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SUMMARY

Emerging evidence indicates that distinct hippo-
campal domains differentially drive cognition and
emotion [1, 2]; dorsal regions encode spatial, tempo-
ral, and contextual information [3–5], whereas ventral
regions regulate stress responses [6], anxiety-
related behaviors [7, 8], and emotional states
[8–10]. Although previous studies demonstrate that
optically manipulating cells in the dorsal hippocam-
pus can drive the behavioral expression of positive
and negative memories, it is unknown whether
changes in cellular activity in the ventral hippocam-
pus can drive such behaviors [11–14]. Investigating
the extent to which distinct hippocampal memories
across the longitudinal axis modulate behavior could
aid in the understanding of stress-related psychiatric
disorders known to affect emotion, memory, and
cognition [15]. Here, we asked whether tagging and
stimulating cells along the dorsoventral axis of the
hippocampus could acutely, chronically, and differ-
entially promote context-specific behaviors. Acute
reactivation of both dorsal and ventral hippocampus
cells that were previously active during memory for-
mation drove freezing behavior, place avoidance,
and place preference. Moreover, chronic stimulation
of dorsal or ventral hippocampal fear memories
produced a context-specific reduction or enhance-
ment of fear responses, respectively, thus demon-
strating bi-directional and context-specific modula-
tion of memories along the longitudinal axis of the
hippocampus. Fear memory suppression was asso-
ciated with a reduction in hippocampal cells active
during retrieval, while fear memory enhancement
was associatedwith an increase in basolateral amyg-
dala activity. Together, our data demonstrate that
discrete sets of cells throughout the hippocampus
provide key nodes sufficient to bi-directionally repro-
gram both the neural and behavioral expression of
memory.
RESULTS

Activity-Dependent and Inducible Tagging of Dorsal and
Ventral Hippocampus
We first infused an inducible, activity-dependent virus cocktail of

AAV9-c-Fos-tTA and AAV9-TRE-eYFP into the dorsal or ventral

dentate gyrus (DG) of adult male mice, which labeled DG neu-

rons expressing the immediate-early gene c-Fos in a doxycy-

cline (Dox)-dependent manner while mice explored a neutral

context (Figures 1A and 1B) [16]. Exploration of the context while

off Dox increased eYFP-expressing (eYFP+) cells in both the

dorsal and ventral DG relative to on-Dox controls (Figures 1G,

1H, 1J, and 1K). The following day, mice that explored the

same context showed a significant increase in the number of

overlapping eYFP+ (i.e., cells labeled by the 1st exposure) and

c-Fos+ cells (i.e., cells labeled by the 2nd exposure) in the dorsal

but not ventral DG (relative to chance overlap), consistent with a

previously established role of the dorsal DG in context discrimi-

nation (Figures 1C–1F, 1I, and 1L) [17, 18].

We next examined whether DG cells active during contextual

fear conditioning were preferentially reactivated during contex-

tual fear retrieval the following day. Following viral injections

(as above), mice were taken off Dox and, 48 h later, were placed

into a conditioning chamber where they received four foot

shocks following a 180 s baseline period. Following fear acquisi-

tion, mice were removed from the context and placed back on a

Dox diet. The following day, mice were returned to the condition-

ing chamber for a five-minute context test session (Figures 2A

and 2B). Brains were collected 90 min following testing (see

STAR Methods) and processed for eYFP and c-Fos overlap in

the dorsal and ventral DG. Here, both the dorsal and ventral

DG showed significant increases in re-activated cells, consistent

with the notion that the ventral hippocampus processes and

relays emotion-related information as well (Figures 2C–2E)

[5, 8, 10]. Together, these data demonstrate that the dorsal DG

is reactivated following retrieval of both a neutral or aversive

context memory, whereas cells in the ventral DG show reactiva-

tion only in a shock-paired environment.

Acute Activation of Distinct Memories Drives Discrete
Behavior across the Longitudinal Axis of the
Hippocampus
Next, we asked if acute optogenetic activation of tagged cell

populations along the longitudinal axis of the hippocampus
Current Biology 29, 1–10, June 3, 2019 ª 2019 Elsevier Ltd. 1
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could drive appetitive and fear-related behaviors. Mice were

infused with the same activity-dependent cocktail expressing

channelrhodopsin2 (ChR2) into the dorsal or ventral DG and

chronically implanted with optic fibers above the injection site

(Figures 2F and 2H). Mice were taken off Dox to tag cells pro-

cessing one of the following experiences, all of which have

been shown to recruit similar proportions of DG cells: exploration

of a neutral context [12], foot shock exposure in a novel context

[11, 12], or exposure to a female conspecific (see Star Methods;

hereafter, we refer to these groups as ‘‘neutral,’’ ‘‘fear,’’ or ‘‘fe-

male exposure’’ groups, respectively) (Figure 2G). Acute stimula-

tion of a fear memory via either the dorsal or the ventral DG drove

freezing behavior and promoted place avoidance (Figures 2I, 2J,

2L, and 2M). Acute stimulation in the female exposure groups

promoted place preference but did not affect fear behavior (Fig-

ures 2I, 2J, 2L, and 2M). Importantly, activation of a neutral mem-

ory did not affect fear or preference behaviors (Figures 2I, 2J, 2L,

and 2M), and all experiences, positive, neutral, and fear, labeled

a similar number of cells (Figures 2K and 2N). As the dorsal and

ventral DG have been implicated in contextual fear acquisition

and retrieval [19–22], and artificial reactivation of dorsal DG cells

processing a fear memory can lead to behavioral expression of

fear [11, 12, 23], our current findings are in broad agreement

with these earlier studies showing that the activation of fear-

associated cells in the dorsal DG is sufficient to drive multiple

behaviors. Together, our data demonstrate that artificial manip-

ulation of dorsal and ventral DG-mediated memories is sufficient

to drive fear-related behaviors and promote place avoidance

and preference.

Chronic Activation of Memories Induces Long-Lasting
and Bidirectional Changes in Behavior
Finally, we asked if chronic optical activation of discrete mem-

ories could enduringly affect neural activity and behavior. All

groups were first fear conditioned in context A and received sub-

sequent exposures to a female mouse, a neutral context, and

were fear conditioned in a novel context B. Female, neutral,

and fear groups were separated based on whether mice were

taken off Dox to label a positive, neutral, or fear memory, respec-

tively. After labeling was complete, mice were then placed into a

novel context and received chronic optogenetic activation of the

dorsal or ventral DG [12, 13] (i.e., 10-min sessions, twice a day for

five days) [14]. Behavioral testing occurred 24 h later in the

absence of light stimulation (Figure 3A). Chronic stimulation of
Figure 1. Activity-Dependent and Inducible Expression of Enhanced
Gyrus (DG)

(A) A virus cocktail of AAV9-c-Fos-tTA and AAV9-TRE-eYFP was infused into the

(B) Doxwas removed prior to placement in context A and returned to diet following

to the same or different contexts, and expression of c-Fox was visualized.

(C–F) Representative images (203) of eYFP+ (green), c-Fos+ (red), and overlap o

overlap in mice that were exposed to a different (C and E) or the same (D and F)

(G and H) In the dorsal DG, 4.7% (±0.7%) of DAPI+ cells were labeled with eYFP

(I) Mice exposed to the same context (context A; tagged) had significantly mor

different context (context B; untagged) relative to chance (dashed line; n = 10/gro

cFos+ and eYFP+ cells (inset).

(J and K) In the ventral DG, 2.1% (±0.2%) of ventral DG granule cells were lab

(top; n = 10/group).

(L) Re-exposure to the same or different context did not result in significant overlap

cells was comparable between both contexts A and B (inset). White arrows indic
the dorsal DG in a fear group that underwent a four-shock con-

ditioning protocol produced a context-specific suppression of

freezing (Figure 3B); conversely, chronic stimulation of the

ventral DG in a group that underwent a one-shock conditioning

protocol produced a context-specific enhancement of freezing

(Figure 3C). These enduring changes in freezing levels following

chronic stimulation were specific to reactivation of a fear mem-

ory, with mice freezing at equivalent levels in both contexts

following stimulation of a neutral memory (Figures 3B and 3C).

These effects were not observed in eYFP control mice (Figures

S1D, S1E, S1G, and S1H) nor when a dorsal DG group received

a weak one-shock conditioning protocol or when a ventral DG

group received a four-shock conditioning (Figures S1D and

S1G). These enduring changes in behavior did not result from al-

terations in locomotion (Figure S2). To investigate whether these

behavioral alterations were influenced by contributions from the

basolateral amygdala (BLA), a brain region highly interconnected

with the HPC that modulates behavioral responses to fear and

stress, we utilized designer receptors exclusively activated by

designer drugs (DREADDs) to attenuate BLA activity during

chronic HPC stimulation [15, 24] (Figures 3D and 3E). Treatment

with clozapine-N-oxide (CNO) significantly reduced cFos activity

in hM4Di-expressing cells but not in controls (Figures 3F and 3H).

Interestingly, cFos activity was comparable between hM4Di

experimental and control groups, suggesting at least three

non-mutually exclusive options: CNO may have induced a kind

of ‘‘rebound’’ of activity in non-tagged cells through local circuit

mechanisms, thus maintaining comparable levels of cFos-posi-

tive cells; during a perturbation, the BLA maintains an active

population that is stable in size; and CNO-mediated hM4Di acti-

vation non-specifically attenuates a cell’s excitability levels in a

manner sufficient to suppress cFos in a subset of, but not all,

tagged cells (3G). Next, we observed that chemogenetic inhibi-

tion of fear-processing BLA cells during chronic stimulation of

dorsal DG fear ensembles did not prevent the context-specific

suppression of freezing (Figure 3G); notably, however, stimula-

tion-induced enhancement of fear behavior was disrupted

when BLA cells were inhibited during chronic stimulation of

ventral DG-mediated fear memories. (Figure 3H). Thus, the in-

crease in freezing behavior following chronic ventral DG activa-

tion relies, in part, on the reactivation of BLA cells associated

with the original fear memory, amechanism distinct from that un-

derlying the dorsal DG effect. Finally, in the absence of CNO

inactivation, animals that underwent chronic stimulation of DG
Yellow Fluorescent Protein (eYFP) in Dorsal and Ventral Dentate

dorsal or ventral DG in mice on a doxycycline (Dox) diet.

exposure to label active cells with eYFP. The following day, micewere returned

f cells in the dorsal (dDG) or ventral (vDG) dentate gyrus. eYFP+, c-Fos+, and

context.

while off Dox compared to <0.3% of on Dox (t(18) = 6.58, p < 0.01).

e overlap between eYFP+ and c-Fos+ granule cells than those exposed to a

up) (t(18) = 3.24, p < 0.01). Both contexts A and B recruited similar amounts of

eled while off Dox compared to <0.3% while on Dox (t(18) = 7.96, p < 0.01)

relative to chance (ns) (bottom; n = 4/group). The number of cFos+ and eYFP+

ate cells expressing eYFP and c-Fos.
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cells processing fear showed chance-level reactivation of the

originally tagged population in both the dDG and vDG groups

upon being returned to the conditioned context (Figures 3K

and 3L). However, in the vDG and not dDG group, there was a

significant increase in overlap between BLA cells processing

the original fear memory and cells active during fear-memory

recall (Figures 3K and 3L)—a finding that perhaps underlies the

observed context-specific enhancement of fear memory.

Together, these data indicate that chronically reactivating DG

cells enduringly alters underlying neural activity in both tagged

DG and BLA populations, suggesting that our stimulation proto-

col is sufficient to functionally reprogram cells processing

discrete memories.

DISCUSSION

The hippocampus mediates key aspects of episodic memories,

including spatial, temporal, and contextual elements of experi-

ence that can also be imbued with emotion and salience. The

dorsal regions are thought to process the former cognitive as-

pects of experience, whereas ventral regions process the latter

emotional components of learning and memory [2, 25]. Here,

we asked if artificially reactivating cells previously active during

the formation of positive, neutral, or negative memories across

the longitudinal axis of the hippocampus would differentially

modulate behavioral outputs. Our results demonstrate that acute

reactivation of tagged cells in the dorsal and ventral DG was suf-

ficient to drive freezing, place avoidance, and place preference

depending on the aversive or rewarding nature of the tagged

memory. Moreover, chronic reactivation of fear-associated cells

in the dorsal or ventral hippocampus lead to distinct, lasting

behavioral changes in behavior and neuronal activity; namely,

chronic reactivation of dorsal DG cells resulted in a context-spe-

cific reduction in freezing and disengaged the originally tagged

group of cells when exposed to the conditioned context,

whereas chronic reactivation of ventral DG cells resulted in a

context-specific enhancement of freezing as well as above-

chance levels of overlap in the BLA. Additionally, inhibition of

BLA activity during chronic stimulation in the ventral, but not in

the dorsal, DG blocked context-specific changes in freezing

behavior, which we speculate occurs by blocking potentiation

between monosynaptic connectivity in the ventral DG and
Figure 2. Acute Activation of Distinct Memories Drives Discrete Behav

(A) A virus cocktail of AAV9-c-Fos-tTA and AAV9-TRE-eYFP was infused into the

(B) While on Dox, mice were fear conditioned in context A. Dox was then removed

was visualized.

(C) Overlap between eYFP+ and c-Fos+ neurons was comparable between the dD

represents % positive cf.os- and % positive eYFP-labeled cells. There were sign

(D and E) Representative images (203) of eYFP+ (green), c-Fos+ (red), and over

(F) A virus cocktail of AAV9-c-Fos-tTA and AAV9-TRE-ChR2-eYFP was infused i

(G) While off Dox, mice were exposed to a female, neutral, or fear memory to lab

during re-exposure to the training context and an OPP/OPA paradigm.

(H) Representative schematic of viral injection and optogenetic stimulation in the

(I and L) Activation of cells (light on) processing a fear, but not a neutral or a female

group, n = 12) and ventral (L; n = 12/group) hippocampus drove freezing behavio

significant group 3 epoch interaction, dorsal DG (F(2, 32) = 41.23, p < 0.01) and

(J and M) Light activation of fear memories drove place avoidance, while light a

(one-way ANOVA; J, dDG [F(2,33) = 53.44, p < 0.01] and M, vDG [F(2,33) = 34.7

(K and N) In the absence of acute stimulation, fear, neutral, and female memories

(N). White arrows indicate cells expressing eYFP and c-Fos.
BLA. A graphical summary of our behavioral results can be found

in Figure 4. Together, our data point to a differential contextual

and emotional encoding of memory along the dorsoventral axis

of the hippocampus.

In line with previously published results, acute optogenetic re-

activation of negative memory traces in both the dorsal and

ventral DG was sufficient to drive fear-related behavior [4–6].

These data support previous studies also demonstrating a role

for the ventral hippocampus in the encoding and retrieval of

memories and resonates with its proposed role in modulating

anxiety-like behavior through the activity of discrete populations

of ‘‘anxiety cells’’ [8, 19]. Interestingly, we observed a modest in-

crease in anxiety-like behavior when reactivating cells process-

ing fear memories via both the dorsal and ventral hippocampus

but without significantly increasing freezing responses (Fig-

ure S2). We speculate that the environmental contingencies pre-

sent in a given arena or task can dictate the capacity of tagged

cells to drive a given behavioral output, suggesting that these

cells are not hardwired or pre-determined to promote a behav-

ioral response. For instance, in a traditional conditioning cham-

ber, activating hippocampus cells processing fear can default

to a passive defensive behavior, including freezing, while

enlarging an environment to an open field now ‘‘switches’’ these

cells’ capacity such that they drive active anxiogenic responses

[15] (Figure S2). Future experiments can expand on these find-

ings by varying the mnemonic demands (or lack thereof) of a

given task or arena and titrate the capacity of tagged DG cells

to promote varying behavioral outputs contingent on both an an-

imal’s state and the structure of its environment. Together, these

data indicate that the entire hippocampal structure, not just the

dorsal hippocampus, is sufficient to activate freezing behavior

in a context-specific manner, perhaps by parsing information

into mnemonic categories that are subsequently encoded by

discrete cell populations whose behavioral relevance is contin-

gent on environmental demands.

In support of this hypothesis, chronic reactivation of cells

processing a fear memory in the dorsal DG reduced context-

associated freezing, and these changes in behavior were

independent of BLA involvement. On the other hand, chronic

reactivation of cells processing a fear memory in the ventral hip-

pocampus significantly increased freezing, and these behavioral

effects were blocked by inhibition of BLA activity. These results
ior across the Longitudinal Axis of the Hippocampus

dorsal or ventral DG.

prior to exposure to a novel context B, and overlap of cells in the dDG or vDG

G and vDG and, in both regions, significantly above chance (dashed line). Inset

ificantly more cFos+ and eYFP+ in the dDG than in the vDG.

lap of cells in the dDG or vDG.

nto the dorsal or ventral DG.

el active cells with ChR2, returned to Dox, and administered light stimulation

dorsal (top) and ventral (bottom) DG.

memory, in both the dorsal (I; female group, n = 11; neutral group, n = 12; fear

r in a neutral context relative to light off epochs. Repeated-measures ANOVA,

ventral DG (F(2, 33) = 6.48, p < 0.01).

ctivation of female exposure memories drove place preference in both dorsal

5, p < 0.01]).

labeled a comparable amount of eYFP+ neurons in both the dDG (K) and vDG
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could be explained by differences in connectivity between the

dorsal and ventral hippocampus: while the dorsal hippocampus

is extensively connected to areas such as the retrosplenial cor-

tex and anterior cingulate cortex, areas critical for navigation

and visuospatial processing, the ventral hippocampus sends

and receives projections from the amygdala, prefrontal

cortex, and bed nucleus of the stria terminalis, all of which are

strongly implicated in processing emotion [2]. Of note, while

our virus spread was confirmed histologically in each subject

to ensure that injections reached the dorsal or ventral hippocam-

pus, a putative role for the intermediate hippocampus and its

functional role in partially modulating these behaviors remains

unresolved. Nonetheless, it has recently been shown that the

CA1 of the ventral hippocampus stores neurons responsible

for processing social memory, and it is widely believed that the

ventral hippocampus is an important node for modulating such

multi-modal information while also regulating stress responses

[19, 26–28]. We speculate that our manipulation in the ventral

hippocampus may have increased freezing behavior by

strengtheningmonosynaptic inputs to the amygdala or hypothal-

amus. This hypothesis is reinforced by our data demonstrating

increased eYFP and c-Fos overlap in the BLA following chronic

reactivation of fear memories in the vDG. Thus, it is likely that

while the dorsal hippocampus encodes and recalls contextual

components of memories, the ventral hippocampus accesses

circuitry necessary for the storage and recall of context-guided

emotional components associated with specific experiences.

Chronic stimulation of fear memories in either the dorsal or

ventral DG leads to context-specific reductions or enhancements,
Figure 3. Chronic Activation of Memories Induces Long-Lasting and B
(A) A virus cocktail of AAV9-c-Fos-tTA and AAV9-TRE-ChR2-eYFP was infused in

followed by fear conditioning in context B a day later, during which the fear group

cells with ChR2 and returned to being on Dox. Memories were reactivated twice

(B) Upon re-exposure to contexts A and B, chronic reactivation of cells processin

tagged context (e.g., context B) compared to reactivation of cells processing fem

context, [F(2, 27) = 12.67, p < 0.01]). Newman-Keules posthoc test revealed signi

group (p < 0.001).

(C) When returned to contexts A and B, chronic reactivation of cells processing a s

tagged context (e.g., context B) compared to reactivation of cells processing fem

context, [F(2, 27) = 10.88, p < 0.01]). Posthoc revealed significantly higher levels

(D and E) A virus cocktail of AAV9-c-Fos-tTA and AAV9-TRE-ChR2-eYFP (ChR2)

AAV9-TRE-hM4Di-eYFP (hM4Di) or AAV9-TRE-eYFP (eYFP) was infused into the

Dox and in context B while off Dox to label DG and BLA cells associated with c

tagging, mice underwent a total of 10 sessions over 5 days of optical stimulation w

each session. Finally, mice were placed back into context A and context B, and th

CNO injection).

(F) Treatment with CNO significantly reduced cFos and GFP overlap when comp

(G) cFos expression in GFP� cells was comparable between CNO- and vehicle-

(H) Representative images of cFos (red) and eGFP (green) overlap in the BLA fol

(I) Chronic reactivation of cells processing a strong four-shock fear conditioning m

an effect not affected by hM4Di-expression in the BLA. (eYFP, n = 6; hM4Di, n = 8;

without a main effect of group or context 3 group interaction (ns).

(J) Chronic reactivation of cells processing aweak single-shock fear-conditioning

This effect was ablated by chemogenetic inactivation of the BLA (eYFP, n = 10; hM

p < 0.001], main effect of group [F(1,15) = 15.47, p < 0.01]). Posthoc revealed signifi

(p < 0.001).

(K) Following chronic activation of dDG fear memories, there was no significant

(denoted here as dDG-BLA). However, after chronic activation of vDG fear memor

above chance (dashed line) in the BLA (denoted by vDG-BLA) but not in the vDG. In

significantly greater in the BLA after chronic vDG activation compared to all othe

(L) Representative images of eYFP (green), c-Fos (red), and overlap in the dDG,

See also Figures S1 and S2.
respectively, in fear behavior. The dorsal, and not ventral, DG

showedagreaterproportionofoverlapbetweencells activeduring

the encoding and retrieval of a neutral context (Figure 1), but the

ventral DG became engaged when an emotional event occurred

in that context. As such, the cells in the ventral hippocampus, as

well as in the dorsal hippocampus, were now reactivated upon

re-exposure.Thesedataare inagreementwithanumberofstudies

that report reactivation of DG cells during fear memory retrieval

and demonstrate significant ventral DG reactivation during

retrieval of a fearful, but not a neutral, context [20, 29].

We next demonstrated that chronic reactivation of cells active

during fear acquisition in both the dorsal and ventral DG

produced lasting changes in fear behavior. The direction of

behavioral change depended upon the longitudinal axis of the

hippocampus: chronic stimulation of cells in the dorsal DG re-

sulted in a context-specific reduction in freezing behavior,

whereas chronic reactivation within the ventral DG resulted in a

context-specific increase. We propose that these opposing

behavioral outcomes are partly a result of differential cellular

mechanisms recruited by our stimulation parameters. For

example, optogenetically inducing long-term depression (LTD)

or long-term potentiation (LTP) at auditory inputs to the amyg-

dala was sufficient to inactivate or reactivate a fear memory,

respectively [30]. To induce LTP or LTD in the former study,

the authors utilized separate optical parameters, while in our

study, the same optical parameters (see STAR Methods) were

used to chronically reactivate cells within the dorsal and ventral

DG—any difference in behavioral outcome from our stimulation

protocol can be attributed, at least in part, to the anatomical
idirectional Changes in Behavior
to the dorsal and ventral DG. All groups were first fear conditioned in context A,

was off Dox. A separate group was exposed to a neutral context to label active

a day for 5 days in a novel context.

g a four-shock fear memory in the dorsal DG resulted in reduced freezing in the

ale and neutral memories (n = 10/group; repeated-measures ANOVA, group3

ficantly lower levels of freezing in context B compared to context A only in fear

ingle-shock fear memory in the ventral DG resulted in increased freezing in the

ale and neutral memories (n = 10/group; repeated-measures ANOVA, group3

of freezing in context B compared to context A only in fear group (p < 0.001).

was infused into the dorsal or ventral hippocampus, and AAV9-c-Fos-tTA and

basolateral amygdala (BLA). Mice were fear conditioned in context A while on

ontext B fear memory with ChR2 and hM4Di or eYFP, respectively. Following

hile in a novel environment; all mice received 1 mg/kg CNO (i.p.) 30 min prior to

eir levels of freezing were assessed (in the absence of either light activation or

ared to treatment with a vehicle control (Student’s t test, p = 0.006).

treated brains following CNO infusion.

lowing CNO treatment.

emory in the dorsal DG led to a context-specific reduction of freezing behavior,

repeated-measures ANOVA, main effect of context [F(1,12) = 41.93, p < 0.001])

memory in the ventral DG led to a context-specific increase in freezing behavior.

4Di, n = 7; repeated-measures ANOVA, main effect of context [F(1,15) = 23.92,

cantly lower levels of freezing between the eYFP and hM4Di group in context A

change in overlap between eYFP+ and cFos+ cells in either the dDG or BLA

ies, there was a significant amount of overlap between eYFP+ and c-Fos+ cells

set represents%positive cFos+ and eYFP+ cells. cFos+ and eYFP+ cells were

r groups.

vDG, and BLA. White arrows indicate cells expressing eYFP and c-Fos.
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Figure 4. Graphical Summary of Behavioral

Results

Dash indicates no change. ‘‘N/A’’ indicates not

measured.
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region of reactivation, given that the main outputs for the dorsal

and ventral hippocampus project to distinct anatomical regions.

For example, the ventral hippocampus has monosynaptic pro-

jects to the amygdala nuclei, hypothalamus, prefrontal cortex,

and nucleus accumbens, which dovetails with its functional

role in modulating myriad information embedded with emotion

and salience [10, 31]. Our overlap data (Figure 2) demonstrate

that chronic reactivation resulted in a significant reduction in

overlap of cells active during fear acquisition and those active

during fear retrieval for both the dorsal and ventral hippocampus.

Thus, in addition to producing changes in behavior, our manipu-

lation drove cellular changes within the neural substrates under-

lying memory recall.

Finally, our data demonstrate that both dorsal and ventral DG

cells tagged during fear acquisition are re-activated (above

chance) during fear retrieval and that chronic reactivation of

taggedcells results in a significant reduction in the number of cells

that overlap. We speculate that chronic reactivation of dorsal DG

cells leads to either extinction-like effects or to a permanent sup-

pression of the memory itself. Fittingly, extinction learning is

thought to represent new learning (i.e., repeated exposure to a

conditioned stimulus) that competes with and actively inhibits

the original fearmemory [32, 33].Within the BLA, discrete popula-

tions of cells have been shown to be active during fear retrieval

(i.e., ‘‘fear cells’’), while a discrete population of non-overlapping

cells is active during retrieval of a fear extinction memory

(i.e., ‘‘extinction cells’’) [34, 35].We propose that the context-spe-

cific reduction in freezingbehavior following chronic stimulation of

the dorsal hippocampus is not affected by inhibition of BLA cells
8 Current Biology 29, 1–10, June 3, 2019
active during fear acquisition because, pre-

sumably, the DREADDS are not expressed

in thoseBLA cells responsible for the reduc-

tion in freezing behavior. However, BLA

inactivation during chronic stimulation of

the ventral DG was sufficient to block

the stimulation-induced enhancement in

freezing behavior presumably because it is

precisely those cells that retain the fear

memory that are actively inhibited and thus

are not amenable to any changes induced

by our stimulation protocol.

In conclusion, our results demonstrate

distinct roles of the dorsal and ventral DG

in the neuronal and behavioral expression

of memory formation and retrieval. Our

study provides insight into the functional

distinctions of the hippocampus along its

dorsoventral axis as well as the interaction

between context specificity and emotional

regulation in the brain. Together, investi-

gating these neurobiological phenomena

may contribute to more specific and
improved interventions to treat stress-related neuropsychiatric

disorders by pointing to engrams as a therapeutic node.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental Models: Organisms/Strains

Wild-type male C57BL/6 Charles River Labs C57BL/6

Antibodies

Rabbit anti-c-Fos SySy 226 003

Chicken anti-GFP ThermoFisher A10262

Alexa Fluor 555 anti-rabbit ThermoFisher A21428

Alexa Fluor 488 anti-chicken ThermoFisher A11039

Chemicals, Peptides, and Recombinant Proteins

Triton-X Teknova T1105

Paraformaldehyde Sigma-Aldrich 30525-89-4

Goat serum Sigma-Aldrich G9023

Almond and orange extracts McCormick & Company, Inc N/A

Vectashield Hart Set Mounting Medium with DAPI Vector Laboratories, Inc H-1500

Software and Algorithms

Fiji (ImageJ) National Institutes of Health https://fiji.sc

FreezeFrame3 Actimetrics, Wilmette, IL Actimetrics.com

EthoVision Noldus, Leesburg, VA noldus.com

Prism GraphPad Software, La Jolla, CA graphpad.com

Statistica TIBCO Software, Inc., Palo Alto, CA https://www.tibco.com/statistica

Viral Constructs

pAAV9-cFos-tTA 1.5x1013 GC/mL 1:1 [11, 12, 36]

pAAV9-TRE-eYFP 1.5x1013 GC/mL 1:1 [11, 12, 36]

pAAV9-TRE-ChR2-eYFP 1x1013 GC/mL 1:1 [11, 12, 36]

pAAV9-TRE-hM4Di-eYFP 1.5x1013 GC/mL 1:1 [11, 12, 36]
CONTACT FOR REAGENT AND RESOURCE SHARING

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

Ramirez (dvsteve@bu.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Subjects
Wild-type male C57BL/6 mice (2-3 months of age; Charles River Labs) were housed in groups of 2-5 mice per cage. The animal fa-

cilities (vivarium and behavioral testing rooms) were maintained on a 12:12-hour light cycle (lights on at 0700). Mice were placed on a

diet containing 40 mg/kg doxycycline (Dox) for a minimum of one week before receiving surgery with access to food and water ad

libitum. Mice recovered for ten days after surgery. Dox-containing diet was replaced with standard mouse chow (ad libitum) 48 hours

prior to behavioral tagging to open a time window of activity-dependent labeling [12, 14]. All subjects were treated in accord with

protocol 17-008 approved by the Institutional Animal Care and Use Committee at Boston University.

METHOD DETAILS

Stereotaxic injection and optical fiber implant
Stereotaxic injections and optical fiber implants follow methods previously reported [11, 12, 14]. All surgeries were performed under

stereotaxic guidance and subsequent coordinates are given relative to Bregma (in mm). Mice were mounted into a stereotaxic frame

(Kopf Instruments, Tujunga, CA, USA) and anesthetized with 3% isoflurane during induction and lowered to 1%–2% to maintain

anesthesia (oxygen 1L/min) throughout the surgery. Ophthalmic ointment was applied to both eyes to prevent corneal desiccation.
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Hair was removed with a hair removal cream and the surgical site was cleaned with ethanol and betadine. Following this, an incision

was made to expose the skull. Bilateral craniotomies involved drilling windows through the skull above the injection sites using a

0.5 mm diameter drill bit. Coordinates were�2.2 anteroposterior (AP), ± 1.3 mediolateral (ML), and�2.0 dorsoventral (DV) for dorsal

dentate gyrus (DG) [12];�3.60 AP, ± 2.5 ML, and�2.6 DV for the ventral DG; and�1.7 AP, ± 3.4 ML, and�4.2 DV [36] for basolateral

amygdala (BLA). All micewere injectedwith a volume of 0.2 (dorsal and ventral DG) or 0.3 (BLA) ml of AAV9 cocktail per site at a control

rate of 0.7 mLmin-1 using amineral oil-filled 33-gage beveled needle attached to a 10 mL Hamiltonmicrosyringe (701LT; Hamilton) in a

microsyringe pump (UMP3; WPI). The needle remained at the target site for five minutes post-injection before removal. For DG tar-

gets, a bilateral optic fiber implant (200 mmcore diameter; Doric Lenses) were chronically implanted above the injection site (�1.6 DV

for dorsal DG; �2.6 for ventral DG). Jewelry screws secured to the skull acted as anchors. Layers of adhesive cement (C&B Metab-

ond) followed by dental cement (A-M Systems) were spread over the surgical site. Mice received 0.1mL of 0.3mg/mL buprenorphine

(intraperitoneally) following surgery and placed on a heating pad during recovery. Histological assessment verified viral targeting and

fiber placement. Data from off-target injections were not included in analyses.

Optogenetic Methods
Optic fiber implants were plugged into a patch cord connected to a 473 nm blue laser diode controlled by automated software (Doric

Lenses). Laser output was tested at the beginning of every experiment to ensure that at least 15 mW of power was delivered at the

end of the patch cord (Doric lenses). For acute reactivation studies, mice received 3-min optical stimulation (15 ms pulse width,

20 Hz). For chronic reactivation studies, mice were placed into a neutral context and received a 10-min session with light delivery

(15 ms pulse width, 20 Hz) over morning and afternoon session for five consecutive days, as previously reported [6].

Behavioral tagging
Dox diet was replaced with standard lab chow (ad libitum) 48-hours prior to behavioral tagging. Female exposure [13, 14, 37]: One

female mouse (PD 30-40) was placed into a clean home cage with a clear cage top, which was used as the interaction chamber. The

experimental male mouse was then placed into the chamber and allowed to interact freely for one hour. Neutral exposure [12]: Mice

were placed into a conditioning chamber for one hour. Fear exposure [11, 12]: Mice were placed into a conditioning chamber and

received fear conditioning (see below) over a 500 s training session (including exposure to four 0.5mA foot shocks). Following behav-

ioral tagging, the male mouse was returned to their home cage with access to Dox diet.

Behavioral assays
All behavior assays were conducted during the light cycle of the day (0700–1900). Mice were handled for 3–5 days, 2 min per day,

before all behavioral experiments. Behavioral assays include fear conditioning [11, 12, 14], optogenetic place preference/avoidance

(OPP/OPA) [13], female exposure [13, 14], and open field [14] (see below).

Fear Conditioning

Fear conditioning occurred in one of four mouse conditioning chambers (Coulbourn Instruments, Whitehall, PA, USA) with metal-

panel sidewalls, Plexiglas front and rear walls, and a stainless-steel grid floor composed of 16 grid bars. The grid floor was connected

to a precision animal shocker (Coulbourn Instruments, Whitehall, PA, USA) set to deliver a 2 s 0.5 mA foot shock unconditioned stim-

ulus (US). A ceiling-mounted video camera recorded activity and fed into a computer running FreezeFrame3 software (Actimetrics,

Wilmette, IL, USA). The software controlled stimuli presentations and recorded videos from four chambers simultaneously. The pro-

gram determined movement as changes in pixel luminance over a set period. Freezing was defined as a bout of 0.75 s or longer

without changes in pixel luminance and verified by an experimenter blind to treatment groups. Context alterations included changes

to spatial, olfactory, tactile, and lighting cues. The conditioning chamber with room lights on was designated as Context A. Context B

involved modifications to the conditioning chamber, including vertical black and white strips spaced�3 cm apart obscuring the front

and rear walls, an opaque Plexiglas A-frame insert, 1 mL of almond extract in a plastic container positioned below the grid floor, and

room lights at 50% illumination. Context C was a custom-build chamber (with Plexiglass walls and floor with horizontal black and

white stripes) measuring 17.8 3 16.5 3 14 cm with 1 mL of orange extract in a plastic container position below the grid floor. The

chambers were cleaned with 70% ethanol solution prior to animal placement.

For acute reactivation experiments, contextual fear conditioning occurred in one distinct context (i.e., Context A). In chronic reac-

tivation experiments, contextual fear conditioning occurred in two distinct contexts (i.e., Context A and Context B). Briefly, mice were

placed into the conditioning context for a 500 s acquisition session, including a 180 s baseline period followed by one (Low Fear) or

four (High Fear) 0.5mA, 2 s foot shock USs (interstimulus interval [ISI] equals 80 s). Acute reactivation studies involved placement into

a novel context and involved 3-min ‘light off’ and 3-min ‘light on’ periods. Contextual fear testing for chronic reactivation studies

involved placing mice into the conditioning context and assessing freezing over a 5-min stimulus-free session. Testing occurred

in Context A and Context B twenty-four hours apart.

Fear conditioning data are collected using FreezeFrame3 software (Actimetrics, Wilmette IL) with the bout length set at 0.75 s and

the freezing threshold initially set as described in the program instructions.We quantified the expression of fear by assessing bouts of

freezing behavior, defined as the absence of movement except that needed for respiration. Freezing behavior in FreezeFrame3 was

defined as changes in pixel luminance falling below a threshold. An experimenter blind to treatment groups adjusted the threshold so

that freezing behavior involves the absence of all movement except those needed for respiration as previously described.

Freezing behavior was scored as the percentage of time spent freezing during a given bout of time. Statistical analyses involved
e2 Current Biology 29, 1–10.e1–e4, June 3, 2019
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repeated-measures ANOVAwith the between subjects the between-subjects factor of Group and the within-subjects factor of Epoch

(i.e., light off/light on), Trials, or Context as a within-subjects variables.

Place preference/avoidance

The testing chamber consisted of a custom-built rectangular box with a fiber optic holder (383 23.53 42 cm). Red tape divided the

chamber down the middle, creating two halves, each with unique designs on each wall. Right and left sides for stimulation were ran-

domized. Day 1 was used to assess baseline levels, during which the mouse was given 10 min to freely explore the arena. The

following day, mice received light stimulation (15 ms pulses at 20-Hz) upon entry in the designated side of the chamber (counterbal-

anced across groups) over a 10-min test period. Once the mouse entered the stimulated side, a TTL signal from the EthoVision soft-

ware via a Noldus USB-IOBox triggered a stimulus generator (STG-4008,Multi- channel Systems). A video camera (ActiveonCX LCD

Action Camera) recorded each session and an experimenter blind to treatment conditions scored the amount of time on each side.

Statistical analyses involved a one-way ANOVA comparing group difference scores [time (in seconds) on stimulated side minus time

on unstimulated side].

Female Exposure

One female mouse (PD 30-40) was placed into a clean home cage with a clear cage top, which was used as the interaction chamber.

The experimental male mouse was then placed into the chamber and allowed to interact freely for five minutes. Interaction was

defined as movements initiated by the male toward the female, including sniffing and physical contact [10, 11].

Open Field

Mice were tested in an open field as previously described [14]. Briefly, mice were placed into a 45 cm x 45 cm metal chamber with

Plexiglasswalls (Omnitech Electronics, Columbus, OH) and allowed to freely explore for 12min. An automated video-tracking system

(Ethovision by Noldus) tracked mice during exploration. The tracking software defined the center as a square of 32 cm x 32 cm in the

middle of the arena. Total distance traveled, and time spent in the center was quantified and analyzed between groups.

Immunohistochemistry
Immunohistochemistry follows protocols previously reported [11, 12, 14]. Mice were overdosed with 3% isoflurane and perfused

transcardially with cold (4�C) phosphate-buffered saline (PBS) followed by 4% paraformaldehyde (PFA) in PBS. Brains were ex-

tracted and stored overnight in PFA at 4�C. Fifty mm coronal sections were collected in serial order using a vibratome and collected

in cold PBS. Sections were blocked for 1 hour at room temperature in PBST and 5% normal goat serum (NGS) on a shaker. Sections

were transferred to wells containing primary antibodies (1:1000 rabbit anti-c-Fos [SySy]; 1:5000 chicken anti-GFP [Invitrogen]) and

allowed to incubate on a shaker overnight at 4�C. Sections were then washed in PBST for 10-min (x3), followed by 2-hour incubation

with secondary antibody (1:200 Alexa 555 anti-rabbit [Invitrogen]; 1:200 Alexa 488 anti-chicken [Invitrogen]). Following three addi-

tional 10-min washes in PBST, sections were mounted onto micro slides (VWR International, LLC). Vectashield Hart Set Mounting

Medium with DAPI (Vector Laboratories, Inc) was applied, slides were coverslipped, and allowed to dry overnight.

Cell counting
The number of eYFP- or c-Fos-immunoreactive neurons in the DGwere counted tomeasure the number of active cells during defined

behavioral tasks in 3–5 coronal slices (spaced 160mm from each other) permouse. Only animals that had accurate bilateral injections

in the DG were selected for counting. Fluorescence images were acquired using a microscope (Zeise LSM800, Germany) with a 20X

objective. All animals were sacrificed 90 min post-assay or optical stimulation for immunohistochemical analyses. The number of

eYFP-positive, c-Fos-positive, and DAPI-positive cells in a set region of interest (0.5 mm^2 per brain area analyzed) were quantified

with ImageJ (https://imagej.nih.gov/ij/) and averaged within each animal. To calculate the percentage of active cells we counted the

number of eYFP-positive cells and divided by the total number of DAPI-positive cells. Statistical chancewas calculated bymultiplying

the observed percentage of eYFP-single-positive cells by the observed percentage of c-Fos-single-positive cells; overlaps over

chance were calculated as observed overlap divided by chance overlap: the percentage of double-labeled neurons ([eYFP and

cFos]/DAPI) were analyzed against overlap expected by chance ([eYFP/DAPI] x [cFos/DAP]) using paired t tests.

QUANTIFICATION AND STATISTICAL ANALYSIS

Sampling strategy
Subjects were randomly assigned to groups. No statistical methods were used to determine sample size; the number of subjects per

group were based on those in previously published studies and are reported in figure captions.

Image Integrity
Acquired image files (.czi) were opened in ImageJ. Processing of images in Figure 1 involved maximizing intensity, removing outlier

noise, and adjusting contrast of images.
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Data Analysis
Data were analyzed using Prism (GraphPad Software, La Jolla, CA) and Statistica 13 data analysis software (TIBCO Software, Inc.,

Palo Alto, CA). Data were analyzed using paired t tests (two factors), unpaired t tests, one-way or two-way ANOVAs with repeated-

measures ANOVAs (more than two factors), where appropriate. Post hoc analyses (Newman-Keuls) were used to characterize treat-

ment and interaction effects, when statistically significant (alpha set at p < 0.05, two-tailed). Statistical analyses are reported in figure

captions.

DATA AND SOFTWARE AVAILABILITY

For full behavioral datasets and cell counts, please contact the Lead Contact, Dr. Steve Ramirez (dvsteve@bu.edu).
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Figure S1. Chronic reactivation of a fear memory leads to enduring, context-specific, and 

bi-directional changes in fear memory expression. Related to Figure 3. (A) A virus cocktail 

of AAV9-c-Fos-tTA and AAV9-TRE-ChR2-eYFP (ChR2) or AAV9-TRE-eYFP (eYFP) was 

infused into the dorsal and ventral DG. (B) Mice were fear conditioned in Context A while on 

Dox and in Context B while off Dox to label DG cells associated with Context B fear memory 

with ChR2 or eYFP. Mice were either conditioned to four shocks (high fear group) or one shock 

(low fear group). Following tagging, mice underwent 10 sessions over 5 days of optical 

stimulation while in a novel environment. Finally, mice were placed back into Context A and 

Context B and their levels of freezing were assessed. (C) Representative schematic of viral 

infusion and optogenetic stimulation in the dDG. (D) Chronic reactivation of a strong fear 

memory in the dDG led to a significant, context-dependent reduction in freezing behavior in 

mice infused with ChR2 relative to those infused with eYFP (n=12/group; Group X Context 

[F(1,22)=10.78, p<0.003]. (E) Chronic reactivation of a weak fear memory in the dDG did not 

alter freezing responses (ns). (F) Representative schematic of viral infusion and optogenetic 

stimulation in the vDG. (G) Chronic reactivation of a strong fear memory in the vDG did not alter 

freezing responses (ns). (H) Chronic reactivation of a fear memory in the vDG led to a 

significant, context-dependent increase in freezing behavior in mice infused with ChR2 relative 

to those infused with eYFP (n=12/group; Repeated-Measures ANOVA, Group X Context 

[F(1,22)=5.33, p<0.03]. 
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Figure S2. Acute activation of hippocampus memories drives differential anxiety 

behavior across the longitudinal axis of the hippocampus. Related to Figure 3. (A) A virus 

cocktail of AAV9-c-Fos-tTA and AAV9-TRE-ChR2-eYFP was infused into the dorsal or ventral 

DG. (B) While off Dox, mice were exposed to a female, neutral, or fear experience to label 

active cells with ChR2, returned to Dox, and administered light stimulation during behavior. (C) 

Acute reactivation of a fear memory led to comparable freezing behavior between dorsal and 

ventral DG groups during Light On and Light Off epochs. (D) Representative schematic of viral 

injection and optogenetic stimulation in the dDG. (E-F) Acute reactivation of cells in the dDG 

processing a fear memory decreased time spent in the center relative to reactivation of cells 

processing female and neutral memories but did not affect total distance travelled during Light 

On and Light Off epochs (n=12/group; Repeated-Measures ANOVA, Trial x Group 

[F(2,33)=3.98, p<0.03]. Posthoc demonstrated only the fear group spent significantly less time 

in the center during Light On relative to Light Off epochs and compared to all other groups 

(p<0.05). (G) Representative schematic of viral injection and optogenetic stimulation in the vDG. 

(H-I) Acute reactivation of cells in vDG processing a fear memory decreased whereas cells 

processing a female exposure memory increased time spent in the center relative to cells 

processing fear and neutral memories; total distance travelled was comparable across all 

groups during both Light On and Light Off epochs (n=12/group; Repeated-Measures ANOVA, 

Trial x Group [F(2,33)=3.98, p<0.03]. Posthoc demonstrated that only fear group showed 

significant difference between Light Off and Light On epoch and Light On was lower than all 

other groups (p<0.05) whereas only female exposure group showed a significant increase in the 

time spent in the center between the Light Off and Light On epochs (p<0.001). 
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