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Reactivation of encoding ensembles in the prelimbic cortex

supports temporal associations
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Fear conditioning is encoded by strengthening synaptic connections between the neurons activated by a conditioned stimulus (CS)
and those activated by an unconditioned stimulus (US), forming a memory engram, which is reactivated during memory retrieval. In
temporal associations, activity within the prelimbic cortex (PL) plays a role in sustaining a short-term, transient memory of the CS,
which is associated with the US after a temporal gap. However, it is unknown whether the PL has only a temporary role, transiently
representing the CS, or is part of the neuronal ensembles that support the retrieval, i.e., whether PL neurons support both transient,
short-term memories and stable, long-term memories. We investigated neuronal ensembles underlying temporal associations using
fear conditioning with a 5-s interval between the CS and US (CFC-5s). Controls were trained in contextual fear conditioning (CFC), in
which the CS-US overlaps. We used Robust Activity Marking (RAM) to selectively manipulate PL neurons activated by CFC-5s
learning and Targeted Recombination in Active Populations (TRAP2) mice to label neurons activated by CFC-5s learning and
reactivated by memory retrieval in the amygdala, medial prefrontal cortex, hippocampus, perirhinal cortices (PER) and subiculum.
We also computed their co-reactivation to generate correlation-based networks. The optogenetic reactivation or silencing of PL
encoding ensembles either promoted or impaired the retrieval of CFC-5s but not CFC. CFC-5s retrieval reactivated encoding
ensembles in the PL, PER, and basolateral amygdala. The engram network of CFC-5s had higher amygdala and PER centralities and

interconnectivity. The same PL neurons support learning and stable associative memories.

Neuropsychopharmacology (2024) 49:1296-1308; https://doi.org/10.1038/s41386-024-01825-2

INTRODUCTION
Linking information across time is essential for survival. We rely on
past information about space and objects to navigate dynamic
environments, find resources, and avoid danger. Transient
memories of past stimuli associate events that occur separately
but close together in time, known as temporal associations [1, 2].
Importantly, dysfunction in retaining or linking transient memories
can lead to memory deficits and maladaptive behaviors inflexible
to changes. In models of Alzheimer's disease, schizophrenia, or
aging, rodents exhibit impairment in temporal associations [3-5].
Conceptualizations have proposed that memories are encoded
by strengthening synaptic connections between the neurons
activated during the experience, forming a memory engram in a
distributed brain network [6-8]. Restoring activity in this same
neuronal ensemble is sufficient to induce memory retrieval.
During trace fear conditioning (tFC), a temporal association in
which the conditioned stimulus (CS) is separated in time from the
unconditioned stimulus (US), prelimbic cortex (PL) neurons exhibit
sustained firing during the CS-US interval [9-11]. Using optoge-
netics to inactivate PL neurons precisely during this interval
impairs memory formation, suggesting that PL supports CS
representations during the interval [12].

However, it is unknown whether the same population of PL
neurons that support learning also support memory retrieval, i.e.,
whether their inhibition can block retrieval and their reactivation
induces retrieval. It is also unknown whether other regions are
part of the encoding and retrieval ensembles of temporal
associations and how they are organized at the network level.
Prior studies have mainly investigated the participation of single
regions in one memory phase (learning or retrieval) [1].

Only studies examining associations of stimuli that overlapped
in time, such as tone or contextual fear conditioning (CFC), have
investigated PL encoding ensembles in retrieval. They showed
that PL neurons are activated by both learning and retrieval [7, 13].
These PL encoding ensembles reorganize over time to support
remote memories, being distinct from those activated by learning
[14, 15]. So far, only studies targeting the mPFC have investigated
the necessity of PL encoding ensembles in recent memories
[16, 17]. The PL can be dispensable to encode tone or CFC [18-21]
but see [22-24], although it shows learning-related activation and
plasticity following fear conditioning [25-28]. In turn, the PL is
essential for memory retrieval of tone and CFC, showing increased
responses to the CS in the test sessions [10, 18, 29-33]. When
associations need PL-dependent functions, such as transient
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memories, PL encoding ensembles may become necessary for
retrieval from recent post-learning times.

Besides transient memories and PL activity, temporal associa-
tions may involve additional processes and their neurobiological
correlates, such as attention, tracking timing, interference reduc-
tion, US expectancy, and changes in associative strength [1, 2, 34].
Different theoretical mechanisms may change the neurobiology of
learning, reorganizing regions globally [34]. Investigating how
multiple regions co-activate may reveal connectivity differences
reflecting this reorganization.

We investigated encoding and retrieval ensembles of temporal
associations in individual regions and correlation-based networks
in observational, gain-of-function, and loss-of-function experi-
ments. Using CFC-5s, in which a contextual CS is separated by a
5-s interval from the US [20, 35-37], we evaluated opto-
reactivating or silencing PL encoding ensembles on CFC-5s
retrieval. We also investigated the reactivation of encoding
ensembles by retrieval in the medial prefrontal cortex (mPFC),
amygdala, hippocampus, and parahippocampal area (PH), as
activation in these areas accompanied CFC-5s learning [37]. We
used their co-reactivation to generate putative networks and
graph theory methods to analyze them.

MATERIALS AND METHODS

Subjects

We used 166 C57BL/6NTac x 2956/SvEvTac wild-type mice and 19 c-fos-
CRE-ERT2-v2-TdTomato (TRAP2) mice of 8-12 weeks old from the Hospital
for Sick Children (SickKids), with a similar number of male and female in
each group. The mice were housed in groups of 4 at a controlled
temperature (22°C+ 1 °C), on a 12-h light-dark cycle, with food and water
ad libitum, and were acclimatized for one week. In optogenetic
experiments, C57BL/6 N WT mice were maintained on doxycycline (DOX)
chow (40 mg/kg). All procedures followed the policies of the Canadian
Council on Animal Care and were approved by the SickKids Committee.
Sample sizes were estimated on G*Power [38].

Apparatus

The conditioning chamber comprised a 31x24x21cm aluminum and
acrylic box with a shock grid (Med Associates). Context 1 was a 30 X 35 cm
white cylinder, and Context 2 was a triangular white box inside the
conditioning chamber. The opto-stimulation context was a 22 x 35 x 20 cm
cage. The transition cage was the opto-stimulation context with corncob
bedding on the floor and accommodated the mice during the 15s to
60 min intervals. Video cameras recorded all sessions.

Characterization of CFC-5s

We trained three groups of mice in CFC-5s, which had a 5-s interval
between the contextual CS and US, and one group in traditional CFC
without intervals. We performed two experimental designs for the CFC-5s
task to investigate the effect of different contexts used as the CS and the
background during the immediate US. For the CFC-5s group, the
threatening context (the contextual CS before the interval) and the
context of the US background were the same. For the CFC-5s, different
(DIF) groups contexts were different. We trained two CFC-5s DIF groups
(CFC-5s DIF 1 and CFC-5s DIF 2), using different threatening contexts to
verify if the results were context-independent. C57BL/6 N WT mice were
handled for 5 min for three consecutive days to habituate. In the training,
we exposed them for 5min to the conditioning chamber (CFC-5s n=9),
Context 1 (CFC-5s DIF 1), or Context 2 (CFC-5s DIF, 2 n=6). These were
considered threatening contexts. We held them for a 5-s interval and
placed them in the conditioning chamber, delivering one immediate
footshock (1 mA, 2s). The control group for associations overlapped in
time (CFC group, n=11) was exposed to the conditioning chamber for
5 min, receiving one footshock at the end. We tested all mice 48 and 72 h
later in the threatening context or a neutral context for 5min, counter-
balancing the context order (Fig. 1a).

We also investigated the effect of the interval length on memory
specificity. Using matching contexts, we varied the CS-US interval from 15 s
to 60 min. We trained C57BL/6 N WT mice in CFC with time intervals
between the threatening context (conditioning chamber) and the US of
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15s(n=7),30s (n=8), T min (n=9), 10 min (n = 6) or 60 min (n = 8). We
tested them 48 and 72 h later in the threatening context or neutral context,
counterbalanced (Fig. 1b). Freezing was measured by FreezeFrame
(Actimetrics, V3.32). Freezing to the threatening context was considered
context-specific and to a neutral context unspecific.

Activity-dependent virus expressing opsins

We used AVV(DJ)-RAM-ChR2, AVV(DJ)-RAM-NpACY, or AVV(DJ)-RAM-GFP
viruses. RAM combines activity-dependent promoters in a modified
Tetracycline-Off system. Without the DOX, activated neurons express the
effector genes (ChR2, NpACY, or GFP) [39]. The AVV(DJ)-RAM-ChR2
expresses enhanced Channelrhodopsin 2 (ChR2/H134R), which allows
cation influx resulting in depolarization. The AVV(DJ)-RAM-NpACY
expresses both ChR2 and halorhodopsin 3.0 (NpHR3.0), which pumps
chloride ions resulting in hyperpolarization. The NpACY construct enables
bidirectional control of neuronal activity by non-overlapping light
wavelengths, although we only used it for hyperpolarization in silencing
experiments. The AAV-RAM-d2TTA:TRE-EGFP-WPREpA was a gift from
Yingxi Lin (Addgene #84469). The AAV-(DJ) was generated using the AAV-
DJ Helper Free Packaging System (VPK-400-DJ, Cell Biolabs) in HEK293T
cells. The final viral titers were approximately 10''/ml. All viruses were
stored at —80 °C until use.

Viral vector injection and optrode implant

We anesthetized mice with intraperitoneal (IP) injections of Chloral Hydrate
(400 mg/kg) and Atropine Sulfate (0.1 mg/kg) and fixed them in the
stereotaxic frame. We inject 0.3 pl per side of one of the viruses into the PL
(anteroposterior +1.9mm, mediolateral +0.3 mm, and dorsoventral
—24mm from bregma) [40] at 0.1 yl/min using a glass pipette attached
to a micro-syringe. The pipettes stayed on for 10 min. We implanted one
optical fiber (200 pm, 0.22 NA, 10.0 mm) assembled to a ceramic ferrule
(@1.25mm, 64mm) above the PL (mediolateral 0 mm, dorsoventral
—2.1 mm). Mice received post-surgery subcutaneous injections of Melox-
icam (2 mg/kg) and recovered for 21 days.

Effects of reactivating or silencing PL encoding ensembles on
memory retrieval

C57BL/6 N WT mice injected with AVV(DJ)-RAM-ChR2, AVV(DJ)-RAM-
NpACY, or AVV(DJ)-RAM-GFP were habituated for three days. On the third
day, they were also habituated to the optogenetic procedures, receiving
blue or red light in the opto-stimulation context for 4 min, and put off the
DOX diet. They were trained 48 h later in the CFC-5s, CFC, or CFC-5s DIF,
returning to the DOX diet immediately after training. Without DOX, PL
neurons activated by training were labeled with ChR2 or GFP via the RAM
system. Forty-eight hours later, PL encoding ensembles were either
reactivated in a neutral context or silenced in the threatening context. For
this, mice were put in the opto-stimulation context for 8 min. After a 4-min
baseline (lights OFF), blue light stimulation (lights ON, 473 nm; 4-Hz; 15-ms
pulses; 1-2 mW) was delivered to promote the reactivation of PL encoding
ensembles. In silencing experiments, mice were tested in their threatening
context (conditioning chamber for CFC-5s and CFC groups and Context 1
for CFC-5s DIF group) for 6 min. After a 3-min baseline (lights OFF), red
light stimulation (lights ON, 595 nm; 10-Hz; constant; 10 mW) was delivered
for 3 min to promote inhibition of PL encoding ensembles. Freezing was
measured continuously with a stopwatch (Fig. 2a, b).

Tamoxifen

We dissolved 30 mg of tamoxifen (T5648, Sigma-Aldrich) in 100 pl of 100%
ethanol and 900 pl of sunflower oil (30 mg/ml) and injected 180 mg/kg IP
24 h before training [14, 41, 42]. TRAP2 mice express the transgene
iCreERT2 from a c-Fos promoter. With tamoxifen, the iCreERT2 can enter
the nucleus, expressing the effector (TdTomato), which permanently labels
activated cells.

Identifying encoding and retrieval ensembles

We mapped the activity of 15 regions following learning and their
reactivation following the retrieval of CFC-5s or CFC. We inferred learning-
related activity from the TdTomato expression following the training and
retrieval-related activity from the c-Fos expression following the test
[42-47]. All TRAP2 mice received an intraperitoneal tamoxifen injection
(180 mg/kg). We trained them 24 h later in the CFC-5s (n = 6) or CFC (n =7)
to trap activated cells [42]. We tested CFC-5s and CFC groups four days
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later in the conditioning chamber for 5 min and euthanized them 90 min
later to detect Td- and c-Fos-positive cells. The homecage (HC) group
(n=6) remained in the homecage during the training and test sessions.
Freezing was measured by FreezeFrame (Fig. 3a).

Immunofluorescence

Mice were anesthetized with IP injections of Chloral hydrate (400 mg/kg)
and perfused with 4% paraformaldehyde. Brains were post-fixed, sectioned
in 60-um coronal sections, and transferred to a blocking solution. In the
optogenetic experiments, we incubated the sections with chicken anti-GFP
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(1:750, H1004, Aves Labs) and then with goat anti-chicken AF-488 (1:500,
A11039). In the reactivation experiment, we incubated the sections with
mouse anti-RFP (1:1000, 200-301-379, Rockland) and rabbit anti-c-Fos
(1:1000, 226003, Synaptic Systems) and then with goat anti-mouse AF-568
(1:500, A11031, Thermofisher) and goat anti-rabbit AF-488 (1:500, A11039).
Sections were counterstained with DAPI (1:10000, D9542, Sigma-Aldrich).

Image analysis
We took six bilateral images, blind to groups, in a laser confocal microscope
(Zeiss LSM 710) from the 15 regions shown in Table 1. Regions were
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chosen based on a previous study investigating activation following
CFC-5s learning [37] and memory engrams in CFC [6, 7, 43-56]. Coordinates
were consistent among animals (Supplementary Table 1). Automatic
scanning obtained adjacent image tiles at 20x (850 x850 um) in an optical
z-stack of 5 series. Using the Fiji package (Imagel), we counted DAPI,
TdTomato, c-Fos-positive, and double-labeled cells. In the optogenetic
experiments, we took six images of the PL to count DAPI- and GFP-positive
cells. Only mice with viral infusions restricted to the PL were included.

Statistical analysis

Data were analyzed by Generalized Linear Models (GZLM) or Generalized
Estimating Equations (GEE) using unstructured correlation matrixes for
estimations with same-subject observations over time. Estimations were
adjusted to Linear, Gamma, or Tweedie probability distributions with the
identity link function according to the Akaike Information Criterion score
and the Quasi Likelihood under the Independence Model Criterion score in
the GZLM and GEE, respectively. For CFC-5s characterization, GEE
evaluated the main effect of the group, test session, and their interaction
in the freezing time, and GZLM the main effect of the group in the
discrimination index (the difference between the freezing time in the
threatening and neutral contexts, divided by their sum). For optogenetic

Neuropsychopharmacology (2024) 49:1296 - 1308

experiments, GEE evaluated the main effect of the group, light (ON x OFF
periods), and their interaction in the freezing time in mice trained in CFC,
CFC-5s, or CFC-5s DIF. GEE also assessed the main effect of the virus, task,
and their interaction in the difference of freezing time during the light ON
and the light OFF periods in mice trained in CFC-5s and CFC, and GZLM the
main effect of group in mice trained in the CFC-5s DIF. For neuronal
ensembles, GEE evaluated the main effect of the group, session, and their
interaction in the freezing time, and GZLM the main effect of the group in
the percentage of Td- and c-Fos-positive cells, and reactivation ratios
(Td- and c-Fos-positive cells standardized by DAPI-positive cells) to chance
levels, for each region. Chance levels of double-labeled cells were
calculated as (Td-positive cells/DAPI-positive cells)*(c-Fos-positive cells/
DAPI-positive cells)*100% [47]. P-values < 0.050 were considered statisti-
cally significant. In these cases, we used the LSD tests (SPSS 23). We
conducted the Benjamini-Hochberg procedure in multiple comparisons to
control the false discovery rate (FDR). The p-values were adjusted globally
to maintain an FDR of 5%. All individual p-values were put in ascending
order and ranked. Adjusted p-values were calculated by multiplying the
individual p-value by the total number of tests, divided by its rank
number [57]. We compared effect sizes using standardized regression
coefficients (B) [58]. Graphs were generated in GraphPad Prism 8.

SPRINGER NATURE

1299



T.B. Santos et al.

Co-reactivation networks

We used the percentage of reactivated cells (Td- and c-Fos-positive cells
standardized by DAPI-positive cells) to generate matrices of Pearson’s
correlation between all pairs of regions in the CFC and CFC-5s groups (15
regions, 225 coefficients). We inferred co-reactivation (connections) from
the correlation coefficients [59]. We categorized regions into four
anatomical groups (mPFC, amygdala, hippocampus, and PH). We
computed the mean correlation coefficients (connectivity) between one
anatomical group and all the others or between pairs of anatomical
groups. GZLM evaluated the main effect of the group in the mean of the
correlation  coefficients [60]. P-values were adjusted by the
Benjamini-Hochberg procedure. Permutation tests directly compared
each correlation coefficient between groups. They consisted of shuffling
the grouping label and re-generating new correlation coefficients. This
procedure was repeated 1000 times to generate a null hypothesis
distribution. P-values were expressed as the frequency that the resampling
correlation was higher than the empirical correlation (p =resampling
difference > empirical difference/1000) [60].

We build networks for each group based on the positive, negative, or
both correlations. The latter scaled the relative contribution of each
region’s positive and negative correlations [61]. The networks consisted of
nodes (regions) connected by edges (connections). GZLM evaluated the
effect of the group in topological metrics of global and local efficiency and
average cluster coefficient, average and average weighted degree
(Supplementary Table 5) [62]. We calculated four centrality measures.
The strength (Str) was computed as the average of the correlation
coefficients of the node; the eigenvector (Eig) as the sum of the
eigenvalues of the neighboring nodes of the node; the betweenness
(Bet) as the shortest path between all pairs of nodes passing through that
node, and the closeness (Clo) as the average shortest path between the
node and others [63, 64]. The upper 25% of nodes in >3 centralities were
considered hubs, occupying a central network position [64]. Permutation
tests directly compared each centrality measure between the CFC-5s and
CFC groups for each region. We randomized the group label of each
animal without replacement, generated 1000 new networks for each
group, and computed their centrality measures, calculating the centrality
differences between CFC and CFC-5s networks. The p-value was expressed
as the frequency of the resampled difference was higher than the
observed difference. We also computed each node’s clustering coefficient
(CQ), a density measure calculated as the number of connected neighbors
of a node from the total number of possible connections [65]. We
partitioned the networks into communities, subunits of highly intercon-
nected nodes with sparse outsider connections representing functional
modules [66, 67]. Nodes were subdivided into clusters of higher within-
community than outer-community connections by a modularity optimiza-
tion algorithm [67]. All graph analyses were performed in R Studio 4 using
custom-written routines, which are freely accessible (https://github.com/
coelhocao/Brain_Network_analysis) [68] and packages [69-74].

RESULTS

Memory specificity depends on the CS-US interval length

We first characterized our temporal association model. We asked
whether the context could be fear-associated using matching or
mismatching contexts as the CS and US background in an
experimental design like tFC. GEE showed a significant effect of
group (Wald = 18.632; p = 0.001), session (W =52.774; p =0.001),
and their interaction (W = 27.448; p =0.001) in the freezing time.
All groups exhibited significantly higher freezing times in their
threatening than neutral contexts (CFC: p =0.001; = 0.892; CFC-
5s: p = 0.001; B = 0.582; CFC-5s DIF 1: p = 0.001; p = 1.222; CFC DIF
2: p=0.025; B=1.172), indicating that freezing was context-
specific in all temporal association designs (Fig. 1c). The CFC
(p=0.001; p=0310) and CFC-5s DIF 1 (p=0.001; B=1.621)
groups also had higher freezing times than the CFC-5s group in its
threatening context. The CFC-5s DIF 1 group had higher
contextual discrimination. GZLM showed a significant effect of
group (GZLM W = 14.544; p = 0.002) in the discrimination index.
The CFC-5s DIF 1 had a higher discrimination index than CFC
(p=0.001; B=1.367) and CFC-5s (p=0.001; B =1.294) groups
and similar to the CFC-5s DIF 2 group (p=0.226; =0.953;
Fig. Te).
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Next, we asked whether the increase in the CS-US interval
length would decrease memory retention, a common feature of
other temporal associations. GEE showed a significant effect of
group (W = 35.398; p = 0.001), session (W = 16.938; p = 0.001) and
their interaction (W =9.490; p =0.050) in the freezing time. The
155 (p=0.003; B=1.168), 30s (p=0015 B=1.122), 1min
(p=0.011; =0.732), and 10 min (p =0.001; B =0.763) groups
exhibited significantly higher freezing times in the threatening
than in the neutral context. The 15s (p =0.001; B =1.775), 30s
(p=0.014; 3=1.214), and 10 min (p =0.039; B =1.012) groups
also had higher freezing times in the threatening context than the
60 min group, and the 15s group than the 1min (p=0.001;
B =1.127) and the 10 min groups (p = 0.048; B = 0.763), indicating
a decrease in the CR with the increase of the interval (Fig. 1d).
Contextual discrimination decreased at 60-minute intervals. GZLM
showed a significant group effect in the discrimination index
(W=13.636; p=0.009). The 15s (p=0.015; p=1.062), 30s
(p=0.004; B=1.227), 1 min (p=0.017; 3 =0.986), and 10 min
(p=0.001; B =1.507) groups had a significantly higher discrimi-
nation index than the 60 min group (Fig. 1f). The results suggest
that the context is subject to tFC, and memory was context-
specific in intervals of up to 10 min and decreased with longer
intervals.

Reactivating or silencing PL ensembles recovers or impairs the
CFC-5s memory

We evaluated whether the reactivation of PL ensembles encoding
CFC-5s memory induces memory retrieval. We tagged PL
ensembles encoding CFC-5S training, reactivated them in a
neutral context, and observed their effects on freezing responses
(Fig. 2d). GEE showed a significant effect of the light (W =16.501;
p=0.001) and the interaction between the group and light
(W =15.067; p=0.001). The ChR2 group exhibited higher freezing
during light ON than OFF (p =0.001; 3 = 1.736) and than the GFP
group during light ON (p =0.006; = 1.320) or OFF (p =0.002;
B =1.696). In contrast, the reactivation of PL ensembles did not
increase freezing in CFC-trained mice (Fig. 2e). GEE showed a
significant light effect (W =27.095; p=0.001), with higher
freezing during light ON, independent of the group. We used
the freezing difference (ON-OFF) to directly compare the CFC-5s
and CFC groups (Fig. 2f). GEE showed a significant effect of the
virus (W =5.706; p =0.017), task (W =6.170; p = 0.013), and their
interaction (W =8.416; p = 0.004) in the freezing difference. The
freezing difference was higher in the ChR2/CFC-5s group than in
all other groups (GFP/CFC-5s: p =0.005; B=1.876; GFP/CFC:
p = 0.005; B =2.118; ChR2/CFC: p =0.001; B = 1.517).

We next evaluated whether PL ensembles encoding CFC-5s
memory are required for memory retrieval, silencing them in the
threatening context to observe its effects on freezing responses
(Fig. 2g). GEE showed a significant effect of light (W =30.574;
p =0.001) and group and light interaction (W = 12.839; p = 0.001).
Freezing was lower in the NpACY/CFC-5s group during light ON
than OFF (p=0.001; B =1.820) and than the GFP/CFC-5s group
during light ON (p=0.010; $=0.694) or OFF (p=0.001;
3=1.431). Inhibition of encoding ensembles in PL did not
decrease freezing in CFC-trained mice (Fig. 2h). GEE did not show
a significant effect of the group (W =0.034; p = 0.854), the light
(W =1.382; p=0.240), or their interaction (W =3.109; p = 0.078)
in the freezing time, but a significant effect of the task
(W=10.690; p=0.001) and the task and virus interaction
(W=13.578; p=0.001) in the freezing difference, which was
lower in the NpACY/CFC-5s group than all the other ones (GFP/
CFC-5s: p=0001; B=1423; GFP/CFC: p=0.001; B=1317;
NpACY/CFC: p =0.001; B = 1.779; Fig. 2i).

The same result pattern was observed using another temporal
association, the CFC-5s DIF task (Fig. 2j-k). Freezing promoted by
the opto-reactivation (artificially evoked) and exposure to the
threatening context (CS produced) were similar and higher than in
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the neutral context or during the silencing period. GEE showed a
significant virus and light interaction (W =33.370; p =0.001) in
the freezing time, which was higher in the ChR2 group during
light ON than OFF (p =0.001; B = 1.486) and than in the NpACY
group during light ON (p = 0.003; B = 1.139). Freezing was lower
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in the NpACY group during the light ON than OFF (p =0.001;
B =1.147). The ChR2 group had a higher freezing difference than
the NpACY group (GZLM W =33.151; p=0.001; = 1.633). The
viral constructs have previously been shown to increase or
decrease c-Fos after opto-reactivation or opto-inhibition [75].
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Fig. 3 Encoding ensembles reactivated by CFC-5s and CFC retrieval and correlation matrices of their co-reactivation. a Experimental
design, b Mean (+standard error) of the percentage of freezing in the CFC-5s (n =6) and CFC (n =7) groups the training and test sessions.
¢ The ratio of observed double-labeled cells (Td- and c-Fos-positive cells standardized by DAPI-positive cells) to chance levels. The dotted lines
show overlap/chance ratios equal to 1. * Indicates adjusted p < 0.050; # indicates a trend toward the statistical significance, with large effect
size, and adjusted p =0.058; § =0.510 in the AC; adjusted p =0.051; p = 1.346 in the MEA, and adjusted p = 0.065; § =0.952 in the dCA1.
d Pearson’s correlation coefficients of double-labeled cells (Td- and c-Fos-positive cells standardized by DAPI-positive cells) between each pair
of regions in the CFC-5s and CFC groups. Colors reflect correlation strengths (scale, right). e Mean (+ standard error) of the mean correlation
coefficient (connectivity) between the amygdala nuclei (AMY) and the other regions; between the AMY and parahippocampal area (PH);
between the hippocampus (HPC) and PH or between the AMY and medial prefrontal cortex (mPFC). * Indicates adjusted p < 0.050. See all
comparisons in Supplementary Table 3. f Absolute Pearson’s correlation coefficient differences between the CFC-5s and CFC groups. Colors
reflect the magnitude of the differences (scale, right). * Indicates significant correlation differences (p < 0.050) in the permutation test. See all
p-values in Supplementary Table 4. Images of labeled cells are represented in Supplementary Figs. 3-6. The strength of the correlation
coefficients was not predicted by the magnitude of re-activation in any region (Supplementary Fig. 7). Generalized Linear Models followed by
LSD tests controlled for FDR by the Benjamini-Hochberg procedure. Dots show sample distribution. See groups and region names in Table 1.

These results suggest that PL encoding ensembles are necessary,
and their reactivation promotes retrieval-like behavior in temporal
associations.

CFC-5s had co-localized encoding and retrieval ensembles in
the PL, BLA, and PER_35

Activation of cells following both the training and test sessions
was used to infer neuronal ensembles supporting temporal
associations (Fig. 3a). Reactivation could occur randomly in the
same cells activated in training. Thus, we used the ratio of
observed reactivation to chance levels [43-47, 76]. GEE showed a
significant effect of the group (W =4.514; p=0.034), session
(W=35579; p=0.001) and their interaction (W =66.254;
p=0.012) in the freezing time. Freezing to the threatening
context was higher in the test than in training in CFC-5s (p = 0.013;
3=0.635) and CFC (p=0.001; B=1.891) groups, which had
higher freezing than CFC-5s group in the test (p=0.021;
B =0.711; Fig. 3b).

GZLM controlled for FDR showed a significant group effect on
the reactivation ratio in the AC (W=12.558; p=0.002), BLA
(W=16.380; =0.041), BMA (W =7.298; =0.026), CEA (W = 13.200;
p =0.001), dCA1 (W = 12.346; =0.002), dDG (W = 20.171; =0.001),
MEA (W =17.946; =0.001), PER_35 (W =28.681; p=0.013), PL
(W=6.508; p=0.039), vCAl (W=18.741; p=0.001), vDG
(W =14.233; p=10.001), and vSUB (W = 32.603; =0.001), but not
in the IL (W=0.147; p=0.929), LA (W= 1.541; p=0.463), and
PER_36 (W =1.961; p =0.375). Both the CFC-5s and CFC groups
had a higher reactivation ratio than the HC group in the CEA (CFC-
5s adjusted p=0.006; =1.401; CFC adjusted p=0.011;
f=1.282), dDG (CFC-5s adjusted p=0.001; B=1.622; CFC
adjusted p =0.001; B =1.366), vCA1 (CFC-5s adjusted p =0.001;
B =1.700; CFC adjusted p =0.020; B =1.098), and vSUB (CFC-5s
adjusted p =0.001; B =1.471; CFC adjusted p=0.001; B = 1.786);
the CFC also in BMA (adjusted p=0.034; =1.204), dCA1
(adjusted p=0.025; B = 1.498), and vDG (adjusted p =0.001;
B =1.545), and the CFC-5s also in the AC (adjusted p =0.023;
f=1.062), PL (adjusted p=0.050; B =1.304), BLA (adjusted
p =0.050; B =1.158), and PER_35 (adjusted p = 0.050; 3 =1.012;
Fig. 3c). The CFC-5s group had a trend toward a higher
reactivation ratio, with a large effect size in the dCA1 (adjusted
p=0.065 B=0.952); the CFC group in the AC (p=0.058;
f=0.510), and the HC in the MEA (adjusted p=0.051;
B =1.346). Therefore, the CFC and CFC-5s groups were not
directly different in any region, but only the CFC group increased
the reactivation ratio in the BMA and vDG compared to the HC,
and the CFC-5s group in the PL, BLA, and PER_35, suggesting an
indirect difference between them when compared to the
HC group.

The results of GZLM controlled for FDR evaluating the effect of
the group in Td- and c-Fos-positive cells are fully reported in
Table 1. They showed that CFC-5s and CFC have encoding and
retrieval ensembles in similar regions. CFC learning activated all

SPRINGER NATURE

investigated areas, as well as CFC retrieval, except the IL and dCAT1.
In turn, CFC-5s learning did not activate the PER_36, and CFC
retrieval activated the BLA more than CFC-5s retrieval, in line with
the higher freezing time of CFC than CFC-5s group in the test
session.

CFC-5s strengthened amygdala-PH connectivity

We investigated whether the interval changes connections
between regions or connectivity between anatomical groups
(Fig. 3d). Given that CFC and CFC-5s are forms of context-US
associations and shared neuronal ensembles in the same regions,
differences could be reflected in how these discrete regions are
functionally connected and organized at the network level. GZLM
controlled for FDR showed that the CFC-5s group had higher
mean correlation coefficients (connectivity) of reactivated cells
(Td- and c-Fos-positive cells standardized by DAPI-positive cells)
than the CFC group between the amygdala and other regions
(GZLM W = 14.271; adjusted p =0.001; 3 =0.703), the amygdala
and mPFC (GZLM W = 8.120; adjusted p = 0.004; B = 0.908), and
the amygdala and PH (GZLM W =28.641; adjusted p=0.001;
3 =1.374). The CFC group had higher connectivity between the
hippocampus and PH (GZLM W =8.366; adjusted p=0.004;
3=0.995; Fig. 3e). We then directly compared the groups’
connection (correlation coefficients) (Fig. 3f). Permutation tests
showed higher PER_36-BLA (p=0.017) and PER_36-BMA
(p =0.050) positive connections in the CFC-5s than the CFC
group, and higher vDG-PL (p = 0.001), vDG-dDG (p = 0.033), dCA1-
vCA1l (p=0.050), vSUB-dCA1 (p=0.001), and vSUB-dDG
(p =0.033) positive connections in the CFC than the CFC-5s
group, suggesting that temporal associations increase amygdala-
PH connectivity and reduce intra-hippocampal or hippocampus-
PH connectivity.

CFC-5s network had hubs and higher centralities in the
amygdala and PH

We questioned whether temporal associations change the
organization and importance of regions in networks. Using the
percentage of reactivated cells, we build co-reactivation networks
for CFC and CFC-5s groups (Fig. 4a, f). The CFC-5s and CFC had one
community with mPFC, DH, and PER_36; the CFC one with
amygdala and another with HPC and PER_35/vSUB, which formed
a single community in CFC-5s—(Fig. 4d, i). Thus, the amygdala, VH,
and PER_35/vSUB were clustered in CFC-5s, indicating a similar
functionality.

The PH and hippocampus had the highest centralities in the
CFC positive weight network, and the PH and amygdala in the
CFC-5s positive weight network (Fig. 4b, g). The CFC-5s and CFC
networks had the PER_35 and LA as hubs; the CFC also the vSUB
and vDG, and the CFC-5s the CEA and PER_36 (Fig. 4c, h, I). We
then directly compared the node’s centralities between groups in
positive weight networks (Fig. 4k). Permutation tests showed that
the LA (p = 0.050) and MEA (=0.001) had a higher Str and the CEA

Neuropsychopharmacology (2024) 49:1296 — 1308



T.B. Santos et al.

1303

Table 1. Activation of regions following the training or test of the CFC and CFC-5s.

Region CFC (a) CFC-5s (b) HC () Wald P-value
Training [Td+ (% of DAPI+)]

AC 7.168 + 1.069° 7.026 + 1.426¢ 4,147 +0.928%° 7.147 0.028*
PL 7.414+2.232° 5.899 +0.517¢ 3.022 +0.488%° 12.567 0.002*
IL 4.814 + 0.860° 4977 +0.277° 2.581+0.196*° 17.647 0.001*
BLA 10.057 + 2.595¢ 7.711 +2.085¢ 1475 +0.319%° 38.714 0.001*
BMA 9.116 +2.613¢ 9.127 +2.831¢ 2.850 + 0.449*° 15.396 0.001*
CEA 15.869 + 5.426° 11.372+2.632¢ 2.540 + 0.523*P 29.288 0.001*
LA 5.061+1.016° 3.665 + 0.954° 1.272 £0.120*° 31.011 0.001*
MEA 12,523 +3.092¢ 10.806 + 2.413¢ 2.803 +0.352* 34513 0.001*
dCA1 1.237 £0.342° 1.162 +0.253¢ 0.572+0.11124 6.841 0.033*
dDG 5.850+ 1.187¢ 5.204 + 0.894° 2.975 + 0.504°*P 10.163 0.006*
VCA1 2.408 + 0.609° 1.935+0.157¢ 0.498 +0.078%° 50.810 0.001*
vDG 1.902 + 0.343¢ 2376 +0.351° 0.532+0.085%° 44,298 0.001*
vSUB 3.825+0.913¢ 4566+ 1.213¢ 0.200 + 0,028 11291 0.001*
PER_35 8329+ 1.752° 7.661 + 2.040° 1.598 +0.4712 17.712 0.001*
PER_36 7.774+1.719° 5.576 + 0.949 2.947 +0.963° 8.458 0.015*
Test [c-Fos + (% of DAPI+)]

AC 2.000+0.214° 1.725 + 0.426° 0.723+0.327%° 10.181 0.006*
PL 3.738+0.792° 2.689 + 0.663¢ 1.015 +0.456™4 8.932 0.011*
IL 2,570+ 0.432 2.329+ 0.669 1.206 + 0.486 4.440 0.109
BLA 3.769 + 0.690°¢ 2.385 +0.285%¢ 0.793+0.183%° 39.799 0.001*
BMA 4,077 +0.746° 3.330 + 0.500° 1.457 +0.396™° 13.524 0.001*
CEA 2.356 + 0.263¢ 2.201 +0.328° 0.558 +0.203*° 28.864 0.001*
LA 2.460 + 0.4414 1.510 + 0.239%¢ 0.582+0.251*° 18.988 0.001*
MEA 4743 +0.924° 4.611+0.977° 0.697 +0.242%° 29.935 0.001*
dCA1 0.431+0.069 0.672+0.419 0.205 + 0.099 2.041 0.360
dDG 2.743 +0.416° 3.005 + 0.649° 1.582 +0.269%° 9.529 0.009*
VCA1 1.553 + 0.255° 1.323 £0.234¢ 0.187 +0.084*° 27.644 0.001*
vDG 1.338£0.271¢ 1.318 £ 0.296° 0.022 +0.0227° 23.209 0.001*
vSUB 3.467 + 0.524° 3.548 + 0.528° 0.073 +0.025%° 78.915 0.001*
PER_35 4,756 + 0.903¢ 3.215 + 0.400° 0.910+0.367%° 20.086 0.001*
PER_36 5.192 + 0.844¢ 3.075 +0.336%¢ 1.438 + 0.485%° 22312 0.001*

Encoding and retrieval ensembles induced by training and test in the CFC-5s or CFC. Mean (+standard error) of Td-positive cells or c-Fos-positive cells from the
total number of cells (DAPI-positive cells). Generalized Linear Model followed by LSD test controlled by false discovery rate by the Benjamini-Hochberg
procedure.

AC anterior cingulate cortex, BLA basolateral amygdala, BMA basomedial amygdala, CEA central amygdala, CFC contextual fear conditioning, CFC-5s CFC with a
5-s interval, DAPI 4,6-diamidino-2-phenylindole, dCAT dorsal CA1, dDG dorsal dentate gyrus, IL infralimbic cortex, HC homecage, LA lateral amygdala, MEA
medial amygdala, PER_35 perirhinal cortex area 35, PER_36 perirhinal cortex area 36, PL prelimbic cortex, vCAT ventral CA1, vDG ventral dentate gyrus, vSUB
ventral subiculum.

?Indicates adjusted p < 0.050 compared to CFC group.

bCompared to CFC-5s group.

“Compared to HC group.

9A trend toward statistical significance, with large effect size, and adjusted p = 0.074; p = 0.850 in PL; adjusted p = 0.068; p = 0.817 in LA, adjusted p = 0.082
f=0.843 in dCA1; adjusted p =0.073; p=0.744 in PER_36. See between-group comparisons of DAPI-positive cells in Supplementary Table 1 and Linear
Regression Models predicting activity in test by activity in training in Supplementary Table 2.

“Indicates p < 0.050.

(p = 0.050) and PER_36 (p = 0.050) a higher Clo in the CFC-5s than hippocampus (vDG) in the CFC network, in line with the higher
in the CFC positive weight network, and the vSUB a higher Clo in reactivation of PER_35 by CFC-5s and dCA1/vDG by CFC.

the CFC network than in the CFC-5s network (p = 0.001). Thus, the

CEA, LA, and PER_36 were hubs with higher centralities in CFC-5s

than the CFC network and the vSUB in the CFC network. Sex was DISCUSSION

not a significant factor in any statistical analyses.

Connectivity and network analyses consistently indicated that
the amygdala and PH (PER_36) are highly interconnected and
more central in the CFC-5s network, and the PH (vSUB) and

Neuropsychopharmacology (2024) 49:1296 - 1308

We investigated neuronal ensembles of temporal associations,
which link transient memories of past stimuli with subsequent
ones. The reactivation of PL encoding ensembles accompanied,
facilitated, and was necessary for memory retrieval of temporal
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associations, which had increased amygdala and PER centralities
and strengthened amygdala-PH connectivity in networks.
Accordingly, previous studies have shown that pre-training PL
inactivation impairs the encoding of temporal associations
[77-80]. The PL also had post-training learning-related changes

SPRINGER NATURE

[36, 37, 77]. Studies targeting the mPFC have investigated it in
retrieving temporal associations, showing that post-training or
pre-test inhibition impaired consolidation or disrupted retrieval
[77, 81, 82]. Present findings showed PL participation in memory
retrieval and a causal relationship between learning-related PL
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Fig. 4 Co-reactivation networks of CFC-5s and CFC. a, f Positive and negative, positive, and negative weight networks of CFC-5s and CFC.
Nodes represent regions. Colors indicate the node’s anatomical group (scale, bottom right). Edges between nodes represent correlation
coefficients. Edge thickness and gray scale are proportional to the correlation strength. See network overviews in Supplementary Table 5 and
edge analysis in Supplementary Fig. 8. b, g Regions ranked in a decrescent order of the centrality measures of strength (Str), closeness (Clo),
eigenvector (Eig), and betweenness (Bet) in positive weight networks. ¢, h The upper 25% of regions in three or more centrality measures were
considered hubs (inside the red perimeter). d, i Positive weight networks are subdivided into communities. e, j Regions ranked in a decrescent
of the Clustering Coefficient (CC). k Centrality differences between CFC-5s and CFC groups. * Indicates significant centrality differences
(p < 0.050) in the permutation test. See the p-values of all permutation tests in Supplementary Table 6. | Hubs of CFC-5s and CFC networks
were intersected to identify stable hubs in fear conditioning (inside the red perimeter). See network analyses of negative weight networks in
Supplementary Fig. 9. To verify whether hubs impacted the network topology more than low centrality regions, we compared the efficiency of
CFC-5s or CFC networks without hubs or non-hubs nodes in Supplementary Table 7. See groups and region names in Table 1.

activity and freezing, suggesting that the same PL neurons
participating in learning are required for retrieving temporal
associations. Future studies can dissect which cell subtypes/
projections form neuronal ensembles in the PL.

CFC did not require activation of PL encoding ensembles for
memory retrieval, suggesting they are related to temporal
associations and not to CFC, contextual, or non-associative
learning. Reactivating or inhibiting PL retrieval ensembles, but
not encoding ensembles, facilitated and impaired the remote
retrieval of CFC, suggesting that PL ensembles reorganize over
time, being distinct from those activated by learning [14, 15]. Our
results extend these findings to the recent retrieval of CFC.
Only studies examining mMPFC encoding ensembles have
investigated their participation in recent memories. They showed
that opto-reactivating mPFC encoding ensembles induced, but
opto-inhibiting them did not prevent recent retrieval. In turn,
opto-reactivating or opto-inhibiting mPFC encoding ensembles
promoted or impaired remote retrieval, which are results different
from those manipulating PL ensembles [14-17]. The effects
observed by mPFC studies may be due to other mPFC
subdivisions or require all of them.

The AC is required for the recent and remote consolidation of
the CFC, having post-training plasticity necessary for memory
retrieval [83-88], while pre-test AC inhibition spares recent
retrieval, consistent with results from opto-stimulation of mPFC
encoding ensembles [16, 89-91]. Opto-reactivation of mPFC
encoding ensembles could reactivate other regions to support
recent retrieval, while opto-reactivation of PL alone may not be
sufficient.

The PL was not a hub nor had high centralities in the co-
reactivation networks of CFC-5s, corroborating previous results from
CFC-5s learning networks [37]. Claustrum-PL and insula-PL projec-
tions were required for learning and recent retrieval of CFC [28].
Including claustrum and insula may have increased PL connectivity,
or other activity markers could better detect PL co-reactivations.
Moreover, the CFC strengthened negative amygdala-mPFC con-
nectivity. Like a human CFC network, the AC was negatively
correlated with the BLA and CEA [92].

CFC-5s reactivation increased amygdala connectivity and
centrality, like the CFC-5s learning network [37]. Because there
are no salient stimuli during the US, past or broader stimuli could
be considered predictive and be converged into the amygdala via
multiple pathways to be fear-associated, increasing its connectiv-
ity. Other stimuli may have reduced hippocampal participation or
preferentially engaged regions supporting contextual learning
and persistent activity, such as the PER [93-97].

Indeed, the CFC-5s increased amygdala-PH connectivity. The
LA/BLA and PER have reciprocal projections and endogenous
persistent-firing neurons and are required for tFC [98-100]. The
PER also has a binding mechanism, which unitizes stimuli [93, 94].
Moreover, the PER, amygdala, and VH were functional modules in
the CFC-5s network. The PER could maintain transient CS
memories conveyed by/to the VH through persistent firing or
unitizing mechanisms and associate it with the US in the
amygdala. Future studies can verify the requirement of

Neuropsychopharmacology (2024) 49:1296 - 1308

PER-amygdala projections in temporal associations and whether
the hubs identified are also required for CFC-5s. Silico deletion of
hubs impaired the efficiency of a fear memory network and their
inactivation memory consolidation, suggesting that hub identifi-
cation can predict biological relevance [101].

Our results align with studies showing that the amygdala and
DG/CA1 have encoding ensembles reactivated by CFC retrieval
[13, 43-51, 76]. Their reactivation or inhibition promoted or impaired
memory retrieval of fear conditioning [7, 45, 48, 52-56, 76]. We
expanded their participation to temporal association memories. Their
reactivation could be due to reconsolidation or extinction. However,
nonoverlapping neurons form encoding and extinction ensembles
[56, 76, 102]. Moreover, CFC networks had higher hippocampal and
PH interconnectivity and centralities. CA1 and DG ensembles were
related to contextual learning and pattern separation [49]. The SUB is
required for CFC and has plasticity-related changes correlated with CR
[103-105].

Differences between CFC-5s and CFC ensembles were detected
at the connectivity and network levels and in the necessity/
sufficiency of regions rather than in their activation/reactivation.
Thus, CFC-5s and CFC may involve similar areas connected
differently or more crucial in the CFC-5s than in the CFC. The same
regions could participate in both learnings but performing
additional functions in CFC-5s, such as CS short-term memory
and attention, which could require functional connections to other
areas, making differences less easily detected by the magnitude of
activation than connectivity. Looking at the activation only during
the 5-s interval may reveal differences at discrete regions.
Alternatively, increasing the sample could improve our power to
detect more direct between-group differences in the activation/
reactivation of regions.

Increasing the interval decreased the memory specificity in CFC-
5s, like decreased performance in working memory tasks [106].
Longer intervals could increase distraction opportunities, impair-
ing the transient memory. The CFC-5s indicated that past
environments can be associated with future aversive events.
Since space is ubiquitous, contexts temporally linked to traumatic
experiences can be a new target for exposure therapies to reduce
maladaptive fear.

PL encoding ensembles are required for retrieving temporal
associations, which has increased amygdala and PER interconnec-
tivity and centralities. We characterized encoding and retrieval
ensembles of temporal associations and their co-reactivation
network for the first time, which can improve our understanding
of dysfunctions in temporal associations that accompany aging,
neuropsychiatric, or neurodegenerative conditions.
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