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Extinction training suppresses activity of fear memory
ensembles across the hippocampus and alters transcriptomes
of fear-encoding cells
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Contextual fear conditioning has been shown to activate a set of “fear ensemble” cells in the hippocampal dentate gyrus (DG)
whose reactivation is necessary and sufficient for expression of contextual fear. We previously demonstrated that extinction
learning suppresses reactivation of these fear ensemble cells and activates a competing set of DG cells—the “extinction ensemble.”
Here, we tested whether extinction was sufficient to suppress reactivation in other regions and used single nucleus RNA
sequencing (snRNA-seq) of cells in the dorsal dentate gyrus to examine how extinction affects the transcriptomic activity of fear
ensemble and fear recall-activated cells. Our results confirm the suppressive effects of extinction in the dorsal and ventral dentate
gyrus and demonstrate that this same effect extends to fear ensemble cells located in the dorsal CA1. Interestingly, the extinction-
induced suppression of fear ensemble activity was not detected in ventral CA1. Our snRNA-seq analysis demonstrates that
extinction training markedly changes transcription patterns in fear ensemble cells and that cells activated during recall of fear and
recall of extinction have distinct transcriptomic profiles. Together, our results indicate that extinction training suppresses a broad
portion of the fear ensemble in the hippocampus, and this suppression is accompanied by changes in the transcriptomes of fear
ensemble cells and the emergence of a transcriptionally unique extinction ensemble.
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INTRODUCTION
Although fear-based learning is important for survival, learned fear
that is excessive and/or overgeneralized —as is seen in clinical
phobias or post-traumatic stress disorder—can be debilitating.
The front-line behavioral methods for treating such fear-related
disorders are based on extinction. In these treatments, patients are
repeatedly exposed to the feared stimuli in a safe context [1]. This
will ideally produce fear extinction, a lasting decrease in the
behavioral response to the feared stimuli and a critical component
of adaptive and context-appropriate behavior [2]. Unfortunately,
fear often relapses after extinction. For instance, in spontaneous
recovery the fear response returns with the passage of time after
the conclusion of extinction training [3]. The existence of
spontaneous recovery and other forms of relapse imply that,
rather than abolishing or otherwise altering the fear memory,
extinction training works by inducing formation of a competing
“extinction memory” that inhibits expression of the fear memory.
Research on the neural mechanisms of extinction has identified

the hippocampus as a crucial structure in this form of learning.
Disruption of hippocampal activity both interferes with extinction
learning [4–6] and can alter generalization of the extinction
memory to other contexts [7–9]. Studies using immediate early
gene (IEG)-based trapping approaches to tag cells active in a

specific timeframe demonstrate that the hippocampus generates
ensemble representations of both contextual fear and contextual
fear extinction [6, 10–13]. Neurons active during contextual fear
conditioning (CFC)—the fear ensemble—are reactivated during
recall of the memory, and this reactivation is both necessary and
sufficient for expression of contextual fear. We recently demon-
strated that extinction training suppresses reactivation of the fear
ensemble within the hippocampal dentate gyrus (DG) and
activates a separate set of cells, the putative extinction ensemble
[6]. Whereas artificial stimulation of the fear ensemble increases
fear, stimulation of this extinction ensemble reduces it.
In the present study, we investigate the effects of extinction

training on IEG activity and gene expression in the hippocampal
fear ensemble. We first set out to evaluate the generality of the
effects of extinction on the fear ensemble. In Lacagnina et al. [6],
extinction was shown to suppress expression of the IEG Arc in DG
fear neurons; other regions and activity markers were not evaluated.
Here, we asked whether the suppressive effect of extinction was
present beyond the DG, whether this effect was present across the
dorsoventral axis of the hippocampus, and whether it could be
observed with another canonical IEG, c-Fos. A second objective was
to characterize the effects of extinction training on the transcrip-
tomes of fear acquisition neurons. Our results demonstrate that
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extinction training causes a robust suppression of both Arc and
c-Fos expression in the hippocampal fear ensemble throughout the
dorsal and ventral DG and dorsal CA1. This suppression is
accompanied by profound transcriptional changes in the fear
ensemble, providing novel insights into the molecular mechanisms
through which extinction suppresses learned fear.

MATERIALS AND METHODS
Animals
Adult male and female ArcCreERT2::eYFP mice (12–15 weeks) were used for all
experiments. For experiment 1 (Figs. 1–3), 12 mice were used (6 per group). An
additional 6 mice were used for experiment 2 (Figs. 4, 5). Mice were generated
by breeding pairs gifted by Dr. Christine Denny [11]. Briefly, heterozygous (+/−)
ArcCreERT2::(+/+) R26R-STOP-floxed-eYFP mice were crossed with homo-
zygous (−/−) ArcCreERT2::(+/+) R26R-STOP-floxed-eYFP mice. These crosses
generated mice that were heterozygous (+/−) for the ArcCreERT2 allele and
homozygous (+/+) for the eYFP allele. Mice were housed in groups (4–5 per
cage) until 7 d prior to the start of the experiment, at which point they were
individually housed in plastic cages with woodchip bedding. Mice were kept on
a 12 h light/dark cycle (lights on at 07:00) with ad libitum access to food and
water. All protocols were reviewed and approved by the University of Texas at
Austin Institutional Animal Care and Use Committee.

Neuronal tagging
Recombination was induced with 4-hydroxytamoxifen (4-OHT, Sigma-
Aldrich), as previously reported [6, 11]. 4-OHT (10mg/mL) was dissolved via
sonication in a 10% ethanol/90% sunflower seed oil solution. To minimize
transportation- and novelty-induced IEG activity, mice were transported to a
separate housing room near the conditioning room 24 h prior to fear
conditioning and 4-OHT injections. Neuronal tagging was induced by a single
intraperitoneal injection of 4-OHT (55mg/kg) given immediately following
the contextual fear conditioning session. Following the 4-OHT injection, mice
were placed back in the housing room for 72 h during which they were
housed in the dark as previously described [11] and then returned to the
vivarium with a 12 h light/dark cycle for the duration of the experiment.

Contextual fear conditioning
All mice were handled once a day for 1–2min for 3 d prior to the
commencement of fear conditioning. Mice were moved individually from their
home cage to and from the conditioning room in an opaque container with a
clear lid. Transport containers were cleaned between mice with 70% ethanol.
Fear conditioning, extinction, and testing occurred in conditioning

chambers (30.5 × 24 × 21 cm, Med Associates) scented with 1% acetic acid
in the waste tray located below the floor. The fear conditioning protocol
consisted of three 2-s, 0.75 mA scrambled foot shocks delivered via the
floor 180, 240, and 300 s after mice were placed in the chambers. Mice
were removed from the conditioning chambers and returned to their
home cages 30 s after the final foot shock. All behavior was recorded at 30
frames per second using a near-infrared camera. Freezing was scored using
VideoFreeze Software (Med Associates).

Extinction and testing
Extinction sessions consisted of a 5-min exposure to the conditioning
context without the presentation of a shock. Mice in the Extinction group
were exposed to extinction training once a day for 10 days. Mice in the No
Extinction group were left undisturbed in their home cages (in the
vivarium) during these sessions. 72 h after the last extinction session, all
mice were exposed to a final 5 min CFC test in the conditioning context.

Tissue collection and processing
Mice were euthanized following the conclusion of the final behavioral test,
and tissue was collected in one of two ways depending on whether tissue
was to be processed for immunohistochemistry or single nuclei RNA
sequencing (snRNA-seq). For immunohistochemistry, mice were anesthe-
tized with ketamine/xylazine (150/15mg/kg) 90min after the end of
behavioral testing and transcardially perfused with 1X PBS followed by 4%
paraformaldehyde (PFA) in 1X PBS. Brains were extracted and fixed in 4%
PFA, then immersed in 20–30% sucrose for 48 h. Finally, brains were cryo-
sectioned at 35 µm and stored in cryo-protectant at−20 °C. For snRNA-seq,
mice were anesthetized with 5% isoflurane and then rapidly decapitated
30min after the final behavioral test. Brains were extracted and flash-

frozen in OCT cryostat embedding medium (Sakura Finetek) and then
stored at −80 °C until further processing.

Immunohistochemistry and imaging
Eight to ten sections (per mouse) encompassing the dorsal and ventral
hippocampus (Bregma −1.7 to −3.64mm) were processed for immuno-
histochemistry as described in Supplementary Methods. For each animal,
3–4 sections per region were imaged, counted, and analyzed. Sections
were imaged at 20X magnification across the z-plane (5–7 images per z-
stack) on a Zeiss Axio Imager M2 (Zeiss) and counted using Stereo
Investigator software (Mbf).

snRNA-seq
Frozen brains were transferred to a cryostat and sectioned at 300 µm directly
onto glass slides and kept cold on dry ice. The dorsal DG was micro-dissected
using a disposable tissue punch tool (Electron Microscopy Sciences; diameter:
0.75mm). We adapted the protocol by Martelotto [14] for nuclei isolation
directly from flash-frozen tissue for use with 10x Genomics Chromium Single
Cell 3’ Reagent Kit (cat. pn-1000075; 10x Genomics, USA). See Supplementary
Methods for details on microdissection and isolation of nuclei.
Library construction and sequencing were performed at the Genomic

Sequencing and Analysis Facility at The University of Texas at Austin.
Briefly, samples were loaded on the Chromium Next GEM Single Cell 3’
reagent kits v3.1 as per manufacturer’s instructions, with ~10,000 nuclei
per pool as a target. Following the guidance of Davis et al. [15] and Schmid
et al. [16], we estimated that we needed to sequence 7,385 cells/pool from
~3 samples to detect two cell populations with as few as ~20 cells/pool
with 99% power. The libraries were sequenced on an Illumina HiSeq 2500
platform (Illumina, USA), generating 930 million reads, with 460 million
reads per sample on average. All reads had Phred scores above 35 and
passed all quality control measures (MultiQC) [17]. All sequence data have
been submitted to NCBI (accession number PRJNA1122232).

Bioinformatics and statistics
The data from all behavioral and immunohistochemical experiments were
analyzed using the base statistics functions in R alongside statistical functions
from the dplyr [18], rstatix [19], and emmeans [20] packages. Specifically, we
used t-tests and analysis of variance (ANOVA). Tukey HSD tests were used for
post-hoc comparisons. If assumptions of normality were not met, we log-
transformed the data. Effect sizes were calculated using the untransformed
data and reported as the generalized eta-squared (ηG

2) [21] for the full ANOVAs
or Cohen’s d for post-hoc pairwise comparisons. For the two pooled snRNA-
seq samples, FASTQ files were generated after demultiplexing and subjected
to quality control by FAST-QC (Babraham Bioinformatics). Cellranger counts
(Cell Ranger 6.1, 10x Genomics) were used to perform alignment, filtering,
barcode counting, and UMI counting on the FASTQ files. All reads were
mapped tomouse genome, mm10-2020-A. Output files were used to generate
Seurat object using Seurat V4.0 [22] in R. Datasets from both samples were pre-
processed with the Seurat pipeline with baseline filtering parameters of
min.cells= 3 and min.features= 200. The count matrix was filtered to remove
empty droplets, doublets and triplets, yielding a total of 8467 nuclei for the No-
Extinction sample and 103041 nuclei for the Extinction sample. The data were
log-normalized using the NormalizeData function, and highly variable genes
were identified using the FindVariableFeatures function. Integrated analysis
across the two samples was performed using the Seurat Integration analysis
pipeline, generating 24 clusters (FindNeighbors and FindClusters, using first 30
principal components), which were later characterized as 9 putative cell types.
Differentially expressed genes (DEGs: p< 0.05, log2 fold-change >0.2) were
identified using the R package limma Trend [23], and volcano plots were
generated using the EnhancedVolcano R package (https://github.com/
kevinblighe/EnhancedVolcano). We used the Single Cell Proportion Test
(https://github.com/rpolicastro/scProportionTest) with 10,000 permutations to
estimate the proportional difference between treatment in cell number across
clusters. Functional enrichment analysis was carried out using Metascape [24]
to discover enriched Gene Ontology (GO) terms or Kyoto Encyclopedia of
Genes and Genomes pathways. Enriched terms were required to include ≥3
candidates, with a p≤ 0.01 and an enrichment factor ≥1.5.

RESULTS
Behavior
We compared freezing levels at final recall between mice that had
undergone extinction (Ext group) and those that had not (No Ext
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group; Fig. 1A). As expected, a between-subjects t-test showed
that mice that underwent extinction training following CFC
exhibited significantly less freezing at the final recall test than
mice that did not receive extinction training [Fig. 1B; t(10)= 2.66,
p= 0.029].

Immediate-early gene protein expression in fear ensembles
Extinction training suppresses reactivation of fear ensembles in the
dorsal and ventral DG. Using this procedure we previously
demonstrated that extinction training suppresses reactivation of
DG fear acquisition neurons [6]. We sought to replicate this finding
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and assess its generality across the dorsoventral axis of the various
hippocampal subregions. We first used YFP to identify DG neurons
that were active during fear conditioning, Arc protein expression
to identify neurons active during the test, and overlap of both
markers to identify fear ensemble cells reactivated at final testing
(%YFP+ cells expressing Arc; Fig. 1C, D). Expression of these
markers was assessed in the dorsal and ventral DG, and expression
across groups was compared using two-way mixed ANOVAs. We
found no significant differences in expression of YFP or Arc
between the Ext and No Ext groups in the dorsal or ventral
DG (Fig. 1E, F; all p > 0.1). There were, however, significantly more
Arc+ [F(1, 10)= 69.08, p < 0.0001, ηG

2= 0.724] and YFP+
[F(1, 10)= 146.83, p < 0.0001, ηG

2= 0.794] cells in the dorsal than
the ventral DG. Importantly, we found that reactivation was
reduced in the Ext group compared to No Ext mice
[F(1,10)= 23.43, p < 0.001, ηG

2= 0.557] and significantly different
between region (dorsal vs. ventral DG) [F(1,10)= 22.877, p < 0.001,
ηG

2= 0.504] with an interaction between treatment and region
[F(1,10)= 8.499, p= 0.015, ηG

2= 0.376] (Fig. 1G). Tukey HSD test
comparisons using estimated marginal means determined that
the effect of treatment was present in both the dorsal [t= 2.275,
p= 0.0354, d= 2.29] and ventral [t= 5.636, p < 0.0001, d= 2.5]
DG, with overall fear ensemble reactivation levels being higher in
the ventral DG.

Extinction training suppresses both Arc and c-Fos expression in fear
ensemble neurons. Next, we asked whether this suppressive
effect of extinction could be observed when a different IEG is used
to assess neuronal activation. In a separate set of sections from the
same mice, we performed immunohistochemistry against YFP and
the IEG c-Fos and quantified expression in the DG. Again, there
were no significant differences in overall YFP or c-Fos expression
between the No Ext and Ext groups in either the dorsal or ventral
DG (Fig. 1H, I), although both YFP [F(1, 8)= 302.19, p < 0.0001,
ηG

2= 0.824] and c-Fos [F(1, 8)= 31.48, p= 0.0005, ηG
2= 0.498]

were again more abundant in the dorsal DG. Reactivation (%YFP+
cells expressing c-Fos) was also once again higher in the No Ext
group than the Ext group [F(1,8)= 32.47, p < 0.001, ηG

2= 0.625]
and higher overall in the ventral DG as compared to the dorsal DG
[F(1,8)= 7.801, p= 0.023, ηG

2= 0.453] (Fig. 1J). A Treatment x
Region interaction [F(1, 8)= 7.255, p= 0.0273, ηG

2= 0.454] was
also detected. Pairwise comparisons of estimated marginal means
confirmed that reactivation was suppressed by extinction training
in the ventral DG [t= 5.886, p < 0.0001, d= 2.96], while the dorsal
DG trended towards, but did not quite reach, significance
[t= 1.995, p= 0.0634, d= 1.41].
We then asked whether Arc and c-Fos were expressed in the

same or different populations of reactivated cells. In a separate set
of sections from the same mice as above, we conducted
immunohistochemistry against Arc, c-Fos, and YFP and calculated
expression in the dorsal DG only (Fig. 2). Consistent with the
findings above, a one-way ANOVA showed no differences between
the Extinction and No Extinction groups in density of YFP+ cells
[F(1, 10)= 0.126, p > 0.1, d= 0.205]. A two-way ANOVA against
expressed IEGs (Arc+, Fos+, or Arc+/Fos+) also found no effect of
treatment [F(1, 10)= 0.131, p > 0.1, ηG

2= 0.013], though a

significant effect of IEG type was detected with there being more
Arc+/c-Fos+ cells than single positive Arc [t= 15.636, p < 0.001,
d= 1.48] or c-Fos [t= 7.943, p < 0.001, d= 0.78] cells (Fig. 2C). This is
likely due to the fact that expression of both Arc and c-Fos are
triggered by neural firing and, therefore, are more likely to be
expressed together. There were also more cells single positive for
Arc than c-Fos [t= 7.694, p < 0.001, d= 0.681]. Consistent
with previous findings, there was significantly more reactivation
of YFP+ cells in the No Extinction group as compared to the
Extinction group [F(1,10)= 9.275, p= 0.012, ηG

2= 0.263]. A sig-
nificant effect of IEG type on reactivation level [F(2,20)= 46.576,
p < 0.001, ηG

2= 0.742] and an interaction between Treatment and
IEG overlap type (Arc+/YFP+, Fos+/YFP+, or Arc+/Fos+/YFP+)
were also detected [F(2, 20)= 11.49, p < 0.001, ηG

2= 0.415]. Post-
hoc pairwise comparisons showed that the suppressive effect of
extinction was observed in YFP+ cells co-expressing Arc and c-Fos
[t= 5.641, p < 0.001, d= 2.38] but not in YFP+ cells expressing only
Arc [t= 0.234, p > 0.1, d= 0.153] or c-Fos [t= 0.214, p > 0.1,
d= 0.209; Fig. 2D]. Thus, extinction training suppresses co-
expression of Arc and c-Fos in YFP-tagged fear acquisition cells.

Extinction training suppresses fear ensemble reactivation in dorsal
but not ventral CA1. To determine whether the suppressive effect
of extinction training on reactivation was preserved further along
the hippocampal circuit, we next analyzed expression of YFP and
c-Fos in the dorsal and ventral CA1 (Fig. 3A, B). A two-way ANOVA
revealed a significant difference in YFP counts between the dorsal
and ventral CA1 [F(1,7)= 657.33, p < 0.0001, ηG

2= 0.849] and a
significant interaction between CA1 region and treatment
[F(1,7)= 8.42, p= 0.023, ηG

2= 0.163] which did not survive post-
hoc testing (all p > 0.05; Fig. 3C). No significant differences in c-Fos
levels were detected between treatment groups or region and no
interaction between variables were detected (all p > 0.1; Fig. 3D).
Comparison of reactivation levels (YFP+/Fos+) across regions and
treatments showed a significant effect of treatment
[F(1,7)= 29.194, p= 0.001, ηG

2= 0.124], region [F(1,7)= 387.869,
p < 0.0001, ηG

2= 0.884], and a significant interaction between the
two [F(1,7)= 11.479, p= 0.012, ηG

2= 0.01; Fig. 3E]. Post-hoc
testing showed that while extinction training significantly
decreased reactivation of the fear ensemble in the dorsal CA1
[t= 6.086, p < 0.0001, d= 3.18], no such suppression of reactiva-
tion was detected in the ventral CA1 [t= 0.935, p= 0.366,
d= 0.68]. Overall, our results suggest that extinction training
suppresses reactivation of fear ensembles in dorsal and ventral DG
and dorsal CA1, but not ventral CA1.

snRNA-seq
Single-cell transcriptomes reveal canonical cell-types. We employed
snRNA-seq analysis of the dorsal DG as an unbiased and
comprehensive approach to survey the transcriptomes of cells
belonging to the fear and extinction ensembles. We focused on
the dorsal DG based on evidence above that the extinction-induced
suppression of fear ensembles in the dorsal DG is representative of
ensemble behavior across the dorsal-ventral axis of the DG and in
dorsal CA1. In addition, our prior study shows that the activity of
ensembles in the dorsal DG is necessary and sufficient for

Fig. 1 Extinction training suppresses Arc and Fos in YFP+ fear neurons across the dorsal-ventral axis of DG. A Experimental design.
ArcCreERT2::eYFP mice were injected with 4-hydroxytamoxifen immediately following contextual fear conditioning (CFC) to tag CFC-activated
neurons. Mice then either underwent fear extinction (Ext group) or were left undisturbed (No Ext group) before being re-exposed to the CFC
context and having their tissue processed for Arc or c-Fos expression. B Coronal slices displaying (in green) representative locations from
which dorsal (back) and ventral (front) dentate gyrus (DG) cells counts were taken. The blue box identifies where representative images (in D)
were taken. C Mice that received extinction training displayed significantly less context freezing on the final testing day. D Representative
micrographs of YFP and Fos immunofluorescence in the DG. Tissue processed for Arc expression (E–G) showed no group differences in YFP+
or Arc+ cells in either the dorsal or ventral DG. Tissue processed for c-Fos expression (H–J) similarly showed no difference in overall YFP+ or
Fos+ cell counts. In contrast, No Extinction mice displayed significantly higher levels of Arc+/YFP+ reactivated cells (G) and Fos+/YFP+
reactivated cells (J) in both the dorsal and ventral DG in comparison to mice in the Extinction group. * p < 0.05, ** p < 0.01, *** p < 0.001.
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expression of fear and extinction memories [6]. We repeated the
behavioral assay as described above (n= 3 per group) and, as
before, we observed significantly less freezing in mice that received
extinction training as compared to those that did not [Fig. 4A; t test:
t(4)= 10.45, p < 0.001]. We then collected and pooled (separately
for No Ext and Ext) the dorsal DG nuclei for snRNA-seq. After
demultiplexing and filtering, we recovered 19301 nuclei from the
two treatment groups (Ext: 10828, No Ext: 8473). To evaluate the cell
type-specific response to Fear Extinction/Recall training, we
integrated the snRNA-seq datasets from both treatments and then
used the Seurat integrative analysis approach revealed 17 clusters
that differed in transcriptomic profiles in the integrated dataset
(Fig. 4E). Based on previously identified hippocampal gene markers
[25], these 17 clusters represented nine cell types. As expected, the
vast majority of cells were granule cells (Ext: 57.23%; No Ext:
65.22%), although the other canonical cell types (e.g., interneurons,
oligodendrocytes, astrocytes, microglia, etc.) were identified as well.
In concordance with the immunohistochemistry results above
(Fig. 1E–J), the number of granule cells that express c-Fos, Arc, and/
or YFP mRNA did not differ between treatment groups (Fig. 4B, C;
χ2 < 1, p > 0.25 in all cases), nor did the number of putative
extinction ensemble cells (i.e., neurons that expressed Arc but not
YFP mRNA; Fig. 4D). Note that less than 2% of granule cells

expressed c-Fos, while more than 7% of granule cells expressed Arc
(a ca. 3.5-fold difference). This is in marked contrast to our
immunohistochemistry results, where the difference was only 1.5-
fold (see Fig. 1F, I). While it is speculative at this point, it is
conceivable that granule cell c-FosmRNAs are quickly moved out of
the nucleus upon stimulation and may thus not be as readily
detectable by single nucleus mRNA-seq. Interestingly, in contrast to
our immunohistochemistry results, extinction training did not
reduce the fraction of YFP mRNA+ granule cells that co-expressed
Arc mRNA (χ2 < 1, p > 0.25; Fig. 4B). We also examined levels of Arc
mRNA expression in YFP+ cells (Supplementary Fig. 1), which did
not differ significantly between Ext and No Ext groups (t test:
p= 0.12).

Cells activated by extinction training exhibit specific transcriptomic
signatures. We have previously shown that extinction training
not only suppresses the reactivation of fear ensemble cells but
also activates a second set of cells, the putative extinction
ensemble [6]. However, little is known about the molecular
identity of extinction ensemble cells or how extinction suppresses
fear ensemble activity. Our dataset enabled us to investigate the
transcriptomic response to extinction training at single-cell
resolution. We first re-clustered all granule cells and found that

Fig. 2 Triple labeling reveals that extinction suppresses co-expression of Arc and Fos in YFP+ fear neurons in DG. A Coronal section
displaying the representative location of imaging and cell counts. The blue box identifies where representative images (in B) were taken. B.
Representative micrographs of YFP+, Arc+, and Fos+ immunofluorescence in tissue processed for all three antigens. C There was no
significant difference between groups in the density of cells expressing Arc+ alone, Fos+ alone, or co-expressing Arc+/Fos+. However, the
overall density of cells co-expressing Arc+ and Fos+ was significantly higher than the density of cells expressing either IEG alone. D Extinction
training suppressed co-expression of Arc and Fos in YFP+ fear neurons but not reduce the percentage of YFP+ cells expressing only Arc or
only Fos. *** p < 0.001.
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both No Ext and Ext groups contained a similar inventory of these
cells (412 vs. 419 cells, respectively; Fig. 5A). Next, we compared
the overall gene expression profiles of the two treatments for
those granule cells that expressed Arc in the absence of YFP
mRNA, a cell population that might contain extinction ensemble
neurons. We found 1729 DEGs in these putative “extinction
neurons” between Ext and No-Ext samples (Fig. 5B; Supplementary
Data 1), which were significantly enriched for genes associated
with neurodegenerative diseases, among other functions (Supple-
mentary Fig. 2). Interestingly, APOE, a gene that encodes
apolipoprotein E, was strongly overexpressed in the Ext group,
consistent with previous research showing that APOE dysfunction
impairs fear extinction [26, 27]. We next examined the transcrip-
tome differences in YFP+/Arc− granule cells (n= 399 total)
between Ext (n= 198) and No-Ext (n= 201) groups, based on
the rationale that this comparison might yield additional insight
into how extinction suppresses reactivation. The comparison
yielded 397 DEGs (pad < 0.05, fc ≥ 0.2, as described in the Methods;
Supplementary Data 2). As the GO analysis in Supplementary
Fig. 3 shows, the affected processes are largely related to synaptic
activity and synapse organizing, which are significantly increased
in the No Ext condition.
We then asked whether we could identify a unique neuron

subtype in the Extinction treatment that could be indicative of a

fear extinction ensemble. To achieve this, we extracted putative
extinction ensemble cells (YFP-/Arc+) from both groups (Ext: 419;
No Ext: 412) and re-clustered them. Strikingly, this analysis
revealed a distinct cluster (cluster 3) of the putative extinction
ensemble (Fig. 5A inset): 35 of 39 (90%) of the cells in this cluster
came from mice in the Ext group (FDR-adjusted p < 0.05 and mean
log2-fold enrichment >1). Although a differential gene expression
analysis was not possible due to a lack of power, given this
imbalance in cell numbers, we identified the top 20 marker genes
for this cluster (Supplementary Table 1). Of note, 3 of the top 5
marker genes have previously been associated with fear/anxiety-
and stress-related functions in the hippocampus. Overall, 7/10 (11/
20) top marker genes of this cluster have been linked to
hippocampal function. None of the other clusters of extinction-
activated cells differed significantly between the experimental
groups. Because of the 9:1 ratio of cells between treatments in this
cluster, it was unfortunately not possible to reliably identify DEGs
for these putative extinction ensemble cells. However, GO analysis
revealed that the cluster 3 cells were enriched for genes involved
in synaptic functions (Supplementary Fig. 4).

Secretogranin II (scg2) is a candidate for mediating the suppression
of the contextual fear ensemble cells during extinction training. To
gain a deeper understanding of the mechanisms underlying the

Fig. 3 Extinction suppresses reactivation of YFP+ fear neurons in dorsal but not ventral CA1. A Coronal sections displaying (in green) the
area from which CA1 counts were taken. The blue box identifies where representative images (in B) were taken. B Representative images of
Fos+ and YFP+ immunofluorescence in the ventral CA1. C There were no differences in CA1 YFP+ cell density between mice in the Ext and
No Ext group. In both groups, dorsal CA1 had a higher density of YFP+ cells than ventral CA1. D There was no effect of extinction training or
region of CA1 on Fos+ cell density. E In dorsal CA1, mice in the Ext group had significantly fewer fear ensemble cells reactivated (YFP+/Fos+)
at final recall as compared to mice in the No Ext group. This effect was not present in the ventral CA1. In both the Ext and No Ext group, more
neurons were reactivated at recall in the ventral than dorsal CA1. *** p < 0.001.
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suppression of fear ensemble cells by extinction training, it is
critical to examine the transcriptional heterogeneity associated
with extinction training. Possibly due to the mRNA expression
kinetics of c-Fos [28], only a small number of granule cells
expressed this IEG in our snRNA-seq dataset, and even fewer co-
expressed YFP and c-Fos. However, we found that 38 granule cells
co-expressed YFP and Arc (Ext: 18; No Ext: 20) in our dataset and
identified 369 DEGs in these putative “reactivated fear neurons,”
including known targets of c-Fos (Fig. 5D; Supplementary Data 3).
One such target is Scg2 [29], which encodes the protein
secretogranin II and its peptide metabolites. Scg2 was highly
overexpressed in these putative reactivated fear ensemble cells
after fear extinction learning. Although the number of these
reactivated fear neurons was small, 12 of 18 (66.7%) of these cells
expressed Scg2 in the Ext animals, while only 25% (5 of 20) of
these cells did in the No Ext treatment (χ2= 6.653, p= 0.0099).
Because this result was close to the statistical detection

threshold of our dataset (see Methods), we repeated this analysis
in the much larger population of YFP-expressing fear ensemble
cells from both treatments (Ext: 216; No Ext: 221) and identified
1418 DEGs (Fig. 5C; Supplementary Data 4), among them Scg2 and
Apoe. These DEGs were enriched for pathways involved in synaptic
organization and plasticity as well as genes involved in neural
activity (Supplementary Fig. 5), consistent with the proposed role

of Scg2 in reorganizing inhibitory synaptic inputs in the
hippocampus [29]. Finally, to better understand the treatment-
specific impact of Scg2 on the fear ensemble cells, we compared
the gene expression profiles of all Scg2 expressing fear ensemble
cells between the two treatment groups (Ext: n= 108; No
Ext: n= 55) and identified 803 DEGs (Supplementary Data 5). In
line with the strong co-expression of Scg2 and Apoe in fear
acquisition neurons observed above, genes that were significantly
over-expressed in the Ext treatment group were enriched for
neurodegenerative disease genes, among other functions
(Supplementary Fig. 6).

DISCUSSION
In the present study, we first examined activity-dependent cell
tagging in ArcCreERT2::eYFP transgenic mice to indelibly label
cells activated following CFC to test how extinction training affects
the reactivation of fear ensemble cells. Our past research has
shown that extinction suppresses fear ensemble reactivation
in the DG as a whole [6], and here we first expanded on this
finding by examining whether the suppressive effect of extinction
extends across the dorsoventral axis of the DG. It has long been
theorized that the dorsal and ventral hippocampus serve
functionally distinct roles for learning and memory [30, 31]. Dorsal
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hippocampal damage is consistently more disruptive to spatial
tasks [32–35]. In contrast, ventral hippocampal damage/inhibition
primarily disrupts emotional processes [36–40]. The distinct input/
output connectivity [41] and gene expression profiles [42] of the
dorsal versus ventral hippocampus further support the idea of a
dorsoventral functional dichotomy. One might expect that
extinction of a contextual fear association should preserve activity
in cells encoding the spatial information about the context while
suppressing activity in cells encoding the emotional association.
That we see suppression of the fear ensemble across the
dorsoventral axis of the DG following extinction suggests that
both dorsal and ventral DG process information related to
emotional valence. Importantly, this suppressive effect was
observed with both Arc and c-Fos IEGs, lending credence to the
idea that the observed changes are robust and functionally
significant. It is also worth noting that while the effect of
extinction on reactivation was present in both the dorsal and
ventral DG, the scale of the effect was larger in the ventral DG. This

may suggest a more flexible representation of valence exists
within the ventral DG.
Next, we examined whether the suppressive effect of extinction

on fear ensemble reactivation would persist downstream of the
DG, in the CA1. In contrast to the DG, dorsal and ventral CA1
responded differently to extinction, with fear ensembles sup-
pressed by extinction in dorsal CA1 but not ventral CA1. The lack
of effect in ventral CA1 is surprising in light of the abundant
evidence linking ventral CA1 to emotional processing [43–46]. The
lack of extinction-mediated suppression in ventral CA1 may
suggest that this region generates a valence-free context
representation. Alternatively, ventral CA1 might generate a
contextual fear representation that is more durable than those
established elsewhere in the hippocampus, such that the ventral
CA1 representation persists through extinction. Further experi-
mentation will be needed to evaluate these ideas.
In our second experiment, we used a combination of activity-

dependent cell tagging in ArcCreERT2::eYFP transgenic mice and
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snRNA-seq to compare the transcriptomes of DG granule cells. We
further stratified our analysis based on whether cells had been
activated by fear conditioning, extinction/fear recall, or both.
Unlike our findings at the protein level, we did not observe an
extinction-induced suppression of Arc mRNA in fear neurons
identified by YFP mRNA expression. Although Arc mRNA and
protein were previously shown to exhibit correlated expression
after novel environment exposure [47], our results raise the
intriguing possibility that Arc mRNA and protein become
decoupled after extinction training, perhaps through regulation
of translational mechanisms.
In the snRNA-seq study, we discovered almost as many YFP-/

Arc+ cells in the No Ext treatment as in the Ext treatment (412 vs.
419). One might therefore ask which, if any, of these cells are part
of an emerging extinction ensemble. We speculate that the cells
that constituted the small cluster of YFP-/Arc+ expressing granule
cells that was almost exclusively limited to the Ext treatment
(“cluster 3”) may represent the stabilized extinction ensemble
present in the Ext group after 10 sessions of extinction training.
The remaining YFP-/Arc+ cells present in both treatment groups
could be in the process of being recruited into a newly forming
extinction ensemble (given that the retrieval test is also an
extinction trial). Alternatively, these cells could represent different
information in the two treatment groups. Characterizing these
cells in detail will require larger sample sizes.
Our analysis of mRNA expression in the wider population of DG

granule cells active at the fear learning time point (YFP+) showed
that in mice that had undergone extinction training, genes related
to synaptic reorganization were upregulated in the fear ensemble.
One such extinction upregulated gene is Scg2, which encodes the
protein secretogranin II (Scg2). Scg2 was of particular interested
due to recent work by Yap et al. [29], in which they demonstrate a
Scg2-dependent mechanism for reorganizing interneuronal inhi-
bitory inputs to hippocampal cells activated by environmental
stimuli. In this work, Yap and colleagues found that CA1 principal
cells activated after exposure to a novel environment subse-
quently displayed higher sensitivity to inhibition from neighboring
parvalbumin-expressing interneurons and lower sensitivity to
inhibition from cholecystokinin-expressing interneurons. This
effect was dependent on Scg2 expression within the affected
CA1 principal neurons, demonstrating a role for Scg2 in
modulating the strength of inhibitory connections onto hippo-
campal neurons in an experience-dependent manner. The
observed increase in Scg2 expression in the fear ensemble of
extinguished mice suggests that Scg2 may play a similar role in
strengthening inhibitory inputs to the fear ensemble following
extinction. Notably, we also observed overexpression of the Scg2
gene in the sparse number of DG fear ensemble cells that were
reactivated in the Ext group. This suggests that Scg2-mediated
inhibitory strengthening remains ongoing throughout the extinc-
tion process even in extinction-resistant fear ensemble cells.
Finally, targeted comparison of Scg2-expressing granule cells
between treatment groups revealed that in the Ext treatment,
Alzheimer’s disease genes showed increased expression. This
finding may suggest shared mechanisms between Scg2-mediated
fear extinction and neurodegenerative diseases. In line with this
idea, a number of studies have demonstrated impaired fear
extinction in both humans with [48] and rodent models of
Alzheimer’s disease [49–51].
Another notable mRNA that was upregulated in our extinction

group was APOE. We observed APOE upregulation in both the fear
ensemble (YFP+ cells) and the extinction ensemble (YFP-, Arc+
cells) of extinction-trained mice. APOE is translated into apolipo-
protein E (ApoE), a lipoprotein which—along with ApoJ – is one of
the primary mediators of cholesterol transport in the central
nervous system [52–54]. There is intriguing prior evidence linking
APOE to fear extinction learning. For example, mice that received
targeted replacement of the endogenous mouse APOE gene

sequence for the altered human sequence encoding for the APOE2
isoform allele – but not the APOE4 or APOE3 isoforms – fail to
show extinction after fear conditioning [26, 27]. Additionally,
military veterans who are carriers of the APOE2 isoform are
significantly more susceptible to PTSD compared to those who
produce other APOE isoforms [27, 55, 56]. The biological
mechanisms underlying this impairment in extinction learning in
individuals with the APOE2 genotype remain unknown, but might
relate to the unusually low binding affinity of APOE2 to low-
density lipoprotein receptors [57, 58]. Low-density lipoprotein
receptor knockout mice display learning and memory impair-
ments on a variety of spatial tasks [59–61] and decreased
neurogenesis and synaptic bouton density within the hippocam-
pus [62]. The failure of ApoE2 to properly bind to and activate
these receptors may result in similar deficiencies. Additional
research is needed to understand the role of APOE and other
Alzheimer’s risk genes in normative hippocampal learning and
memory processes.
At this point we do not know whether the gene expression

patterns we observed were induced by extinction or other
behavioral manipulations, or whether they reflect pre-existing
differences among distinct cell types or subtypes. Although DG
granule cells are typically thought to comprise a single-cell type,
single-cell expression studies have revealed unexpected func-
tional heterogeneity among granule cells [63]. Similarly, in ventral
CA1/subiculum, unique transcriptional signatures are associated
with different input and output projections of pyramidal neurons
[64, 65]. It is thus conceivable that DG fear and extinction neurons
can be differentiated prior to learning based on their transcrip-
tional profile, input/output projections, and/or other properties.
Our results should be interpreted with two important limitations

in mind. One is that experimental groups exhibited different
behavior, and these behavioral differences (freezing versus
mobility), rather than the underlying mental states (fear versus
suppression of fear) could conceivably have induced some of the
transcriptional patterns we observed. A second limitation is that we
cannot, in the current study, rule out spontaneous representational
drift as a cause of the transcriptional and IEG expression changes we
observed. Studies in the hippocampus and sensory cortex show
that ensemble representations can evolve over repeated exposures
to the same place or sensory stimulus [66, 67]. Such drift in
hippocampal representations might explain why fear neurons were
suppressed in mice that underwent extinction training. However,
our previous results discount this explanation. Specifically, we found
in Lacagnina et al. [6] that extinction training suppressed fear
neurons, but this suppression was alleviated during spontaneous
recovery 28 days after extinction. If the suppression were caused by
drift, one would not expect to see fear neuron activity reemerge
during spontaneous recovery. Although this suggests that
extinction-induced suppression of fear neurons was not caused
by representational drift, it remains possible that drift contributed to
the transcriptional changes we observed.

CONCLUSION
Together, our findings demonstrate that extinction learning
suppresses reactivation of neurons encoding fear associations
throughout a variety of hippocampal subregions. This suppression
is present across the dorsoventral axis of the hippocampus, with
the possible exception of the ventral CA1 fear ensemble. The
process of extinction learning also appears to preferentially
activate genes that facilitate the development and formation of
new synapses, suggesting that the cells recruited in the extinction
ensemble actively remap their connectivity in response to
extinction learning. Further investigation into the mechanisms
driving the formation of an effective extinction ensemble could
provide clues as to how dysfunction in the fear learning system
arises and how it may be treated.
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