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The dorsal hippocampus (DH) is key to the maintenance of cocaine memories through reconsolidation into long-term memory
stores after retrieval-induced memory destabilization. Here, we examined the time-dependent role of the cornu ammonis 3 DH
subregion (dCA3) in cocaine-memory reconsolidation by utilizing the temporal and spatial specificity of optogenetics. eNpHR3.0-
eYFP- or eYFP-expressing male Sprague-Dawley rats were trained to lever press for cocaine infusions in a distinct context and
received extinction training in a different context. Rats were then re-exposed to the cocaine-paired context for 15 min to destabilize
cocaine memories (memory reactivation) or remained in their home cages (no-reactivation). Optogenetic dCA3 inhibition for one
hour immediately after memory reactivation reduced c-Fos expression (index of neuronal activation) in dCA3 stratum pyramidale
(SP) glutamatergic and GABAergic neurons and in stratum lucidum (SL) GABAergic neurons during reconsolidation. Furthermore,
dCA3 inhibition attenuated drug-seeking behavior (non-reinforced lever presses) selectively in the cocaine-paired context three
days later (recall test), relative to no photoinhibition. This behavioral effect was eNpHR3.0-, memory-reactivation, and time-
dependent, indicating a memory-reconsolidation deficit. Based on this observation and our previous finding that protein synthesis
in the DH is not necessary for cocaine-memory reconsolidation, we postulate that recurrent pyramidal neuronal activity in the dCA3
may maintain labile cocaine memories prior to protein synthesis-dependent reconsolidation elsewhere, and SL/SP interneurons
may facilitate this process by limiting extraneous neuronal activity. Interestingly, SL c-Fos expression was reduced at recall
concomitant with impairment in cocaine-seeking behavior, suggesting that SL neurons may also facilitate cocaine-memory retrieval
by inhibiting non-engram neuronal activity.
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INTRODUCTION
Cocaine use disorder is characterized by uncontrollable drug
craving and high relapse propensity [1, 2]. During chronic drug
use, associations are formed between distinct environmental
contexts, responses that lead to drug procurement, and the
unconditioned motivational effects of cocaine [3]. These context-
response-cocaine associations are consolidated, or stored, into
long-term memory [4]. Thus, subsequent exposure to drug-
predictive environmental contexts (i.e., cocaine-paired contexts)
can lead to the retrieval of cocaine memories and to robust
motivation to seek cocaine [1, 5]. Importantly, retrieval can also
result in the destabilization of cocaine memories [4] (i.e.,
reactivation). Reactivated memories are susceptible to manipula-
tion [6], and their maintenance requires reconsolidation into long-
term memory stores through de novo protein synthesis and
glutamatergic synaptic plasticity [7]. Interference with drug-
memory reconsolidation transiently reduces craving in human
subjects [8, 9] and drug-seeking behavior in animal models of
drug relapse [10–12]. Therefore, it is of interest from an anti-

relapse treatment perspective to understand the neural substrates
recruited for cocaine-memory reconsolidation.
The dorsal hippocampus (DH) is a brain region involved in the

reconsolidation of spatial, contextual-fear, and contextual-drug
memories [13–16]. Inhibition of mRNA synthesis in the DH after
spatial-memory reactivation disrupts memory integrity in rats, as
reflected by impaired Morris water maze performance [14].
Similarly, zif268 knockdown in the DH after fear-memory
reactivation attenuates conditioned fear-memory strength, as
indicated by reduced freezing behavior [15]. We have shown that
inhibition of neural conductance or Src-family tyrosine kinase
activity in the DH after cocaine-memory reactivation diminishes,
whereas anisomycin-induced inhibition of de novo protein
synthesis fails to alter, contextual cocaine-memory strength as
indicated by attenuated drug context-induced cocaine-seeking
behavior [16, 17]. These observations suggest that the DH is not
the site of protein synthesis-dependent memory reconsolidation
in instrumental models of cocaine relapse. Instead, the DH is
requisite for memory reconsolidation in other brain regions.
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Associative microcircuits in the cornu ammonis 3 subregion of
the DH (dCA3) have been theorized to be critical for short-term
memory retrieval, memory consolidation, long-term memory recall
[18, 19], and, more recently, memory reconsolidation [20].
Consistent with this, the dCA3 exhibits cAMP response element-
binding protein activation at contextual fear-memory recall,
and this response is inhibited by treatments that interfere with

fear-memory reconsolidation [21]. We have hypothesized that the
dCA3 maintains destabilized cocaine memories and, therefore, it is
recruited transiently, during the early stages of memory reconso-
lidation, when most memory traces are still labile. We took
advantage of the temporal and spatial precision of optogenetics
to inhibit neuronal activity in the dCA3 during early- or later-stage
cellular memory reconsolidation, which we operationally defined
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as the first hour and second hour of memory processing after
cocaine-memory reactivation, respectively. We examined the
resulting effects on long-term memory strength as indicated by
drug context-induced cocaine-seeking behavior three days later.
We predicted that dCA3 optogenetic inhibition during early-stage
memory reconsolidation would be sufficient to diminish cocaine-
memory strength. Furthermore, we explored the possible
involvement of the stratum lucidum (SL) and stratum pyramidale
(SP) cell layers of the dCA3 to this phenomenon.

MATERIALS AND METHODS
For additional information on Materials and Methods, including food
training, surgery, post-operative analgesia, context setup, optogenetic
acclimation, perfusion, brain histology, immunohistochemistry, micro-
scopy, image analysis, and data analysis protocols, please see the
Supplemental Online Materials.

Animals
Male Sprague-Dawley rats (N= 74; 275–300 g; Envigo, South Kent, WA)
were maintained on a reversed light-dark cycle in a climate-controlled
vivarium. Rats received water ad libitum and 20–25 g of rat chow per day.
Animal-housing and treatment protocols followed the Guide for the Care
and Use of Laboratory Rats (Institute of Laboratory Animal Resources on
Life Sciences, 2011) and were approved by the Washington State
University Institutional Animal Care and Use Committee.

Surgery
Rats were anesthetized using ketamine and xylazine (100.0 mg/kg and 5.0
mg/kg, i.p., respectively). AAV5-hSyn-eNpHR3.0-eYFP-WPRE-PA (5.5x10e12
vm/ml; UNC Vector Core, Chapel Hill, NC) or AAV5-hSyn-eYFP (3.5x10e12
vm/ml; UNC Vector Core) was infused bilaterally into the DH (0.7 μl/
hemisphere over 10min). Optic fibers (200-μm diameter fiber optic cable
encased in a 6.4-mm long ceramic ferrule; Thor Labs, Newton, NJ) were
implanted into the dCA3. Rats received jugular catheter implantation
surgery up to 3 days later, as described previously [22].

Drug self-administration and extinction training
Rats were randomly assigned to receive daily 2-h cocaine self-
administration training sessions in one of two environmental contexts
(context 1 or 2; see experimental timelines in Figs. 1–5A). Rats were trained
to press an “active” lever under a fixed-ratio 1 cocaine-reinforcement
schedule (cocaine hydrochloride, 0.5 mg/ml, 50 μl/infusion; NIDA Drug
Supply Program, Research Triangle Park, NC) with a 20-sec timeout period.
Presses on a second, “inactive”, lever and all lever presses during the
timeout period had no programmed consequences. Training continued
daily until the rats obtained ≥ 10 infusions/session on 10 days. Rats then
received seven extinction training sessions (2 h/day) in the context (1 or 2)

that had not been used for cocaine self-administration training. During
extinction training, lever presses were not reinforced. After extinction
sessions 5-7, rats were acclimated to the optogenetic procedure.

Memory reactivation
Twenty-four h after the seventh extinction-training session, all rats in
experiments 1, 2, 4, and 5 were exposed to the previously cocaine-paired
context for 15min to destabilize cocaine memories and trigger reconso-
lidation [23]. Lever presses were not reinforced during the session. All rats
in experiment 3 remained in their home cages during this time (no-
memory reactivation).

In vivo optogenetics
Immediately or 1 h after memory reactivation or no-reactivation, all rats
were placed into black metal chambers to which they had been
acclimated. Their optic fibers were connected to a 532-nM solid-state
laser (Shanghai Laser & Optics Century Company, Shanghai, China)
through fiber-optic patch cables (Thor Labs) and a 2 × 1 optical
commutator (Doric Lenses, Quebec, Canada). Rats received Laser-ON or
Laser-OFF treatment (n= 7–9/group) with treatment assignment balanced
based on mean active-lever responding and cocaine intake during the last
three drug self-administration sessions. Laser-ON treatment consisted of
laser-light stimulation (10mW, 5 sec on, 5 s off; based on [24, 25]) for 1 h,
whereas Laser-OFF treatment involved no laser-light stimulation. Rats in
experiment 5 were euthanized immediately after optogenetic treatment.

Testing in the extinction and cocaine-paired contexts
In experiments 1–4, daily 2-h extinction-training sessions resumed 24 h after
optogenetic treatment until active-lever responding declined to ≤25
responses/session on two consecutive sessions. Twenty-four h later, the rats
were placed into the cocaine-paired context for a 2-h session. During the test
sessions, lever presses were not reinforced. Lever responses in the extinction
context (first session post treatment) and cocaine-paired context were used
to index effects on extinction and cocaine memories, respectively.

Brain Histology and Immunohistochemistry
Rats were overdosed with ketamine and xylazine (300/15mg/kg, i.p.,
respectively) then transcardially perfused. In experiments 1–4, brain tissue
was collected immediately after the last 2-h test session to visualize virus
expression, optic-fiber placement, and c-Fos expression in the SL and SP of
dCA3 at test. For experiments 1 and 2, c-Fos expression was also assessed
in the dCA1 SP (SL is unique to the dCA3). dCA3 cell layers were visualized
using intensity differences in DAPI staining [26] (Fig. S1F). In experiment 5,
brain tissue was collected immediately after memory reactivation plus the
1-h optogenetic manipulation to verify that Laser-ON treatment reduced
c-Fos expression in the dCA3 during memory reconsolidation and to
investigate the cell types affected. c-Fos expression was visualized using
standard immunohistochemistry and microscopy protocols. Antibody
information is reported in Supplemental Online Materials.

Fig. 1 Optogenetic inhibition of the dCA3 during the first h of cocaine-memory reconsolidation reduces cocaine-memory strength and
dCA3 neuronal activation at test. A Timeline for experiment 1. Following cocaine self-administration and extinction training, eNpHR3.0-
expressing rats received a 15-min memory-reactivation session, immediately followed by Laser-ON (n= 9) or Laser-OFF (n= 8) treatment for 1
h. Lastly, rats received test sessions in the extinction and cocaine-paired contexts to assess extinction- and cocaine-memory strength,
respectively. B Active-lever presses during the memory-reactivation session (mean/15min ± SEM). C Active-lever presses upon first post-
treatment re-exposure to the extinction and cocaine-paired contexts at test (mean/2 h ± SEM). Symbols: ANOVA #context simple-main effect,
p < 0.001; *treatment simple-main effect, p= 0.02. D Time-course of active-lever presses at test in the cocaine-paired context (mean/20-min
interval ± SEM). Symbols: ANOVA †time main effect, Tukey’s tests, interval 1 > intervals 2-6, ps < 0.05; *treatment main effect, p= 0.02.
E Inactive-lever presses (mean ± SEM) during the memory-reactivation session (mean/15min ± SEM). F Inactive-lever presses upon first post-
treatment re-exposure to the extinction and cocaine-paired contexts at test (mean/2 h ± SEM). Symbol: ANOVA #context main effect, p= 0.03.
G Time-course of inactive-lever presses at test in the cocaine-paired context (mean/20-min interval ± SEM). Symbol: ANOVA †time main effect,
Tukey’s tests, interval 1 > intervals 2-6, ps < 0.05. H Representative 10x photomicrographs of the dCA3 stratum lucidum (SL) and stratum
pyramidale (SP) of rats in the Laser-OFF and Laser-ON groups. Brain tissue was collected immediately after the test in the cocaine-paired
context. Images showing DAPI staining (blue) were used to visualize SL and SP boundaries (see also Fig. S1), and corresponding overlay
images were used to visualize eNpHR3.0-eYFP expression (green) and c-Fos immunoreactive (IR) cell bodies (red, arrows). I The density of c-
Fos-immunoreactive (IR) neurons was quantified in the area indicated by the blue rectangle on the brain schematic. c-Fos-IR cell body density
(mean ± SEM) in the SL and SP of rats in the Laser-ON and Laser-OFF groups. Symbols: *t-tests, ps < 0.05. J Representative 10x
photomicrographs of the dCA1 SP of rats in the Laser-OFF and Laser-ON groups. Images showing DAPI staining (blue) were used to visualize
SP boundaries and corresponding overlay images were used to visualize eNpHR3.0-eYFP expression (green) and c-Fos IR cell bodies (red,
arrows). K The density of c-Fos-IR neurons was quantified in the three areas of the dCA1 as indicated by blue rectangles on the brain
schematic. Average c-Fos-IR cell body density (mean ± SEM) in the SP of rats in the Laser-ON and Laser-OFF groups. Symbols: *t-test, p < 0.001.

S. Qi et al.

1475

Neuropsychopharmacology (2022) 47:1473 – 1483



Data analysis
Data from experiments 1–5 were analyzed independently because the
experiments were conducted sequentially. Furthermore, differences were
detected between the eNpHR3.0-eYFP-expressing and eYFP-expressing
groups in training history (i.e., cocaine intake, extinction responding).
Data were analyzed using analyses of variance followed by Tukey’s or
Bonferroni post-hoc tests or using t tests (where appropriate). Alpha was
set at 0.05.

RESULTS
Brain histology
eNpHR3.0-eYFP and eYFP expression was observed in the dCA1-3
in experiments 1–5 (Fig. S1A–E). Optic-fiber tracts were located in
the dCA3 for all rats included in data analysis. Eighteen rats (1-3
rats/group) were excluded based on optic-fiber misplacement or
unilateral/insufficient virus expression.
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Behavioral history
The subsequent treatment groups did not differ significantly in
cocaine intake or lever responding during cocaine self-
administration and extinction training (Figs. S2A–E) or during the
memory reactivation session (Fig. 1B, E–4B, E, S2E) (Table S1), aside
from a subsequent treatment group difference in active-lever
responding on extinction day 1 in experiment 1 (Fig. S2A, Table S1).
Furthermore, optogenetic treatment did not alter the number of
extinction test sessions required by treatment groups to reach the
extinction criterion (mean ± SEM= 2.30 ± 0.07 sessions).

Optogenetic dCA3 inhibition during the first hour after
memory reactivation reduces cocaine-memory strength
Experiment 1 examined whether dCA3 neuronal activity during
the first h of cocaine-memory reconsolidation was necessary for
cocaine-memory maintenance, as indexed by the magnitude of
drug-seeking behavior in the cocaine-paired context at test
(Fig. 1A). Optogenetic dCA3 inhibition during the first h after
cocaine-memory reactivation reduced active-lever responding at
test in a context-specific manner (Fig. 1C; 2 × 2 ANOVA, context x
treatment interaction F(1,15)= 8.22, p= 0.01; treatment main F(1,15)
= 6.75, p= 0.02; context main F(1,15)= 79.20, p < 0.001). Specifi-
cally, three days after Laser-ON (Bonferroni t(8)= 7.0, p < 0.001) or
Laser-OFF (Bonferroni t(7)= 6.21, p < 0.001) treatment, cocaine-
paired context exposure significantly increased responding at test
compared to extinction-context exposure. Furthermore, Laser-ON
treatment reduced responding in the cocaine-paired context
(Bonferroni t(15)=−2.74, p= 0.02), but not in the extinction
context (Bonferroni t(15)= 0.64, p= 0.53), compared to Laser-OFF
treatment. Active-lever responding decreased over time in the
cocaine-paired context at test, independent of treatment, and
Laser-ON treatment reduced active-lever responding compared to
Laser-OFF treatment, independent of time (Fig. 1D; 2 ×6 ANOVA,
time main F(5,75)= 12.01, p < 0.001, Tukey’s tests, interval 1 >
intervals 2–6, ps < 0.05; treatment main F(1,15)= 7.52, p= 0.02;
treatment x time interaction F(5,75)= 1.19, p= 0.32).
Cocaine-paired context exposure increased inactive-lever

responding at test relative to extinction-context exposure indepen-
dent of treatment (Fig. 1F; ANOVA, context main F(1,15)= 5.84, p=
0.03; treatment main and treatment x context interaction Fs(1,15) ≤
1.76, ps ≥ 0.20). Furthermore, inactive-lever responding decreased
over time in the cocaine-paired context at test independent of
treatment (Fig. 1G; ANOVA, time main F(5,75)= 2.42, p= 0.04,
Tukey’s tests, interval 1 > interval 3, ps < 0.05; treatment main and
treatment x time interaction Fs(1-5,12-75) ≤ 1.62, ps ≥ 0.22).
In brain tissue collected immediately after the 2-h test session in

the cocaine-paired context, c-Fos expression was quantified in the

dCA3 SL and SP (Fig. 1H), ventral to the optic fiber tract, and in the
dCA1 SP (Fig. 1J). Laser-ON treatment during the first h after
cocaine-memory reactivation reduced c-Fos expression in the
dCA3 SL (t(15)= 3.20, p < 0.01) and SP (t(15)= 8.45, p < 0.001)
(Fig. 1I) and in the dCA1 SP (t(15)= 5.56, p < 0.0001; Fig. 1K) at test,
relative to Laser-OFF treatment.

Laser-ON treatment without eNpHR3.0 expression in the dCA3
does not alter cocaine-memory strength
Experiment 2 evaluated whether Laser-ON treatment during the
first h of memory reconsolidation would impair cocaine-memory
strength in eYFP controls (i.e., without eNpHR3.0) (Fig. 2A) to
examine whether the effects observed in experiment 1 reflected
AAV- or laser light-induced nonspecific performance deficit [26].
Cocaine-paired context exposure increased active-lever respond-
ing relative to extinction-context exposure at test, independent of
treatment (Fig. 2C; ANOVA, context main F(1,14)= 60.95, p < 0.001;
treatment main and treatment x context interaction Fs(1,14) ≤ 0.51,
ps ≥ 0.49). Laser-ON treatment without eNpHR3.0 did not alter
responding in either context relative to Laser-OFF treatment.
Active-lever responding decreased over time in the cocaine-paired
context at test, independent of treatment (Fig. 2D; ANOVA,
time main F(5,70)= 18.99, p < 0.001, Tukey’s test interval 1 >
intervals 2-6, ps < 0.05; treatment main and treatment x time
interaction Fs(1-5,14-70) ≤ 0.34, ps ≥ 0.80).
Laser-ON treatment without eNpHR3.0 reduced inactive-lever

responding relative to Laser-OFF treatment independent of
testing context (Fig. 2F; ANOVA, treatment main F(1,14)= 5.62,
p= 0.03; context main and treatment x context interaction
Fs(1,14) ≤ 3.39, ps ≥ 0.09) due to unusually high response rate in
Laser-OFF group. Time-course analysis confirmed this treatment
effect, and it revealed that responding decreased over time in the
cocaine-paired context at test independent of treatment type
(Fig. 2G; ANOVA treatment main F(1,14)= 4.41, p= 0.05; time main
F(5,70)= 4.00, p < 0.01, Tukey’s test, interval 1 > intervals 2-6, ps <
0.05; treatment x time interaction F(5,70)= 2.03, p= 0.09).
eYFP expression was more restricted to dCA3 cell bodies than

eNpHR3.0-eYFP expression (Fig. 2H). Laser-ON treatment without
eNpHR3.0 did not alter c-Fos expression in the dCA3 SP (t(14)=
0.52, p= 0.61) and SL (t(14)= 0.48, p= 0.64) (Fig. 2I) or in the dCA1
SP (t(14)= 0.93, p= 0.37; Fig. 2J, K) at test, compared to Laser-OFF
treatment.

Optogenetic dCA3 inhibition without memory reactivation
does not alter cocaine-memory strength
Experiment 3 examined whether optogenetic dCA3 inhibition
after home cage stay (i.e., without cocaine-memory reactivation)

Fig. 2 Laser-ON treatment without eNpHR3.0 expression in the dCA3 does not alter cocaine-memory strength or dCA3 neuronal activity
at test. A Timeline for experiment 2. Following cocaine self-administration and extinction training, eYFP-expressing rats received a 15-min
memory-reactivation session, immediately followed by Laser-ON (n= 7) or Laser-OFF (n= 9) treatment for 1 h. Lastly, rats received test
sessions in the extinction and cocaine-paired contexts to assess extinction- and cocaine-memory strength, respectively. C Active-lever presses
during the memory-reactivation session (mean/15min ± SEM) and upon first post-treatment re-exposure to the extinction and cocaine-paired
contexts at test (mean/2 h ± SEM). Symbols: ANOVA #context main effect, p < 0.001. D Time-course of active-lever presses in the cocaine-paired
context at test (mean/20-min interval ± SEM). Symbols: ANOVA †time main effect, Tukey’s test interval 1 > intervals 2-6, ps < 0.05. E Inactive-
lever presses (mean ± SEM) during the memory-reactivation session (mean/15min ± SEM). F Inactive-lever presses upon first post-treatment
re-exposure to the extinction and cocaine-paired contexts at test (mean/2 h ± SEM). Symbol: ANOVA #treatment main effect, p= 0.03. G Time-
course of inactive-lever presses in the cocaine-paired context at test (mean/20-min interval ± SEM). Symbol: ANOVA †time main effect, Tukey’s
test, interval 1 > intervals 2-6, ps < 0.05. H Representative 10x photomicrographs of the dCA3 stratum lucidum (SL) and stratum pyramidale
(SP) of rats in the Laser-OFF and Laser-ON groups. Brain tissue was collected immediately after the test in the cocaine-paired context. Images
showing DAPI staining (blue) were used to visualize SL and SP boundaries (see also Fig. S1), and corresponding overlay images were used to
visualize eYFP expression (green) and c-Fos immunoreactive (IR) cell bodies (red, arrows). I The density of c-Fos-immunoreactive (IR) neurons
was quantified in the area corresponding to the blue rectangle on the brain schematic. c-Fos-IR cell body density (mean ± SEM) in the SL and
SP of rats in the Laser-ON and Laser-OFF groups. J Representative 10x photomicrographs of the dCA1 SP of rats in the Laser-OFF and Laser-ON
groups. Images showing DAPI staining (blue) were used to visualize SP boundaries and corresponding overlay images were used to visualize
eNpHR3.0-eYFP expression (green) and c-Fos IR cell bodies (red, arrows). K The density of c-Fos-IR neurons was quantified in the three areas of
the dCA1 as indicated by blue rectangles on the brain schematic. Average c-Fos-IR cell body density (mean ± SEM) in the SP of rats in the
Laser-ON and Laser-OFF groups. Symbols: *t-test, p < 0.001.
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would impair cocaine-memory strength (Fig. 3A). Without
reactivation, long-term memories were expected to be pro-
tected from manipulation [27]. Cocaine-paired context exposure
increased active-lever responding relative to extinction-context
exposure, and Laser-ON treatment immediately after home
cage stay did not alter responding in either context, relative
to Laser-OFF treatment (Fig. 3C; ANOVA, context main F(1,12)=
35.32, p < 0.001; treatment main and treatment x context
interaction Fs(1,12) ≤ 0.81, ps ≥ 0.39). Active-lever responding

decreased over time in the cocaine-paired context at test,
independent of treatment (Fig. 3D; ANOVA, time main F(5,60)=
24.83, p < 0.0001, Tukey’s tests, interval 1 > intervals 2-6, ps <
0.05; treatment main and treatment x time interaction Fs(1-5,12-
60) ≤ 0.86, ps ≥ 0.49).
Neither testing context nor treatment altered inactive-lever

responding (Fig. 3F; ANOVA, all Fs(1,12) ≤ 1.94, ps ≥ 0.76). Inactive-
lever responding decreased across time in the cocaine-paired
context at test, independent of treatment (Fig. 3G; 2 × 6 ANOVA,

Fig. 3 Optogenetic inhibition of the dCA3 without memory reactivation fails to alter cocaine-memory strength or dCA3 neuronal
activation at test. A Timeline for experiment 3. Following cocaine self-administration and extinction training, eNpHR3.0-expressing rats
remained in their home cages (i.e., no memory reactivation), then received Laser-ON (n= 7) or Laser-OFF (n= 7) treatment for 1 h. Lastly, rats
received test sessions in the extinction and cocaine-paired contexts to assess extinction- and cocaine-memory strength, respectively. B Rats
did not receive a memory reactivation session. C Active-lever presses upon first post-treatment re-exposure to the extinction and cocaine-
paired contexts at test (mean/2 h ± SEM). Symbol: ANOVA #context main effect, p < 0.001. D Time-course of active-lever presses in the cocaine-
paired context at test (mean/20-min interval ± SEM). Symbol: ANOVA †time main effect, Tukey’s tests, interval 1 > intervals 2-6, ps < 0.05. E Rats
did not receive a memory reactivation session. F Inactive-lever presses (mean ± SEM) upon first post-treatment re-exposure to the extinction
and cocaine-paired contexts at test (mean/2 h ± SEM). G Time-course of inactive-lever presses in the cocaine-paired context at test (mean/20-
min interval ± SEM). Symbol: ANOVA †time main effect, intervals 1 > intervals 4-6, ps < 0.05. H Representative 10x photomicrographs of the
dCA3 stratum lucidum (SL) and stratum pyramidale (SP) of rats in the Laser-OFF and Laser-ON groups. Brain tissue was collected immediately
after the test session in the cocaine-paired context. Images showing DAPI staining (blue) were used to visualize SL and SP boundaries (see also
Fig. S1), and corresponding overlay images were used to visualize eNpHR3.0-eYFP expression (green) and c-Fos immunoreactive (IR) cell
bodies (red, arrows). I The density of c-Fos-immunoreactive (IR) neurons was quantified in the area indicated by the blue rectangle on the brain
schematic. c-Fos-IR cell body density (mean ± SEM) in the SL and SP of rats in the Laser-ON and Laser-OFF groups.
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time main F(5,60)= 2.88, p= 0.02, Tukey’s tests, interval 1 > intervals
4-6, ps < 0.05; treatment main and treatment x time interaction
Fs(1-5,12-60) ≤ 1.10, ps ≥ 0.33).
Laser-ON treatment administered for 1 h after no-memory

reactivation did not alter c-Fos expression in the SP (t(12)= 0.79,
p= 0.44) or SL (t(12)= 0.65, p= 0.53) at test, compared to Laser-
OFF treatment (Fig. 3H–I).

Optogenetic dCA3 Inhibition during the Second Hour after
Memory Reactivation Fails to Alter Cocaine-Memory Strength
Experiment 4 examined whether optogenetic dCA3 inhibition
during the second h of memory reconsolidation would weaken
cocaine-memory strength (Fig. 4A). Cocaine-paired context expo-
sure increased active-lever responding relative to extinction-context
exposure, and Laser-ON treatment administered during the second

Fig. 4 Optogenetic inhibition of the dCA3 during the second h of memory reconsolidation does not alter cocaine memory strength and
reduces dCA3 neuronal activity in a region-specific manner at test. A Timeline for experiment 4. Following cocaine self-administration and
extinction training, eNpHR3.0-expressing rats received a 15-min memory-reactivation session. Rats were returned to their home cages for 1 h
and then received Laser-ON (n= 8) or Laser-OFF (n= 8) treatment for 1 h. Lastly, rats received test sessions in the extinction and cocaine-
paired contexts to assess extinction- and cocaine-memory strength, respectively. B Active-lever presses during the memory-reactivation
session (mean/15min ± SEM). C Active-lever presses upon first post-treatment re-exposure to the extinction and cocaine-paired contexts at
test (mean/2 h ± SEM). Symbol: ANOVA #context main effect, p < 0.001. D Time-course of active-lever presses in the cocaine-paired context at
test (mean/20-min interval ± SEM). Symbol: ANOVA †time main effect, Tukey’s test, interval 1 > intervals 3-6, ps < 0.05; *treatment main effect,
p= 0.05. E Inactive-lever presses (mean ± SEM) during the memory-reactivation session (mean/15 min ± SEM). F Inactive-lever presses upon
first post-treatment re-exposure to the extinction and cocaine-paired contexts at test (mean/2 h ± SEM). Symbols: ANOVA *treatment main
effect, p < 0.01. G Time-course of inactive-lever presses in the cocaine-paired context at test (mean/20-min interval ± SEM). H Representative
10x photomicrographs of the dCA3 stratum lucidum (SL) and stratum pyramidale (SP) of rats in the Laser-OFF and Laser-ON groups. Brain
tissue was collected immediately after the test session in the cocaine-paired context. Images showing DAPI staining (blue) were used to
visualize SL and SP boundaries (see also Fig. S1), and corresponding overlay images were used to visualize eNpHR3.0-eYFP expression (green)
and c-Fos immunoreactive (IR) cell bodies (red, arrows). I The density of c-Fos-immunoreactive (IR) neurons was quantified in the area
indicated by the blue rectangle on the brain schematic. c-Fos-IR cell body density (mean ± SEM) in the SL and SP of rats in the Laser-ON and
Laser-OFF groups. Symbol: *t-test, ps < 0.05.
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h after memory reactivation failed to alter responding in either
context relative to Laser-OFF treatment (Fig. 4C; ANOVA, context
main F(1,14)= 40.78, p < 0.001; treatment main and treatment
x context interaction Fs(1,14) ≤ 0.87, ps ≥ 0.37). Furthermore, active-
lever responding decreased over time in the cocaine-paired
context, at test, independent of treatment (Fig. 4D; ANOVA,
timemain F(5,70)= 13.10, p < 0.001, Tukey’s test, interval 1 > intervals
3-6, ps < 0.05; treatment main and treatment x time interaction
Fs(1-5,14-70) ≤ 0.19, ps ≥ 0.67).
Laser-ON treatment in the dCA3 during the second h after

memory reactivation increased inactive-lever responding com-
pared to Laser-OFF treatment, independent of testing context
(Fig. 4F; ANOVA, treatment main F(1,14)= 9.78, p < 0.01; context
main and treatment x context interaction Fs(1,14) ≤ 1.34, ps ≥ 0.27).
However, inactive-lever responding in the cocaine-paired context
at test did not vary as a function of treatment type or time (Fig. 4G;
ANOVA, all Fs(1-5,14-70) ≤ 3.35, ps ≥ 0.09).
Laser-ON treatment administered during the second h after

memory reactivation reduced c-Fos expression in the SP (t(14)=
7.62, p < 0.001), but not in the SL (t(14)= 1.94, p= 0.07), at test,
compared to Laser-OFF treatment (Fig. 4H, I).

Laser-ON treatment reduces neuronal activation in the dCA3
during cocaine-memory reconsolidation
Experiment 5 examined whether the Laser-ON treatment was
sufficient to reduce neuronal activation in the dCA3 SL and SP, and
specifically in GAD67-immunoreactive (IR) (GABAergic inhibitory)
and CaMKII-IR (excitatory pyramidal) cell populations, during
memory reconsolidation (Fig. 5A). Brain tissue was collected
immediately after memory reactivation plus 1-h optogenetic
treatment. Laser-ON treatment during reduced c-Fos expression
in the SL (Fig. 5B, C; t(9)= 2.86, p= 0.02) and SP (Fig. 5D, E; t(9)=
6.61, p < 0.001), relative to Laser-OFF treatment. These effects
reflected reductions in GAD67+ c-Fos-IR cell density in the SL
(Fig. 5F–G; t(9)= 2.87, p= 0.02) and SP (Fig. 5H-I; t(9)= 5.84, p <
0.001) and CaMKII+c-Fos-IR cell density in the SP (Fig. 5J, K; t(9)=
2.8, p= 0.02).

DISCUSSION
Cellular memory reconsolidation has been theorized to take place
over 4–6 h after memory destabilization [27]. However, the time-
dependent contributions of brain regions, such as the dCA3, to
cocaine-memory reconsolidation within this time window have
not been explored, likely because of the lack of spatial and
temporal precision afforded by pharmacological manipulations.
Here, we report that critical engagement of the dCA3 occurs
during the early stages of cocaine-memory reconsolidation.

dCA3 plays a requisite role in early-stage cocaine-memory
reconsolidation
eNpHR3.0-mediated optogenetic inhibition of the dCA3 for 1 h,
immediately after cocaine-memory reactivation, reduced drug
context-induced cocaine-seeking behavior three days later, at test
(Fig. 1). This decrease in cocaine-seeking behavior likely indicated
interference with cocaine-memory reconsolidation (i.e., memory
impairment) or with the re-establishment of memory retrieval
links [28, 29] during reconsolidation (i.e., retrieval impairment) as
opposed to a protracted deficit in motivation to seek cocaine,
given that dCA3 inhibition without memory reactivation did not
attenuate cocaine-seeking behavior (Fig. 3). Alternatively, attenu-
ated cocaine-seeking behavior could reflect enhancement in
extinction memory consolidation despite the short duration of the
non-reinforced memory reactivation session. This possibility is
mitigated somewhat by a report that dCA3 lesions after explicit
extinction learning fail to alter context-dependent extinction
memory recall [30]. Optogenetic dCA3 inhibition during the
second h following memory reactivation failed to alter cocaine-

seeking behavior (Fig. 4), indicating that neural activity in the
dCA3 is no longer required for memory reconsolidation after the
first h of information processing. Similarly, laser-light exposure
without eNpHR3.0 expression did not alter cocaine-seeking
behavior (Fig. 2), further confirming that diminished memory
strength following optogenetic inhibition in experiment 1 did not
result from heat- or AAV-induced tissue damage. Instead, memory
impairment resulted from neuronal inhibition, as indicated by
reduced c-Fos expression in dCA3 SL (GAD67-IR) and SP (CaMKII-IR
and GAD67-IR) cell populations during memory reconsolidation
(Fig. 5). Overall, these findings suggest that the dCA3 is recruited
during the reconsolidation of labile cocaine memories in a time-
limited fashion and required for the maintenance and/or
subsequent recall of these memories.
Our findings expand upon literature indicating that the DH plays a

critical role in memory reconsolidation. Studies have shown that
pharmacological or chemogenetic inhibition of the DH impairs not
only Pavlovian [31] but also instrumental cocaine-memory reconso-
lidation [16, 17], and our findings suggest that the latter may be
mediated at least in part by the dCA3. Conversely, de novo protein
synthesis in the DH appears to be required for memory reconsolida-
tion in some, but not all, paradigms. For instance, inhibition of
protein synthesis in the DH disrupts spatial [32], object-recognition
[33], and morphine-conditioned place preference [34] memory
reconsolidation, but it fails to alter contextual fear-memory [35]
reconsolidation, as well as cocaine-memory reconsolidation in our
instrumental model [16]. Thus, DH engagement in memory
reconsolidation probably varies depending on memory age, strength,
and type. During the early stages of cocaine-memory reconsolidation,
dCA3 neuronal activity may contribute to tagging post-reactivation
short-term memories for restabilization [36] or maintaining them
before they can be restabilized into long-term memories.

dCA3 SP and SL neurons are components of the neural
circuitry of cocaine-memory reconsolidation
Optogenetic dCA3 inhibition diminished SL and SP neuronal
activation during cocaine-memory reconsolidation (Fig. 5) and
resulted in a cell layer-specific suppression of neuronal activation
during the subsequent recall test (Fig. 1–4H, I). The dCA3 SP and SL
receive input primarily from dentate gyrus granule cells via mossy
fibers [37, 38]. Granule cells can robustly excite SP pyramidal
neurons through synapses on apical dendrites proximal to cell
bodies but also inhibit them indirectly, by densely innervating SL
basket cells that provide feedforward inhibition onto SP pyramidal
neurons [38, 39]. In turn, SP pyramidal neurons excite one another,
interact with SP interneurons, and stimulate dCA1 pyramidal
neurons via the Schaffer collaterals [37, 38]. Correlated activity in
recurrent pyramidal neuronal circuits facilitates the (re)establish-
ment of cell ensembles that encode memory traces (i.e., engrams)
during associative learning [39] and after memory reactivation
[31, 40–42]. The contribution of dCA3 pyramidal neurons to
memory reconsolidation has not been explored previously, but
studies indicate that glutamatergic pyramidal neurons in the DH
are key to memory cocaine- and fear-memory reconsolidation
[31, 43]. For instance, CaMKII-IR pyramidal neuronal activation in
the DH is necessary for Pavlovian cocaine-memory reconsolidation
[27]. NR2A-containing NMDA receptor stimulation in the DH is
required for cocaine-memory reconsolidation in instrumental
models [29]. Moreover, glutamatergic synaptic plasticity, specifi-
cally GluA2-containing AMPA receptor endocytosis is necessary for
fear-memory reconsolidation [44]. SP pyramidal neurons and SL/
SP GABAergic interneurons likely interact to facilitate cocaine-
memory reconsolidation via protein synthesis-independent
mechanisms [16]. As noted above, dCA3 pyramidal neurons may
tag or maintain labile memories prior to restabilization [36],
whereas dCA3 SL/SP GABAergic interneurons may facilitate this
process by inhibiting extraneous neuronal activity [39]. The
relationship between long-term cocaine-memory strength and
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dCA3 SL/SP neuronal activation at recall appears to be different.
Memory impairment at test was associated with reduced SL and
SP c-Fos expression in experiment 1 (Fig. 1H, I), while intact recall
was associated with intact SL plus either intact or reduced SP c-Fos
expression in experiments 2–4 (Fig. 2–4H–I). This pattern of
findings indicates that dCA3 SP pyramidal neuronal mechanisms
that result in concomitant c-Fos expression are not sufficient for
recall. Intact SL c-Fos expression could result in floor effects in
some control experiments, but not in experiment 3. Thus, SL
GABAergic interneurons may facilitate recall, possibly by inhibiting
non-engram pyramidal neuronal activity [39]. Future research will
need to evaluate the causal involvement of specific dCA3 cell
populations in these phenomena.
Our current understanding of the larger neural circuitry within

which the dCA3 supports cocaine-memory reconsolidation is
limited. We have shown previously that interaction between the
DH and basolateral amygdala (BLA) is necessary for cocaine-
memory reconsolidation [45]. Consistent with this, unilateral
inhibition of neuronal activity in the DH combined with inhibition

of protein synthesis in the contralateral BLA, a manipulation that
functionally disconnects the DH and BLA, during reconsolidation
impairs subsequent drug context-induced reinstatement and
incubation of cocaine seeking [45]. Since there are no mono-
synaptic connections between the DH and BLA [46], the dCA3 and
BLA must interact through relay brain regions within a more
complex neural circuitry. One likely relay region is the dCA1 since
dCA1 SP neurons exhibited reduced c-Fos expression during
recall following the optogenetic inhibition of dCA3 neurons
during reconsolidation (Fig. 1J, K). Furthermore, dCA3 outputs to
the dCA1 have been causally implicated in contextual fear-
memory reconsolidation [47], and the dCA1 and BLA exhibit
synchronized theta activity during fear-memory reconsolidation
[48]. In addition, relay regions between the dCA1 or the dCA1-
dCA3 circuit and the BLA may include the ventral hippocampus
[46, 49, 50], entorhinal cortex [51, 52], perirhinal cortex [46, 53],
and septum [54, 55] based on their connectivity with both the
BLA and DH and/or their recognized involvement in reconsolida-
tion in other paradigms.

Fig. 5 Laser-light exposure in eNpHR3.0-expressing rats is sufficient to reduce neuronal activity in the dCA3 during reconsolidation.
A Timeline for experiment 5. Following cocaine self-administration and extinction training, eNpHR3.0-expressing rats received a 15-min
memory-reactivation session, immediately followed by Laser-ON (n= 6) or Laser-OFF (n= 5) treatment for 1 h. Brain tissue was collected
immediately after the optogenetic manipulation. The density of c-Fos-immunoreactive (IR) neurons was quantified in the areas indicated by
the blue and red rectangles on the brain schematic on 10x and 40x images, respectively. B Representative 10x photomicrographs of the
dCA3 stratum lucidum (SL) and stratum pyramidale (SP) of rats in the Laser-OFF and Laser-ON groups. Images showing DAPI staining (blue)
were used to visualize SL and SP boundaries (see also Fig. S1), and corresponding overlay images were used to visualize eNpHR3.0-eYFP
expression (green) and c-Fos immunoreactive (IR) cell bodies (red, arrows). C c-Fos-IR cell body density (mean ± SEM) in the SL and SP of rats in
the Laser-ON and Laser-OFF groups. Symbols: *t-tests, ps < 0.05. D Representative 40x photomicrograph illustrating a GAD67+ c-Fos-IR cell
body (arrow) in the dCA3. E GAD67+ c-Fos-IR cell density (mean ± SEM) in the dCA3 SL and SP of rats in the Laser-ON and Laser-OFF groups.
Symbols: *t-tests, ps < 0.05. F Representative 40x photomicrograph illustrating a CaMKII+c-Fos-IR cell body (arrow) in the dCA3. G CaMKII+c-
Fos-IR cell density (mean ± SEM) in the dCA3 SP of rats in the Laser-ON and Laser-OFF groups. Symbol: *t-test, p < 0.05.
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CONCLUSIONS
The functional integrity of the dCA3 is required for early-stage
memory reconsolidation. Based on extant literature [39, 40] and
changes in SP and SL neuronal activation observed after the
memory reactivation session and at test, we propose that cocaine-
memory reconsolidation and subsequent recall are shaped by
interactions between excitatory pyramidal and SL/SP inhibitory
interneurons that gate the activity of associative microcircuits.
However, to further advance our understanding, studies will need
to examine the causal contribution of dCA3 cell types to cocaine-
memory reconsolidation. Future research will also need to
systematically examine the time-dependent engagement of
various brain regions during memory reconsolidation to help
develop hypotheses about circuitry dynamics. Lastly, the hippo-
campal mechanisms of memory reconsolidation will need to be
investigated in male and female subjects based on emerging
evidence for sex differences in hippocampal physiology [56, 57]
and in-memory reconsolidation outside of the DH [58–60].
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