 2.2. Genetically enhancing adult hippocampal neurogenesis increases c-
is sufficient to improve contextual fear discrimination. We found that Fos expression in discrete hippocampal subfields following recall in similar,
enhanced contextual fear discrimination is associated with greater c-Fos neutral context
expression in discrete hippocampal subfields along the proximo-distal
and dorsoventral axes and recruited activation of DLS SST-expressing Next, we evaluated the activity of different hippocampal subfields
neurons. Together, these data begin to identify how genetically following exposure of Nestin-CreER"2::Bax”f mice to similar, neutral
enhancing neurogenesis impacts hippocampal-DLS network activity to context. At the end of the behavioral experiment (day 5), a subset of the
support contextual fear discrimination. vehicle and tamoxifen-treated mice (6 vehicle and 6 tamoxifen) were re-
exposed to context B and sacrificed 60 min later (Fig. 1G). Another 3
2. Results mice were sacrificed in the home-cage (2 vehicle and 1 tamoxifen) and
were used as no re-exposure control mice for DCX and c-Fos analysis.
2.1. Genetically enhancing adult hippocampal neurogenesis promotes Mice-treated with tamoxifen (n = 6 retrieval in context B + 1 home cage
contextual fear discrimination control) displayed greater number of DCX positive cells compared to
vehicle controls (n = 6 retrieval in context B + 2 home cage controls),
Our prior work showed that mice with genetically enhanced neuro- preferentially in the intermediate and ventral part of DG (Fig. 1H-I). c-
genesis perform better in a contextual fear discrimination paradigm. We Fos is an immediate early gene whose expression is rapidly and tran-
sought to determine if this finding was reproducible using a different siently enhanced in response to neuronal activity [51]. c-Fos expression
inducible Cre driver line (Nestin-CreER™%) [47-49] from the one used was assessed across different hippocampal subfields (DG, CA3 and CA1)
previously [21,50] to recombine the pro-apoptotic gene Bax in neural along the dorsoventral axis (dorsal, intermediate and ventral) of the

hippocampus (Fig. 2A-G). Exposure to context B elicited a robust
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Fig. 1. Genetically enhancing adult hippocampal neurogenesis improves contextual fear discrimination.

A) Schematic illustrating the strategy employed to genetically enhance adult hippocampal neurogenesis levels in Nestin-CreER"2::Bax”f mice. B) CFCDL consisted of
3 days of training in context A and a single discrimination test on day 4. At the end of testing, a subset of the mice were re-exposed to context B 60 min prior to
sacrifice for DCX and c-Fos analysis. C) Contexts A, B and C employed for CFCDL procedure in which mice were trained to discriminate between context A associated
with a mild footshock and neutral similar and distinct contexts B and C. D) No difference in acquisition of CFC. Data (means + SEM; n = 16, 15 mice per group) were
analyzed using mixed factor two-way ANOVA (repeated measure over time) (detailed in Supplementary Table 1), no significant difference. E-F) Tamoxifen-treated
mice exhibited increased contextual fear discrimination (A vs B and A vs C) as demonstrated by the increase in discrimination ratio on day 4 (F). Data (means + SEM;
n =16, 15 mice per group) were analyzed using mixed factor two-way ANOVA (repeated measure over time), for discrimination ratio (F): main effect of context
F1,20) = 23.80, p < 0.0001; main effect of treatment, F(; 29) = 5.649, p < 0.05; context x treatment F(; 29y = 0.008, NS ; (detailed in Supplementary Table 1). G)
Freezing behavior of vehicle and tamoxifen-treated mice 60 min prior to sacrifice for subsequent c-Fos analysis. Data (means + SEM; n = 6, 6 mice per group) were
analyzed using unpaired Student two-tailed T-test (detailed in Supplementary Table 1), no significant difference. H) Inmunohistochemistry for doublecortin (DCX) in
the DG of Nestin-CreER"%::Bax”f mice-treated with vehicle or Tamoxifen. Representative images for 8, 7 independent animals per group. Scale bar: 100 pm. I)
Quantification of DCX positive cells in the DG of vehicle and tamoxifen-treated mice. Data (means + SEM; n = 8, 7 mice per group) were analyzed with unpaired
Student two-tailed T-test, for vDG: t = 3.451, df = 13; p < 0.01 (detailed in Supplementary Table 1), *p < 0.05, tamoxifen versus vehicle.
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Fig. 2. Enhancing adult hippocampal neurogenesis modulates c-Fos expression in discrete hippocampal subfields following contextual fear discrimination.

A-G) Immunohistochemistry for c-Fos (yellow arrowheads) in the DG (A,B), CA3 (C,D) and CA1 (E,F,G) of home cage controls, vehicle and tamoxifen-treated animals
60 min following exposure to context B. Representative images for 3, 6, 6 independent animals per group. Scale bars: 100 pm. H-N) Quantifications of c-Fos + cells
in the dorsal, intermediate and ventral DG (H,I), CA3 (J,K), and CA1 (L-N) for home cage controls, vehicle and tamoxifen-treated animals 60 min following exposure
to context B. Data (means + SEM; n = 3, 6, 6 mice per group) were analyzed using one-way ANOVA followed by Tukey’s multiple comparisons post-hoc test (detailed
in Supplementary Table 1), *p < 0.05, vehicle or tamoxifen versus control, #p < 0.05, tamoxifen versus vehicle. 0-U) Quantifications of c-Fos + cells expressed as a
percent controls in the dorsal, intermediate and ventral DG (O,P), CA3 (Q,R), and CA1 (S-U) for vehicle and tamoxifen-treated animals. Data (means + SEM; n = 6, 6
mice per group) were analyzed using unpaired Student two-tailed T-test (detailed in Supplementary Table 1), #p < 0.05, tamoxifen versus vehicle.
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increase in c-Fos expression (in both vehicle and tamoxifen-treated
mice) in ventral CAl (proximal and distal) (Fig. 2L,N).
Tamoxifen-treated mice displayed an increase in c-Fos expression in DG
inferior blade (Fig. 2LP), intermediate and dorsal CA3c (Fig. 2J,Q),
dorsal CA3ab (Fig. 2K,R), and intermediate and dorsal distal CA1l
(Fig. 2N,U).

2.3. Genetically enhancing adult hippocampal neurogenesis enhances c-
Fos expression within DLS SST-expressing neurons following recall in
similar, neutral context

We have recently demonstrated that CA3 projections to DLS control
the activity of SST-expressing neurons that modulate contextual fear
responses in mice [45,46]. We therefore asked how facilitating contex-
tual fear discrimination by enhancing levels of hippocampal neuro-
genesis alters the activity DLS SST-expressing neurons. Exposure to
context B elicited an increase in c-Fos expression in the medial and
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lateral aspects of DLS (Fig. 3A-B). Tamoxifen-treated mice displayed an
increase in c-Fos expression in the lateral part of DLS, as compared to
vehicle treated-mice (Fig. 3C). Further, we evaluated c-Fos expression
levels in SST-expressing cells in the lateral part of DLS (Fig. 3D-E) and
found greater c-Fos expression in tamoxifen-treated mice (Fig. 3F-G).

3. Discussion

It is important to assess reproducibility of adult hippocampal neu-
rogenesis associated phenotypes using different inducible driver lines
that target adult neural stem cells and progenitors. We previously re-
ported that enhancing levels of hippocampal neurogenesis was sufficient
to facilitate contextual fear discrimination [21]. In the present work, we
used a distinct Nestin-CreER "2 mouse line that exclusively targets neural
stem cells and progenitors in the adult SVZ and SGZ [47]. We found an
increase in hippocampal neurogenesis, which was much less pro-
nounced relative to our previous report using a different driver line [21].
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Fig. 3. Enhancing adult hippocampal neurogenesis increases activity of DLS SST-expressing neurons following contextual fear discrimination.

A) Immunohistochemistry for c-Fos in the DLS of home cage controls, vehicle and tamoxifen-treated animals 60 min following exposure to context B. Representative
images for 3, 6, 6 independent animals per group. Scale bar: 100 pm. B) Quantifications of c-Fos + cells in the medial and lateral regions of DLS for home cage
controls, vehicle and tamoxifen-treated animals 60 min following exposure to context B. Data (means + SEM; n = 3, 6, 6 mice per group) were analyzed using one-
way ANOVA followed by Tukey’s multiple comparisons post-hoc test (detailed in Supplementary Table 1), *p < 0.05, vehicle or tamoxifen versus control. C)
Quantifications of c-Fos + cells expressed as a percent controls in the medial and lateral parts of DLS for vehicle and tamoxifen-treated animals. Data (means &+ SEM;
n = 6, 6 mice per group) were analyzed using unpaired Student two-tailed T-test, for lateral DLS: t = 2.328, df = 10; p < 0.05 (detailed in Supplementary Table 1),
#p < 0.05, tamoxifen versus vehicle. D) Inmunohistochemistry for SST and c-Fos (yellow arrowheads) in home cage controls, vehicle and tamoxifen-treated animals.
Nuclei are counterstained with DAPI. Representative images for 3, 6, 6 independent animals per group. Scale bar: 25 pm. E) c-Fos expression was measured in SST-
expressing neurons localized in the lateral part of DLS (red box). F) Tamoxifen-treated animals showed greater overall expression of c-Fos in SST-expressing neurons
as compared to controls animals. Data (means + SEM; n = 3, 6, 6 mice per group) were analyzed using one-way ANOVA followed by Tukey’s multiple comparisons
post-hoc test (detailed in Supplementary Table 1), *p < 0.05, tamoxifen versus control. G) Analysis of c-Fos levels in SST-expressing neurons revealed varying levels
of c-Fos expression in subsets of cells and revealed a significant increase in c-Fos expression in tamoxifen-treated mice compared to controls and vehicle-treated
animals. Data (means + SEM; n = 3, 6, 6 mice per group) were analyzed using mixed factor two-way ANOVA (repeated measure over time) main effect of in-
tensity F10,120) = 231.3, p < 0.0001; main effect of treatment, F(3 12y = 6.216, p < 0.05; intensity x treatment F(39,120) = 3.599, p < 0.0001 followed by Bonferroni’s
multiple comparisons post-hoc test (detailed in Supplementary Table 1), *p < 0.05, tamoxifen versus control, #p < 0.05, tamoxifen versus vehicle. H-I) Summary of
relative c-Fos expression along the dorsoventral axis of the hippocampus and the dorsolateral septum. Color codes depict the relative increase of c-Fos expression in
vehicle-treated mice as a percent of controls (H) and statistical differences between vehicle and tamoxifen-treated animals (I).
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Here, the increase in DCX expressing cells was more pronounced in in-
termediate and ventral DG, as opposed to the original mouse line where
we observed an increase along the entire dorsoventral axis DG [52].
Preliminary studies indicated that higher doses of tamoxifen were
required to yield a significant increase in DCX positive cells (180 mg/kg
compared to 100 mg/kg in the original study, data not shown). In
addition, mice were perfused following contextual fear discrimination
learning as compared to naive mice examined in the original study [21].
Nevertheless, we reproduced our previous observation demonstrating
that an enhancement of adult hippocampal neurogenesis is sufficient to
facilitate contextual fear discrimination.

We recently showed that CA3 projections to CAl and dorsolateral
septum (DLS) differentially contribute to contextual fear discrimination
along the dorsoventral axis of the hippocampus [46]. While dorsal CA3
projections control defensive responses (freezing) in a context specific
manner, ventral CA3 projections can bidirectionally control defensive
responses in a context independent manner [46]. One mechanism by
which ventral CA3 projections may attenuate freezing is via the
recruitment of SST-expressing neurons in DLS [46]. This is relevant
because optogenetic control of SST-expressing neurons in DLS appear to
attenuate contextual fear responses [45]. In vivo calcium imaging of
SST-expressing neurons in DLS demonstrated that these neurons are
preferentially active during non-freezing events in a context associated
with a footshock [45]. In the present work we attempted to evaluate
hippocampal network and DLS SST activity in mice with enhanced
neurogenesis following exposure to a similar, neutral context.

We recently demonstrated that efficient contextual fear discrimina-
tion is associated with greater c-Fos expression levels in DG (including
both the superior and inferior blades) along the dorsoventral axis [45].
Herein, we found enhanced contextual fear discrimination was associ-
ated with higher c-Fos expression levels within the inferior blade of the
ventral DG of mice with enhanced neurogenesis. Interestingly, a recent
report found that adult-born neurons differentially control the excit-
ability of DG mature granule cells in the inferior and superior blades
[37]. Specifically, adult-born neurons promote the excitability of the
granule cells in the inferior blade by modulating the synaptic strength of
the medial entorhinal inputs. Conversely, they attenuate the excitability
of the granule cells in the superior blade by modulating the synaptic
strength of the lateral entorhinal inputs [37]. In this regard, it is note-
worthy that the medial and lateral entorhinal inputs preferentially
innervate ventral DG and dorsal DG, respectively [53,54]. This obser-
vation may explain how enhancing levels of neurogenesis in ventral DG
increases c-Fos expression in the inferior blade upon contextual fear
discrimination.

Hippocampal area CA3 plays an important role in the acquisition of
contextual fear [55]. CA3 is heterogeneous at the molecular and func-
tional level along the dorsoventral axis [29,38,56]. Previous work has
suggested that the ventral hippocampus may preferentially contribute to
contextual generalization [57-60] and we recently showed that dorsal
and ventral CA3 differentially contribute to contextual fear discrimi-
nation [46]. While dorsal CA3/CA2 may be well suited for the
discrimination of social cues and contextual representations [31,46,61],
ventral CA3 may recruit CA1 and DLS in an opposite manner to modu-
late fear generalization [46]. In addition, CA3 is heterogeneous at the
molecular and functional level along the proximodistal axis [38,62].
Proximal CA3 (CA3c) circuitry maybe an optimal substrate for context
discrimination [63-65] given it’s involvement in pattern separation
[14]. We recently demonstrated that efficient contextual fear discrimi-
nation is associated with greater c-Fos expression levels in dorsal and
ventral CA3ab [45]. Here, enhanced contextual fear discrimination was
associated with higher c-Fos expression levels in CA3c along the
dorso-ventral axis and additionally, in dorsal CA3a and CA3b [43].

Our previous work suggested that ventral CA3 projections to DLS
attenuate freezing behavior while projections to ventral CA1 promote
freezing behavior [46]. Conversely, dorsal CA3ab (including CA2) pro-
jections to dorsal CAl and DLS promote freezing in the context
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associated with the footshock or the similar, neutral context, respec-
tively [46]. CAl is heterogeneous along the proximodistal axis [41], and
proximal and distal CA1 receive prominent inputs from the medial and
lateral entorhinal cortex [66,67]. In addition, proximal and distal CA1
receive prominent inputs from CA3ab and CA3c, respectively [67].
Proximal CA1 displays strongest spatial modulation [40] and is neces-
sary for contextual fear recall, unlike distal CA1 [42]. In our previous
study, we demonstrated that c-Fos expression in CAl along the dorso-
ventral axis is insensitive to efficient contextual fear discrimination
[45]. Here, enhanced contextual fear discrimination was associated with
higher c-Fos expression levels within distal CA1 in the dorsal hippo-
campus (which was not analyzed in our previous study). This observa-
tion could suggest that while DG suprapyramidal blade, distal CA3 and
proximal CA1 are recruited during recall in the conditioned context
[42], DG infrapyramidal blade, proximal CA3 and distal CAl are
recruited upon exposure to the similar, neutral context and that
enhancing neurogenesis promotes activation of this network. In support
of this interpretation, DGCs in the infrapyramidal blade are thought to
project primarily to proximal CA3 [68-70]. In addition, previous find-
ings suggest that non-spatial representations elicit preferential expres-
sion of the immediate early gene Arc in proximal CA3 and distal CAl
[71].

We did not detect significant correlations between c-Fos levels in
CA3c and SST expressing neurons in the lateral septum or freezing
behavior (data not shown). However, we found a significant correlation
between c-Fos levels in intermediate CA1 (distal) and SST expressing
neurons in the lateral septum (data not shown). These correlations (and
lack thereof) will need to be directly ascertained with causal interro-
gation of CA subfield projections to DLS SST expressing neurons.

Taken together, these results indicate that enhancing levels of neu-
rogenesis facilitates contextual fear discrimination by recruiting discrete
hippocampal circuits along the dorsoventral and proximodistal axes
(Fig. 3H-I). One such circuit mechanism could be the recruitment of
intermediate CA3c which projects onto SST-expressing neurons whose
activity is sufficient to attenuate freezing behavior [45]. In addition,
dorsal CA3c could recruit distal CA1 whose long-range projections
target the medial aspect of DLS and play a role in contextual fear
retrieval [72].

3.1. Limitations

It should be noted that this study relies mainly on c-Fos expression as
a proxy for neuronal activity and at a single time-point. Importantly, c-
Fos expressing cells display distinct firing properties as compared to non
c-Fos expressing place cells during contextual memory encoding [43,73,
74]. Thus, c-Fos expressing cells may not fully capture the diversity of
active ensembles of hippocampal neurons upon recall. In addition, im-
mediate early genes display distinct temporal patterns of expression in
the DG upon contextual fear recall [75]. Another limitation in the
interpretation of this data set is that we did not analyze c-Fos in mice
exposed to context associated with the footshock. Because enhancing
levels of neurogenesis only affected freezing behavior in the similar,
neutral context and exposure to the neutral context increased c-Fos
expression in the hippocampus and dorsolateral septum [45], we
restricted our c-Fos analysis to mice exposed only to context B. Further
studies relying on longitudinal in vivo electrophysiological recordings
and calcium imaging will enable precise dissection of how neurogenesis
affects dynamics of cellular recruitment in intra- and extra- hippocampal
circuits during contextual fear discrimination.

4. Methods
4.1. Animal care

Male mice were housed four per cage in a 12 h (7:00 a.m. to 7:00 p.
m.) light/dark colony room at 22 °C — 24 °C with ad libitum access to
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food and water. Age-matched, male mice (3-4 months old) were used for
behavioral experiments. Cage-mates were pseudo-randomly assigned to
groups during virus injection. Behavioral experiments took place be-
tween 8:00 a.m. and 6:00 p.m. All animals were handled and experi-
ments 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.

4.2. Mouse lines

iBax mice are homozygous for a loxP-flanked Bax allele [76],
hemizygous for a Nestin-CreER"™? (line 4) transgene [47], and main-
tained on a mixed C57BL/6 and 129/SvEv background. Tail DNA from
all offspring was genotyped by PCR to detect the presence of each
transgene separately. All experiments were conducted with 8-12 week
old mice.

4.3. Drug administration

Tamoxifen (TAM) was dissolved in a solution of corn oil (C8267,
Sigma, St Louis, MO) and 10 % ethanol. iBax mice (8-10-week-old)
received Tamoxifen (180 mg/kg, Sigma, St. Louis, MO), or the same
volume of corn oil and ethanol (vehicle), intraperitoneally once per day
for 5 consecutive days.

4.4. 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. Context C con-
sisted in a disposable 2.4 L white paper bucket placed out of the cubicle
in the same experimental room as contexts A and B.

The contextual fear conditioning protocol consisted in a single 2 s
footshock of 0.7 mA which was delivered 180 s after placement of the
mouse in the training context A. The mouse was taken out 20 s after
termination of the footshock. This procedure was repeated for 3 days
(24 h apart). On day 4, 50 % of the animals were first tested in context A
or B in the morning and context B or A in the afternoon. In some in-
stances, animals were also tested in context C, which took place after
both exposures to contexts A and B. No footshocks were delivered during
the test sessions. Mice were allowed to rest for 1—2 h between tests.
Freezing behavior over the initial 180 s was used to assess discrimina-
tion 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).

4.5. Immunohistochemistry

Mice were anesthetized with ketamine and xylazine (100 and 3 mg/
kg body weight, respectively) and transcardially perfused with PBS
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(10 mM phosphate buffer saline, pH 7.5,) at 4 °C, followed by 4%
paraformaldehyde in PBS at 4 °C. Brains were post-fixed overnight 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. Sec-
tions 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, incu-
bation with primary antibodies rabbit anti c-fos, Santa Cruz SC52,
1:2,000 (Antibodyregistry.org: AB_2106783)(discontinued); goat anti-
SST, Santa Cruz SC7819, 1:400 (Antibodyregistry.org: AB_2302603)
(discontinued); goat anti-DCX, Santa Cruz SC8066, 1:1000 (Anti-
bodyregistry.org: AB_2088494) 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, and/or anti-goat
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.

4.6. Images acquisition and analysis

Images were obtained from one set of brain sections (1/6th of the
brain) for each immunostaining. For single stainings (DCX, c-Fos), brain
regions of interest were identified at various Bregma coordinates. Im-
ages were acquired bilaterally with an epifluorescence microscope
(Nikon) using a 10x objective. Quantifications were performed manually
using an image analysis software (ImageJ 1.49v, NIH), taking into ac-
count cells with immunofluorescence above background. For dual
immunostainings (c-Fos co-labeled with SST), z-stacks images were ac-
quired bilaterally with a Nikon AIR 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 pM. For c-Fos in-
tensity in SST-expressing cells, 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.

4.7. Blinding

During testing, investigators were not blind to conditions. However,
freezing behavior was analyzed using FreezeView softwares (Acti-
metrics, Wilmette, IL).

4.8. Statistical analysis

No statistical methods were used to pre-determine sample sizes but
our sample sizes are similar to those reported in previous publications
[46]. Statistical analysis was carried out using GraphPad Prism v7
software. Data (means + SEM) were analyzed using unpaired two-tailed
Student’s T-test, ordinary one-way ANOVA followed by Tukey’s multi-
ple 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). Data distribution was assumed to be
normal but this was not formally tested unless specified otherwise.
Detailed statistical analyses can be found in supplementary Table 1. In
any case, significance was set at P < 0.05.

Data exclusion

No data were excluded.
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