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Abstract
The MAP kinase ERK is important for neuronal plasticity underlying associative learning, yet specific molecular pathways 
for neuronal ERK activation are undetermined. RapGEF2 is a neuron-specific cAMP sensor that mediates ERK activa-
tion. We investigated whether it is required for cAMP-dependent ERK activation leading to other downstream neuronal 
signaling events occurring during associative learning, and if RapGEF2-dependent signaling impairments affect learned 
behavior. Camk2α-cre+/-::RapGEF2fl/fl mice with depletion of RapGEF2 in hippocampus and amygdala exhibit impairments 
in context- and cue-dependent fear conditioning linked to corresponding impairment in Egr1 induction in these two brain 
regions. Camk2α-cre+/-::RapGEF2fl/fl mice show decreased RapGEF2 expression in CA1 and dentate gyrus associated with 
abolition of pERK and Egr1, but not of c-Fos induction, following fear conditioning, impaired freezing to context after fear 
conditioning, and impaired cAMP-dependent long-term potentiation at perforant pathway and Schaffer collateral synapses 
in hippocampal slices ex vivo. RapGEF2 expression is largely eliminated in basolateral amygdala, also involved in fear 
memory, in Camk2α-cre+/-::RapGEF2fl/fl mice. Neither Egr1 nor c-fos induction in BLA after fear conditioning, nor cue-
dependent fear learning, are affected by ablation of RapGEF2 in BLA. However, Egr1 induction (but not that of c-fos) in 
BLA is reduced after restraint stress-augmented fear conditioning, as is freezing to cue after restraint stress-augmented fear 
conditioning, in Camk2α-cre+/-::RapGEF2fl/fl mice. Cyclic AMP-dependent GEFs have been genetically associated as risk 
factors for schizophrenia, a disorder associated with cognitive deficits. Here we show a functional link between one of them, 
RapGEF2, and cognitive processes involved in associative learning in amygdala and hippocampus.
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Introduction

The events associated with neuronal synaptic transmission 
are now relatively well understood [1], while the neurotrans-
mission-associated molecular changes required to enable 
experience-based learning and memory remain to be fully 
explored and put into a coherent cellular model [2, 3]. Neu-
rons contain ‘cognitive kinases’ that respond to the second 
messengers calcium and cyclic AMP to allow induction of 
immediate early genes (IEGs) and synaptic potentiation, two 
processes through which cellular plasticity, and the encod-
ing of experience as learning and memory, occurs [4, 5]. 
Cyclic AMP, in particular, mediates neuronal changes linked 
to altered synaptic function [6] and subsequent behavior 
responses [2, 7]. Neurotransmitters such as catecholamines 
and serotonin cause cAMP elevation via ligand-activated 

Sunny Zhihong Jiang and Meishar Shahoha have equal contribution 
to this report.

 * Uri Ashery 
 uriashery@gmail.com

 * Lee E. Eiden 
 eidenl@mail.nih.gov

1 Section On Molecular Neuroscience, NIMH Intramural 
Research Program, 9000 Rockville Pike, Building 49, Room 
5A38, Bethesda, MD 20892, USA

2 School of Neurobiology, Biochemistry and Biophysics, 
George S. Wise Faculty of Life Sciences, and Sagol School 
of Neuroscience, Tel Aviv University, Sherman Building Rm 
719, Ramat Aviv, 69978 Tel Aviv, Israel

3 Unit on Neuromodulation and Synaptic Integration, 
NIMH-IRP, Bethesda, MD, USA

4 Microarray Core, NHGRI-IRP, Bethesda, MD, USA

http://crossmark.crossref.org/dialog/?doi=10.1007/s00018-023-04999-y&domain=pdf
http://orcid.org/0000-0001-6338-7888
http://orcid.org/0000-0001-7524-944X


 S. Z. Jiang et al.   48  Page 2 of 18

guanine nucleotide exchange factors (GPCRs) coupled to 
 Gs. Cyclic AMP can also act as a third messenger in neu-
rons, after calcium-dependent adenylyl cyclase activation 
triggered by neuronal depolarization [8].

Protein kinase A is the major protein kinase activated by 
cAMP [9–11], with CREB as its downstream effector for 
several forms of synaptic plasticity [2, 12]. The MAP kinase 
ERK also has a critical role in neuronal plasticity, but how it 
is activated by cAMP is unclear [13, 14]. Attempts to define 
the cAMP-initiated pathways leading to ERK and CREB 
signaling are illustrated in seminal reports on the role(s) of 
Rap and PKA in mediating ERK-dependent aspects of long-
term potentiation (LTP) important for hippocampal-depend-
ent memory tasks [15, 16]. Several other protein kinases 
[13, 17–21] have been linked to various types of LTP [22] 
considered to be intercellular mechanism(s) for encoding 
associative memory [23]. Forging the key molecular links 
between cAMP and ERK signaling, given the apparent cen-
trality of both for associative learning in rodents underlying 
spatial memory and fear conditioning [24], is an important 
problem in neurobiology.

The discovery of two guanine nucleotide exchange fac-
tors (GEFs), Epac1 and Epac2, that respond to cAMP by 
activation of the small GTPase Rap, seemed to provide a 
PKA-independent pathway for activation of ERK via cAMP 
[25–27], but further analysis revealed that Epac does not 
activate ERK [28]. Subsequently, however, a neuron-specific 
GEF, RapGEF2, was identified as a cAMP effector that pref-
erentially activates ERK in neuroendocrine cells [29, 30].

A signaling matrix in which cAMP activates cognitive 
kinases through parallel PKA-dependent and PKA-inde-
pendent pathways is an attractive construct for better under-
standing the molecular events controlling neuronal plasticity. 
For example, dopamine signaling through the D1  GsPCR 
activates both CREB and ERK phosphorylation in D1 dopa-
minoceptive neurons [31], and eliminating RapGEF2 from 
D1 medium spiny neurons of the nucleus accumbens curtails 
cocaine-induced locomotor sensitization and conditioned 
place preference [32], the latter known to require ERK 
signaling [33]. RapGEF2 is also implicated in development 
of neuronal maturation [34], and in Rap signaling involved 
in synaptic plasticity in hippocampal dendritic spines [35], 
although its function in cAMP-dependent memory and 
learning processes has never been addressed.

In this report, we explore the role of neuronal RapGEF2 
in aversive associative memory formation during cue- and 
context-dependent fear conditioning (FC), by comparing 
IEG induction and ERK activation in hippocampus and 
amygdala, and subsequent freezing behavior, in wild-type 
and Camk2α-cre+/-::RapGEF2fl/fl mice. RapGEF2 expression 
is ablated in excitatory neurons of hippocampus and amyg-
dala in these mice. The effects of RapGEF2 ablation in CA1 
and dentate gyrus on long-term post-synaptic potentiation, 

in both the Schaffer collateral and perforant pathways, were 
compared to effects of RapGEF2 ablation on IEG induction 
in both hippocampus and amygdala. Effects of RapGEF2 
ablation on IEG induction in amygdala were examined in 
both cue and context-associated FC, and in FC augmented 
with restraint stress. The data obtained argue for considera-
tion of RapGEF2 as a cAMP sensor required for neuronal 
signaling in hippocampus and amygdala that mediates the 
pairing of conditioned and unconditioned stimuli required 
for associative learning.

Results

Ablation of RapGEF2 protein expression 
in hippocampal CA1 and DG

A Camk2α-cre+/-::RapGEF2fl/fl mouse line [31] previously 
shown to exhibit RapGEF2 deletion in cortical and amyg-
dalar excitatory neurons was employed [32]. RapGEF2 pro-
tein expression is also ablated in mouse hippocampus in 
an age-dependent manner. RapGEF2 immunostaining was 
reduced ~ 50% in hippocampal CA1, but not in DG or CA3, 
at postnatal age 5 weeks in Camk2α-cre+/-::RapGEF2fl/fl 
(cKO) mice (Fig. 1a, left panel) and largely eliminated in 
both CA1 and DG areas by age 10 weeks (Fig. 1a, right 
panel and b), with 11.83 ± 4.28% remaining in CA1 and 
11.43 ± 2.68% remaining in DG of cKO hippocampus 
based on quantitative immmunostaining. No reduction was 
observed in the CA3 region. Similar results were obtained 
by Western blot using protein lysates from subregions of 
the hippocampus (Fig. 1c, left panel). Only 18.13 ± 3.75% 
of RapGEF2 protein remained in CA1 and 21.03 ± 5.63% 
remained in DG in cKO hippocampus (Fig. 1c, right panel). 
Camk2α-cre+/-::RapGEF2fl/fl mice older than 10 weeks also 
showed RapGEF2 knock-down in basolateral amygdala but 
not central amygdala (Fig. 1d; 10.85 ± 1.39% of RapGEF2 
protein remaining in BLA of cKO compared to WT mice).

Contextual fear memory consolidation is impaired 
following RapGEF2 protein ablation in hippocampus

Mice were subjected to serial behavioral tests to assess 
effects of RapGEF2 ablation on behaviors unrelated to 
learning and memory: home cage monitoring (Figure S1a), 
elevated zero maze (Figure S1b), open field (Figure S1c) 
and rotarod tests were performed (Figure S1d). Camk2α-
cre+/-::RapGEF2fl/fl (cKO) did not show differences from 
 RapGEF2fl/fl control mice in locomotor activity, exploration, 
anxiety, or balance and motor coordination. The Patterned 
Barnes Maze (PBM) was used to examine hippocampus-
dependent spatial learning and memory (Figure S1e ~ S1h 
and Figure S2a). cKO and flox controls showed similar 
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Fig. 1  Ablation of RapGEF2 protein expression in hippocampal CA1, 
DG and BLA. a Representative immunohistochemical images with 
RapGEF2 antibody (NNLE-2) for hippocampal subregions (CA1, 
DG and CA3) from flox and cKO mice at 5-weeks old (left panel) 
and 10 ~ 20 weeks old (right panel). Scale bar: 100 µm. b RapGEF2 
immunoreactive (IR) signals in hippocampal CA1, DG and CA1 
from cKO mice (10 ~ 20 weeks old) were quantified with NIH Image 
J and compared to RapGEF2 IR signals from flox mice. The result 
indicated a significant reduction in RapGEF2 levels in the CA1 and 
DG hippocampal subregions, but not in the CA3 subregion. N = 4 ~ 5 
for animal number in each group. Student’s t-test for each region, 

**p < 0.001. c Western blots using protein lysates from hippocam-
pal subregions of flox and cKO mice showed similar results that 
RapGEF2 was downregulated in CA1 and DG. N = 3 ~ 7 for animal 
number in each group, Student’s t-test for each region, **p < 0.001. 
d RapGEF2 immunoreactive (IR) signals in Amygdala from flox and 
cKO mice (10 ~ 20  weeks old) showed that RapGEF2 expression in 
BLA was significantly reduced in BLA, but not in CeA. Quantative 
assessment of RapGEF2 levels in BLA of wild-type and Camk2α-
cre+/-::RapGEF2fl/fl mice has been previously reported (see Fig. 4B in 
[32])
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learning curves (Figure S1f) and similar time to locate the 
target hole in the probe trial (Figure S1f ~ S1h), indicat-
ing normal locomotor activity, exploration, balance and 
motor coordination, and spatial navigation and memory, in 
RapGEF2 cKO mice.

Contextual fear conditioning is hippocampus-depend-
ent, while both contextual and cued fear conditioning 
require the BLA [36, 37]. To test for deficits in contextual 
and/or cued FC in RapGEF2-deficient mice, FC proce-
dures were conducted with both contextual and auditory 
components, with mice learning to associate a tone (85 dB, 

3 kHz, 30 s, co-terminated with foot shock) with an elec-
tric foot shock (0.5 mA, 2 s), within a specific training 
chamber (context) (Fig. 2a, S2b). Contextual fear memory 
was tested 24 h after fear conditioning by measuring freez-
ing in training or novel chambers (Fig. 2b, S2b). Both 
floxed and cKO mice could distinguish between training 
and novel contexts. However, cKO mice showed signifi-
cant reduction in freezing in the training context compared 
to controls. Although RapGEF2 is ablated in BLA in cKO 
mice [31, 32] (Fig. 1d), they had no deficits in cued fear 
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memory when tested 24 h after fear conditioning (Fig. 2c). 
Attenuation of contextual freezing 24 h after FC in cKO 
mice was not due to impaired acquisition or retrieval of 
memory, as contextual freezing 3 h after conditioning was 
unaffected (Fig. 2d). Floxed and cKO mice showed similar 
freezing levels immediately after foot-shock during FC 
(Fig. 2e) and similar latency in a hot plate test (Fig. 2f), 
suggesting no differences in pain sensitivity between the 
two groups. In summary, hippocampus-dependent contex-
tual fear memory consolidation was selectively impaired 
in Camk2α-cre+/-::RapGEF2fl/fl mice. This effect is selec-
tive for fear memory, as performance in the Barnes maze, 
another hippocampus-dependent task, was unaffected.

ERK activation in hippocampus during fear 
conditioning (FC) is RapGEF2‑dependent

RapGEF2 is a cAMP sensor/effector linking Gs-coupled 
GPCR signaling to ERK in adult neurons and neuroendo-
crine cells [31, 38–40]. It has been previously demonstrated 
that phospho-ERK induction in hippocampus occurs during 
shock associated with context, but not in animals exposed 
only to the context, nor in animals shocked immediately 
without contextual paired experience [21, 41]. To investigate 
whether RapGEF2 contributed to contextual fear memory 
consolidation via ERK signaling, hippocampal CA1 and DG 
sections were collected from floxed control and cKO mice at 
10, 30, or 60 min after FC, and immunostained with phos-
pho-ERK antibody (Fig. 2g). Sections from animals kept in 
the home cage (without fear conditioning, NFC) were used 
as controls. Floxed mice showed a significant increase in 
phospho-ERK in CA1 at 10 min or 30 min following FC, 
returning to home cage control levels at 60 min. cKO mice 
showed attenuation of phospho-ERK activation 10 min or 30 
after FC (Fig. 2h). Similarly, cKO mice showed attenuation 
of phospho-ERK activation in DG at 10 or 30 min following 
FC compared to floxed control mice (Fig. 2i). Western blots 
with tissues collected from hippocampal CA1 or DG 30 min 
after fear conditioning also demonstrated that ERK activa-
tion in hippocampal CA1 and DG during FC is RapGEF2-
dependent (Fig. 2j and k).

Basal synaptic properties and short‑term plasticity 
are intact in Camk2α‑cre+/‑::RapGEF2fl/fl mice 
in the Schaffer collateral and the medial perforant 
pathways

RapGEF2-dependent signaling may modify hippocam-
pal synaptic function essential for contextual fear con-
ditioning. To determine this, we utilized ex vivo slice 
electrophysiology, focusing on two primary hippocam-
pal synapses: the CA3-CA1 Schaffer collateral pathway 
(SC) synapse, and the medial perforant pathway (MPP) 
entorhinal cortex to DG synapse. Both exhibit robust syn-
aptic plasticity and are implicated in fear-related memory 
generation in contextual FC procedures. We first gener-
ated input–output (I/O) curves measuring the relationship 
between the amplitude of the fiber-volley trace and the 
amplitude of the resulting electrically-evoked fEPSP at 
SC and MPP synapses. Neither the EPSP amplitudes not 
the fiber-volley were significantly different from controls 
for either SC (Fig. 3a) or MPP synapses (Fig. 3l), indicat-
ing similar baseline synaptic efficacies in cKO and floxed 
control mice. Changes in short-term plasticity (STP) are 
indicative of presynaptic properties such as neurotransmit-
ter release probability  (Pr). We tested effects of RapGEF2 
deletion on  Pr and short-term plasticity (STP) in the SC 

Fig. 2  Camk2α-cre+/-::RapGEF2fl/fl (cKO) mice show deficit in consoli-
dation of contextual fear memory. a–f Consolidation of contextual fear 
memory was impaired in Camk2α-cre+/-::RapGEF2fl/fl mice. The scheme 
of a fear conditioning test used for cKO and flox control mice (a). cKO 
mice showed impaired contextual memory to the training context, not 
novel context, 24 h later compared to controls (b). However, both flox 
and cKO mice showed normal levels of freezing during the tone presen-
tation in a non-training context when memory was retrieved 24 h after 
conditioning (c). Two-way ANOVA following by post hoc Bonferroni 
t-test, **p < 0.001. N = 22 for animal number of flox mice, N = 21 for 
animal number of cKO mice. Contextual freezing 3  h after the condi-
tioning was similar between cKO and flox mice, suggesting acquisition 
and retrieval of memory was not affected in cKO mice (d). Two-way 
ANOVA following by post hoc Bonferroni t-test, **p < 0.001. N = 14 
for animal number of flox mice, N = 18 for animal number of cKO mice. 
Flox and cKO mice showed similar freezing level immediately after foot-
shock during fear conditioning (e, N = 36 for flox mouse number, 39 for 
cKO mouse number) and similar latency in a hot plate test (f, N = 19 ~ 26 
for animal number in each group), suggesting no differences in pain sen-
sitivity between two groups. g–k ERK activation in hippocampus during 
fear conditioning is RapGEF2-dependent. The Experimental procedure 
to examine ERK activation after fear conditioning (g). Representative 
images of phospho-ERK staining (in red) in hippocampal CA1 pyrami-
dal cell layer (h, panels on the left) or hippocampal DG granule cell layer 
(i, panels on the left) of flox and cKO mice 10 min (FC10 min) or 30 min 
(FC 30 min) or 60 min (FC 60 min) after fear conditioning or without 
fear conditioning (NFC). Scale bar: 50  µm. Immunoreactive (IR) sig-
nals of phospho-ERK in the CA1 or DG of flox and cKO mice at differ-
ent time points after fear conditioning were quantified by NIH Image J 
using the mean gray values of integrated density after being converted to 
gray scale; then compared to average value from mice in the home cage 
(NFC) to obtain “Relative IR of phospho-ERK” (h and i, panels on the 
right). N = 3 ~ 5 for animal number in each group. Two-way ANOVA fol-
lowing by post hoc Bonferroni t-test, *p < 0.05; **p < 0.001. Phospho-
ERK activation in hippocampal CA1 and DG were also quantified with 
western blot (j and k). Hippocampal CA1 or DG were dissected out 
from flox or cKO mice 30 min post fear conditioning (FC) or without 
fear conditioning (NFC). Protein lysates were subjected to western blots 
with phospho-ERK, pan-ERK and GAPDH antibodies. N = 4 for animal 
number in each group. Protein bands from western blots were quantified 
using imageJ and GAPDH protein served as internal controls to normal-
ize the loading. Phospho-ERK IR from different groups was compared to 
average value from flox mice in the home cage (NFC), to obtain “Rela-
tive IR of phospho-ERK”. Two-way ANOVA following by post hoc 
Bonferroni t-test, *p < 0.05; **p < 0.001

◂
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and MPP synapses. There were no genotype-dependent 
differences in paired-pulse ratios (PPR) obtained at dif-
ferent inter-spike intervals (ISIs used; 10, 20, 50, 100 and 
200 ms), suggesting similar basal  Pr in cKO and floxed 
controls (Fig. 3b and m). We also tested the facilitation 
pattern associated with a burst of four stimuli given with 
an ISI of 40 ms. Significant facilitation or depression 
are seen following such stimulation in the SC and MPP, 
respectively. Consistent with the aforementioned results, 

cKO and floxed controls showed a similar burst facilita-
tion/depression pattern (Fig. 3c and n). Finally, we com-
pared PPR values measured during the baseline phase of 
the above experiments and found no significant differences 
between cKO and floxed control mice (Fig. 3d and o). 
Thus, cKO and floxed control mouse hippocampus appear 
identical in their basal synaptic and short-term plasticity 
properties.

Fig. 3  Comparison of short-term plasticity properties between 
Camk2α-cre+/-::RapGEF2fl/fl and WT mice. Results are shown sym-
metrically for the SC (a–k) and MPP (l–v) pathways. a and l Input/
Output (I/O) curves obtained from  RapGEF2fl/fl (blue trace) and 
Camk2α-cre+/-::RapGEF2fl/fl (red trace) mice. N = 8 slices, 4 mice per 
group. p > 0.05 for SC and MPP. b and m Results from a compari-
son of PPR values at different inter-spike intervals (ISIs). N = 7–11 
slices, 4–6 mice, per group. Two-way repeated-measures ANOVA, 
p > 0.05. c and n Facilitation pattern that results from a burst of 
4-stimulations given at 25 Hz. N = 7–11 slices, 4–6 mice, per group. 
Two-way ANOVA, p > 0.05. d and o A summary of the baseline PPR 
values obtained during subsequent experiments presented in e and p. 
ISI = 40 ms. N = 9–14 slices, 5–7 mice, per group. Two-way ANOVA, 
p > 0.05. e and p fEPSP slopes measurements before and after Fsk 
application. Results are shown for the two experimental groups; 
Camk2α-cre+/-::RapGEF2fl/fl  (red) and their WT littermates (blue). 
N = 4–10 slices, 3–5 mice per group. Two-way repeated-measures 
ANOVA, p = 0.0174 (SC) and p = 0.0371 (MPP). f and q Summary 

results of fEPSP slopes show a significant impairment of Fsk-induced 
potentiation in slices obtained from Camk2α-cre+/-::RapGEF2fl/fl ani-
mals, unpaired student’s t-test, p = 0.001 (SC), p < 0.01 (MPP). g and 
r Representative traces of fEPSPs before (faint color) and 40  min 
after (bold color) Fsk administration for WT (blue) and Camk2α-
cre+/-::RapGEF2fl/fl (red) conditions. h and s Results from comparing 
WT (floxed) slices that were applied with Fsk only, and slices that 
had a prior preincubation with U0126 (20 µM), and then applied with 
Fsk, show a significant decrease in potentiation. Unpaired student’s 
t-test, p = 0.01236 (SC), p = 0.0055 (MPP). i and t PPR measurements 
show no change in PPR values following Fsk administration in the SC 
pathway. On the other hand, similar measurements in the MPP show 
slight decrease in PPR values to a similar degree across genotypes. 
Two-way repeated-measures ANOVA, p > 0.05). j and u PPR mean 
values 40 min after Fsk application for the two experimental groups. 
k and v Representative traces of paired-pulse recordings before (faint 
color) and 40 min after (bold color) Fsk administration for WT (blue) 
and Camk2α-cre+/-::RapGEF2fl/fl (red) conditions
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Camk2α‑cre+/‑::RapGEF2fl/fl mice have impaired 
Fsk‑induced SC‑LTP and Fsk‑induced MPP‑LTP

Since RapGEF2 is a cAMP sensor, we tested RapGEF2 
involvement in cAMP-dependent synaptic potentiation in 
SC synapses, comparing hippocampal slices obtained from 
Camk2α-cre+/-::RapGEF2fl/fl mice and their floxed litter-
mates for their ability to undergo Fsk-induced SC-LTP. After 
establishing a stable baseline of fEPSPs, Fsk was perfused 
into the recording chamber for five minutes, washed out 
using aCSF, and a subsequent 45 min of recording used to 
assess the effects of Fsk. Measurements of SC fEPSPs before 
and after Fsk application yielded a significant increase in 
fEPSP slopes following Fsk application in control slices, 
but not in cKO slices (Fig. 3e–g), implying that RapGEF2 
is necessary for Fsk-induced potentiation at the SC-CA1 
synapse. Furthermore, U0126 application abrogated Fsk-
induced potentiation in control slices, consistent with a 
shared molecular pathway RapGEF2 → MEK → ERK in 
Fsk LTP (Fig. 3h). This form of LTP was not accompanied 
by any change in PPR, suggesting that RapGEF2-dependent 
Fsk-LTP is expressed postsynaptically at the SC-CA1 syn-
apse (Fig. 3i–k).

The entorhinal cortex to granule cell (EC-DG syn-
apse) pathway through the medial perforant path (MPP) 
also exhibits postsynaptic LTP; is implicated in various 
cognitive behavioral tasks; and shows post-synaptic (DG) 
RapGEF2 reduction in Camk2α-cre+/-::RapGEF2fl/fl mice. 
Acute hippocampal slices obtained from either floxed con-
trol  (RapGEF2fl/fl) or cKO (Camk2α-cre+/-::RapGEF2fl/fl)  
littermates were used for extracellular field recordings 
from the MPP. While slices from floxed controls showed 
41.2 ± 6.94% increase in fEPSPs slopes compared to their 
baseline levels, which lasted for over 45 min (Fig. 3p–r), 
slices prepared from Camk2α-cre+/-::RapGEF2fl/fl mouse 
brains showed an initial increase in synaptic efficacy, which 
gradually decreased to significantly lower levels relative 
to floxed control mice (107.1 ± 10.38) after around 40 min 
(Fig. 3p–r). As at the SC synapse, floxed control hippocam-
pal slices exposed to U0126 during the entire recording 
showed reduction of Fsk-induced potentiation at the MPP 
synapse to levels seen in cKO mouse slices (Fig. 3s). In 
addition, we monitored changes in PPR by delivering a 
paired-pulse stimulation (ISI of 40 ms) via the stimulating 
electrode during these recordings. Application of Fsk was 
associated with a 10% decrease in the PPR in both floxed 
control and cKO mouse slices. These changes are consist-
ent with a small increase in presynaptic release probability 
elicited by Fsk as cKO slices showed similar PPR levels at 
the MPP synapse following Fsk application (Fig. 3t–v). Our 
results indicate a post-synaptic role for RapGEF2 in cAMP-
dependent LTP at both the SC and MPP synapses.

Differential dependency on RapGEF2 in fear 
conditioning‑induced immediate early gene 
activation

Immediate-early genes (IEGs), such as fos and egr1, have 
been widely used as molecular markers for neuronal acti-
vation in cell culture [42, 43] and in vivo ([44], and [32] 
and references therein), especially in the context of genetic 
manipulation of hippocampal function required for mem-
ory formation [45–48]. Neuronal ensembles encoding fear 
memory may simultaneously express various IEGs. How-
ever the extent to which IEG-positive ensembles overlap 
with each other, and whether they are regulated separately 
in the same neurons, remains unclear. Quantification of 
IEG expression in floxed control and cKO hippocampus 
and amygdala was carried out 1 h after fear conditioning 
(Fig. 4a). Fos was induced after fear conditioning (Fig. 4b 
and c) throughout CA1, DG and CA3 in the hippocampus, 
and in BLA. RapGEF2 ablation had no effect on Fos expres-
sion (Fig. 4b and c). Egr-1 expression was also induced 
by fear conditioning in hippocampal CA1 and DG, but in 
contrast to fos, was RapGEF2-dependent (Fig. 4d and e). 
No genotype-specific IEG effects were observed in CA3. 
No genotype effect was observed for Egr-1 expression in 
BLA (Fig. 4d and e). We were therefore able to confirm the 
involvement of hippocampus, but not the BLA, in medi-
ating the RapGEF2-dependent effects on contextual fear 
conditioning (but not cue fear conditioning), documented 
here. RapGEF2-dependent Egr-1 induction, but not c-Fos 
induction, after fear conditioning suggests that parcellated 
signaling pathways are involved in IEG induction. Taken 
together with the data presented in the previous section, 
these results strengthen the link between the involvement 
of RapGEF2 in Fsk-induced synaptic potentiation, and fear 
memory. Further characterization of fear conditioning induc-
tion of IEG mRNAs, by RNAscope with egr1 and fos spe-
cific probes, indicated significant upregulation of fos mRNA 
in hippocampal CA1 and DG within 30 min following fear 
conditioning (Fig. 4f). fos-positive neurons in CA1 or DG 
are exclusively egr-1 positive. 68% ± 11% of egr1-positive 
neurons were fos-positive in CA1, and 88% ± 7.7% of egr1-
positive neurons were fos-positive in DG (Fig. 4f). Thus, 
up-regulation of fos and egr1 largely occurs in the same neu-
ronal population(s) during fear conditioning. Furthermore, 
single-cell genomic analysis of wild-type mice (Figure S3) 
revealed that fos and egr1 activation after fear condition-
ing occurs almost exclusively in Camk2α positive neurons, 
i.e. the same population of neurons in which RapGEF2 is 
deleted in Camk2α-cre+/-::RapGEF2fl/fl (cKO) mice. These 
observations support our working hypothesis that IEG up-
regulation during fear conditioning is parcellated through 
separate cAMP-dependent signaling pathways, and that one 
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of them (Egr1) is RapGEF2 → ERK-dependent, and conse-
quential for associative learning.

RapGEF2 expression is ablated not only in CA1 and den-
tate gyrus of hippocampus, but also in basolateral amygdala 
(BLA) and mPFC in Camk2α-cre+/-::RapGEF2fl/fl (cKO) 

mice. However, there were no amygdala-associated impair-
ments in cue-dependent fear memory or FC (Fig. 2) or in FC-
associated IEG activation in Camk2α-cre+/-::RapGEF2fl/fl  
(cKO) mice (Fig. 4), compared to their RapGEF2-intact 
matched controls. Similarly, prominent induction of fos and 
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egr1 in mPFC associated with FC was unaffected by corti-
cal RapGEF2 deletion (i.e. in Camk2α-cre+/-::RapGEF2fl/fl  
(cKO) compared to flox (control) mice), suggesting that 
this signaling pathway is not involved in cortical contribu-
tions to FC despite the presence of RapGEF2 in cortical in 
addition to hippocampal and amygdalar excitatory neurons 
(Supplementary Figure S4a,b). Likewise, we used poten-
tial RapGEF2 dependence of IEG profile to test whether 
RapGEF2 signaling is required for memory recall, rather 
than formation/consolidation. We examined fos and egr1 
levels in hippocampus 24 h after FC, at the time of presen-
tation of the learned context for freezing (fear memory). We 
found no induction of Egr-1, and a robust induction of c-Fos, 
in hippocampus during memory recall; and found no differ-
ences between Egr-1 levels, or c-Fos induction, in Camk2α-
cre+/-::RapGEF2fl/fl (cKO) compared to flox (control) mice) 
at this time (Figure S4c,d).

Fear conditioning can be markedly modulated by stress, 
an effect associated with amygdalar circuitry [49], amyg-
dalar activation of ERK [50, 51], and potentially involv-
ing cAMP-dependent signaling [52]. Accordingly, we 
introduced an acute stress component into our fear condi-
tioning behavioral task. Animals received one hour acute 
restraint three hours before fear conditioning. Contextual 
fear memory was tested 24 h later by exposing mice to 
the training chamber or a novel chamber (Fig. 5a). Both 
floxed and cKO mice could distinguish between training 
and novel contexts. cKO mice showed reduced freezing 
compared to floxed controls when exposed to training con-
text (Fig. 5b), similarly to their impaired performance in 
context-related fear memory in the absence of restraint 
stress (Fig. 2). However, when tested for cue associa-
tion with shock following fear conditioning preceded by 
restraint stress, Camk2α-cre+/-::RapGEF2fl/fl (cKO) mice 
showed significantly less freezing than their floxed con-
trol counterparts during tone presentation (Fig. 5b), sug-
gesting that acute restraint stress prior to fear condition-
ing recruits a RapGEF2-dependent amygdalar circuit for 
cued-fear memory. These results offered the possibility to 
test whether ERK-dependent versus non-ERK-dependent 
IEG expression is also parcellated in cue-dependent FC 
in the amygdala, as for context-dependent FC and IEG 
expression in hippocampus. In BLA, phospho-ERK immu-
noreactivity increased most prominently at 30–60 min 
after FC (Fig. 5c). Brains were collected from Camk2α-
cre+/-::RapGEF2fl/fl (cKO) mice and their corresponding 
controls  RapGEF2fl/fl (flox) 30 or 60 min after FC, and 
in both restraint stressed and non-restraint stressed mice. 
Phospho-ERK levels in BLA were measured by IHC, 
and fos and egr1 mRNAs were detected and visualized 
by RNAscope (Fig. 5d). ERK activation in the BLA was 
induced equivalently in floxed and cKO mice after FC 
alone. However, ERK activation in the BLA that occurred 
when acute restraint stress was applied prior to FC was 
significantly blunted in cKO compared to floxed mice 
(Fig. 5e). Fos mRNA expression in BLA was upregulated 
in both fear conditioning paradigms (Fig. 5f and g). Fos 
mRNA levels 30 min after fear conditioning (FC30) were 
higher than fos mRNA levels at 60 min (FC60). In con-
trast, Egr1 mRNA induction induced by FC with prior 
restraint stress showed significant RapGEF2 dependency 
(Fig. 5f and g). Thus, no difference between cKO and 
floxed controls was detected in egr1 mRNA expression 
when the 1 h restraint was not applied prior to FC, but 
restraint stress recruited a dependency on RapGEF2 for 
egr1 mRNA induction in BLA (Fig. 5g). We also observed 
that upregulation of fos mRNA in BLA following fear con-
ditioning occurred only in neurons in which egr1 mRNA 
was also up-regulated (Fig. 5f).

Fig. 4  Differential dependency of RapGEF2 in fear conditioning-
induced immediate early genes activation in hippocampal CA1 and 
DG. a Experimental procedure to examine IEGs activation after fear 
conditioning. b Representative images of cFos immunostaining in 
hippocampal CA1, DG and CA3 and basolateral amygdala of flox 
and cKO mice that were sacrificed 1 h after fear conditioning (FC) or 
stayed in the home cage (NFC). Scale bar: 200 µm. Lower panels are 
images with higher magnification of the boxed areas in the upper pan-
els. c Quantification of cFos immunoreactivity in hippocampal subre-
gions and basolateral amygdala of flox and cKO mice indicated that 
fear-conditioning induced cFos increase in all these regions. Immu-
noreactive (IR) signals for c-Fos from different brain areas as indi-
cated were quantified by NIH Image J using the mean gray values of 
integrated density after being converted to gray scale. C-Fos IR from 
different groups was normalized to average value from flox mice in 
the home cage (NFC), to obtain “Relative IR of c-Fos”. No signifi-
cant difference was observed between flox and cKO mice. N = 3 ~ 6 
for animal number in each group. Two-way ANOVA followed by 
post hoc Bonferroni t-test, *p < 0.05, **p < 0.001. d Representative 
images of Egr-1 immunostaining in hippocampal CA1, DG and CA3 
and basolateral amygdala of flox and cKO mice after fear condition-
ing. Scale bar: 200  µm. Lower panels are images with higher mag-
nification of the boxed areas in the upper panels. e Quantification of 
Egr-1 immunoreactivity indicated that the fear-conditioning induced 
Egr-1 increase in CA1 and DG is RapGEF2-dependent. Immunore-
active (IR) signals for Egr-1 from different brain areas as indicated 
were quantified by NIH Image J using the mean gray values of inte-
grated density after being converted to gray scale. Egr-1 IR from dif-
ferent groups was normalized to the average value for flox mice in 
the home cage (NFC), to obtain “Relative IR of Egr-1”. cKO mice 
with RapGEF2 ablation in CA1 and DG showed attenuated Egr-1 
increase in CA1 and DG 1 h after fear conditioning, compared to flox 
mice. N = 3 ~ 6 for animal number in each group. Two-way ANOVA 
followed by post hoc Bonferroni t-test, *p < 0.05, **p < 0.001. f 
RNAscope with egr-1 (in red) and c-fos (in green) probes indicated 
that upregulation of c-fos mRNA in hippocampal CA1 and DG fol-
lowing fear conditioning occurred exclusively in the neurons with 
upregulation of egr-1 mRNA. Quantification of c-fos and egr-1 
mRNA in hippocampal CA1 and DG 30 min after fear conditioning, 
67.77% ± 10.92% of egr-1 positive neurons are cfos positive in CA1; 
87.89% ± 7.67% of egr-1 positive neurons are cfos positive in DG. 
N = 3 for animal number in each group. Scale bar: 100 µm (left pan-
els), 20 µm (right panels)

◂
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Discussion

An extensive literature supports a requirement for ERK in 
contextual conditioned fear learning mediated by the hip-
pocampal tri-synaptic pathway [12, 21, 24, 41, 53–55]. 
RapGEF2 signaling supports context-associated fear con-
ditioning, based on RapGEF2 dependence of learning-
associated ERK activation and Egr1 induction, cAMP-
dependent synaptic potentiation, and fear conditioning 
itself. Cue-associated fear conditioning augmented by stress 
(restraint), where a requirement for ERK is also documented 
[49–51], is also associated with RapGEF2-dependent ERK 

activation and Egr-1 induction in the amygdala, and is itself 
also impaired in RapGEF2 cKO mice.

Synaptic potentiation has long been invoked as a potential 
mechanism underlying associative learning [56, 57]. Its cel-
lular and molecular properties have been studied extensively 
both in vivo and ex vivo [56]. Long term synaptic potentia-
tion (LTP) may be elicited by elevation of cAMP [2, 15, 
18, 58, 59], or by tetanic electrical stimulation of neuronal 
inputs involving recruitment of glutamate receptors to the 
post-synapse without an explicit cAMP requirement [22, 
60]. Here we show that the biochemical hallmarks of cAMP-
dependent LTP are consistent with a role in the creation 
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of conditioned fear in mice. Since ERK dependency distin-
guishes cAMP-dependent from cAMP-independent synaptic 
potentiation [15], we asked if deletion of a molecular actor 
involved in neuronal cAMP-dependent activation of ERK, 
RapGEF2, from hippocampal neurons might impair both 
cAMP-dependent ERK activation and downstream ERK-
dependent immediate early-gene induction, and potentially 
cognate hippocampus-dependent associative learning (fear 
conditioning). Our rationale for consideration of RapGEF2 
as a novel signaling component crucial for ERK activation 

during associative learning derived from observations that 
RapGEF2 is (i) an obligate cAMP sensor in ERK-depend-
ent Gs-coupled GPCR initiation of neuritogenesis in neu-
roendocrine cells [38]; (ii) a neuron-specific signaling 
molecule in adult mammalian brain [31]; (iii) required for 
dopaminergic cAMP-dependent signaling to ERK underly-
ing cocaine’s psychomotor stimulant effects on behavior 
[32]; and (iv) required for cAMP-dependent induction of 
the immediate-early gene egr1/zif268 [31, 32], implicated 
in learning and memory mechanisms, along with ERK 
and cAMP, in hippocampus and other brain areas [5]. The 
requirement for RapGEF2 for both cAMP-dependent LTP 
and context-dependent fear conditioning in mice provides a 
biochemical mechanistic linkage between cAMP, activation 
of Rap1 which is also implicated in cAMP-dependent LTP 
at the Schaffer collateral (CA3-CA1) synapse [15, 61], and 
ERK. This prompted us to further examine immediate-early 
gene induction associated with fear conditioning in vivo. 
LTP involves the mobilization of immediate-early genes 
activated by both the cAMP and calcium pathways. Fos 
up-regulation can be either calcium- or cAMP-dependent, 
while that of other immediate early genes, such as egr1, 
are cAMP-dependent [5, 32, 62–69]. Fos induction initiated 
either by cAMP or calcium has been attributed variously 
to a PKA-dependent, Rap1-independent activation of ERK, 
leading to MSK-1 activation, and phosphorylation/activation 
of the transcription factor CREB, or to a CREB-dependent 
mechanism due to CREB phosphorylation directly by PKA 
[41, 70–72]. Egr1 induction, on the other hand, is more spe-
cifically related to activation of ERK, and associated with 
stress-related behavioral outcomes involving neuronal plas-
ticity distinct from other IEGs including fos [73]. Our find-
ing that c-Fos up-regulation after fear conditioning occurs 
within the same hippocampal neuronal population(s) in 
which Egr-1 is also elevated provides solid evidence for the 
existence of separate (parcellated) signaling pathways for 
the regulation of these two IEGs.

Fear conditioning is accompanied by ERK activation 
and Egr1 induction in amygdala as well as hippocampus, 
however this apparently occurs independently of cAMP, as 
suggested by the lack of dependence on RapGEF2 [39] and 
consistent with previous observations that Rap1-dependent 
amygdalar involvement in fear conditioning is dependent on 
unconditioned stimulus intensity [74]. Restraint-augmented 
fear conditioning, however, does require the recruitment of 
inputs that employ the cAMP → RapGEF2 → ERK pathway 
for induction of Egr1 and for associative learning. Varia-
tions in signal transduction pathways that link first messen-
gers, second messengers, and the immediate early genes that 
control neuronal plasticity provide the specific biochemical 
infrastructure for different modes of learning, and especially 
learning that is strongly associated with emotion. RapGEF2 
is not required for the hippocampally-mediated spatial task 

Fig. 5  Differential dependency of RapGEF2 in immediate early 
gene activation in basolateral amygdala after fear conditioning with 
prior restraint stress. a and b Both contextual and cued fear memory 
was impaired in Camk2α-cre+/-::RapGEF2fl/fl mice (cKO) when 1  h 
restraint stress was applied 3  h prior to fear conditioning. Scheme 
of fear conditioning test employed is shown (a). cKO mice showed 
impaired contextual memory to the training context, not to a novel 
context, 24 h after conditioning, compared to controls (b, left panel). 
cKO mice showed attenuation in freezing during the tone presenta-
tion in a non-training context when memory was retrieved 24 h after 
conditioning (b, right panel). Two-way ANOVA followed by post hoc 
Bonferroni t-test, **p < 0.001, *p < 0.05. N = 23 flox mice, N = 18 
cKO mice. c ERK activation in BLA after fear conditioning. pERK 
immunoreactivity (ir) in amygdala of  RapGEF2fl/fl mice sacrificed 
at 15, 30, 60 min or 120 min after fear conditioning (FC15 min, FC 
30 min, FC 60 min or FC 120 min) or from mice that stayed in home 
cage (NFC). Phospho-ERK IR in the BLA at different time points 
after fear conditioning was quantified using ImageJ, showing most 
prominent activation in BLA occurring 30–60 min after fear condi-
tioning. N = 4 for animal number in each group. One-way ANOVA 
followed by post hoc Bonferroni t-test, *p < 0.05; **p < 0.001. Scale 
bar: 200  µm. d Experimental procedure to examine phospho-ERK 
and IEGs activation in BLA after fear conditioning without or with 
restraint stress. e ERK activation in the BLA of cKO mice 1 h after 
fear conditioning was not significantly different from that of flox 
mice. However, phospho-ERK IR level in the BLA was attenuated 
in cKO mice when acute restraint stress was applied prior to fear 
conditioning. N = 4 ~ 5 for animal number in each group. Two-way 
ANOVA followed by post hoc Bonferroni t-test, **p < 0.001. Scale 
bar: 200  µm. f Representative RNAscope images of cfos (green) 
and egr-1 (red) in basolateral amygdala of flox and cKO mice that 
were sacrificed 30  min or 1  h after fear conditioning with or with-
out restraint stress. Scale bar: 200  µm (left panel), 50  µm (right 
panel). Upregulation of c-fos mRNA in BLA following fear con-
ditioning occurred exclusively in the neurons with upregulation of 
egr-1 mRNA. Quantification of c-fos and egr-1 mRNA in BLA of 
flox mice 30  min after fear conditioning with or without restraint 
stress revealed that 12.62% ± 0.16% or 16.92 ± 2.70% of egr-1 posi-
tive neurons, respectively, are c-fos positive in BLA, N = 3 ~ 4 mice 
in each group. g cKO mice with RapGEF2 ablation in BLA showed 
attenuation in egr-1 mRNA, but not in c-fos mRNA increase in BLA 
after fear conditioning when acute restraint stress was applied prior 
to fear conditioning. Upregulation of c-fos mRNA in BLA following 
fear conditioning occurred only in the neurons with upregulation of 
egr-1 mRNA. C-fos and egr-1 mRNA signals were quantified by NIH 
Image J using the mean gray values of integrated density after being 
converted to gray scale; then normalized to average value from flox 
mice in the home cage (NFC) to obtain “Relative c-fos mRNA level” 
or “Relative egr-1 mRNA level”. N = 3 ~ 4 for animal number in each 
group. Two-way ANOVA followed by post hoc Bonferroni t-test, 
*p < 0.05, **p < 0.001

◂
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tested in the Barnes maze, for example, and this is remi-
niscent of the effect of Camk2α-associated Rap1 knockout 
to impair fear learning while leaving spatial learning intact 
[74]. Likewise ablation of Ras-GRF1, another guanine 
nucleotide exchanger involved in ERK activation in neurons, 
leads to selective impairment in fear conditioning without 
affecting non-emotional cognitive learning [75].

Establishment of linkage between cAMP-dependent syn-
aptic potentiation, ERK activation and associative learning 
via a common requirement for RapGEF2 opens several ave-
nues for future research. For example, it is not yet known 
which isoform(s) of Rap are required for RapGEF2-depend-
ent ERK activation involved in associative learning, in either 
hippocampus or amygdala. RapGEF2 is linked to activa-
tion of Rap1 in the neuroendocrine NS-1 cell line, whereas 
the cAMP sensor Epac preferentially activates Rap2 [30]. 
RapGEF2 has been previously implicated in hippocampal 
signaling as a required component in Plk2-dependent syn-
aptic plasticity in the hippocampus [35], in mir19-dependent 
regulation of the migration of nascent granule cells in den-
tate gyrus [34], and in hippocampal synaptic maintenance 
and cognitive function in a mouse model for Alzheimer 
Disease [76]. However, the role of Rap isoforms in any 
RapGEF2-associated synaptic events in the hippocampus 
remain unclear. Exploration of Rap isoform-dependence 
of RapGEF2 involvement in cAMP-dependent LTP, and 
contextual fear conditioning, may shed further light on this, 
and on RapGEF2 involvement in long-term depression, also 
implicated in hippocampus-dependent fear conditioning [61, 
77, 78].

Finally, RapGEF2 involvement in cAMP-dependent 
memory function suggests an experimental pathway to iden-
tify first messengers associated with memory function via 
their signaling to ERK via RapGEF2. Frey and Kandel in 
the first classical experiments describing cAMP-dependent 
LTP in hippocampus suggested that dopamine, coupled 
to cAMP elevation through the D1 receptor, might fulfill 
the role of such a first messenger in the hippocampus [18]. 
Cyclic AMP → RapGEF2 → ERK signaling represents a 
new avenue for dissecting how MAP kinase signaling path-
ways support complex cognitive processes in hippocampus 
and amygdala, and exploring how first messengers causing 
cAMP elevation, physiologically or pharmacologically, con-
tribute to synaptic plasticity in behavioral states in which 
associative learning occurs.

Methods and materials

Animals

Mice (wild-type or transgenic) on C57BL6J background 
were housed 2–5 per cage and acclimatized to 12-h 

light/12-h dark cycle with food and water ad libitum. Animal 
care was approved by the NIMH Institutional Animal Care 
and Use Committee (IACUC) and conducted in accordance 
with NIH guidelines. The floxed RapGEF2 mouse strain 
 RapGEF2fl/fl and RapGEF2 KO mouse strain Camk2α-
cre+/-::RapGEF2fl/fl (cKO) were generated as described pre-
viously [31]. Detailed information about the Camk2α-cre± 
strain used to direct Cre expression to excitatory forebrain 
neurons can be found in the Jackson Labs strain directory 
under Strain #005359.

Behavioral tests

Animal behavioral tests were conducted in NIMH and 
NICHD Rodent Behavioral Core Facilities.

Home cage monitoring

Mice were monitored for locomotor activity for two days in 
individual home cages under normal vivarium conditions 
using the Photobeam Activity System-Home Cage (PAS-
HC) (San Diego Instruments, San Diego, CA, USA).

Elevated zero maze

The elevated zero maze for anxiety was performed by 
placing the mouse into an open quadrant of a continuous 
circular 5.5 cm-wide track elevated 65 cm above the floor 
and divided into alternating walled and open quadrants in 
a dimly lit room, for 6 min. Video recording from above in 
the last 5 min was automatically scored for time spent in 
each quadrant (Top Scan software suite, Clever System Inc.).

Open field

Mice were placed into an open field box (L 17.5 in, H 18.25 
in, W 15.25 in) in a dimly lit room (40 lx) to monitor loco-
motor activity for 1 h. Video recording from above was auto-
matically scored for total travel distance in the box and time 
spent in the center of the open field using Top Scan software 
(Clever System).

Rotarod

Rotarod test was performed using an Accurotor rotarod 
(AccuScan Instruments). Animals were tested concurrently 
in four separate 11 cm-wide compartments on a rod approxi-
mately 3 cm in diameter and elevated 35 cm. The apparatus 
started at an initial speed of 4 rpm and gradually acceler-
ated at a rate of 0.2 rpm/s. The latency to fall from the rod 
was recorded with a cut-off time of 2 min. Each animal was 
assessed over ten trials with 20-min intertrial intervals.
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Hot plate

Pain sensitivity of mice was tested using a Hot Plate Anal-
gesia Meter (San Diego Instruments, San Diego, CA, USA). 
Mice were placed on the hot plate (55 ± 0.1 ℃). The mice 
were constrained to the hot plate by clear acrylic walls 
(19 cm tall, open top). The latency to respond with either 
hind paw lick, hind paw flick, or jump was measured, and 
the mouse was immediately removed from the hot plate and 
returned to its home cage. The cut-off time was 30 s. Ani-
mals were tested individually and were not habituated to the 
apparatus prior to testing.

Barnes maze

A modified Barnes maze (Patterned Barnes maze, PBM) 
[79, 80] (Figure S2a) was used to test spatial learning and 
memory. The PBM consists of a 122 cm diameter circular 
platform with a height of 91.44 cm. The platform consists of 
40 holes; 16 holes in the outer ring, 16 holes in the middle 
ring and 8 holes in the inner ring. The holes are of diameter 
10 cm. A plastic escape tube with a ramp was positioned 
beneath one of the holes to serve as the escape box. Dis-
tal extra-maze visual cues were placed on the walls of the 
room. The high overhead lighting at 1200 lx was used to 
create aversive motivation for the subjects. Trials were video 
recorded and scored by ANY-maze software (ANY-maze, 
Wood Dale, IL, USA) for measures including latency to find 
the hidden platform, total distance traveled, and speed. The 
animals were habituated in the escape box for 60 s one day 
before training. Training trials included 7 days of training 
(two trials for each animal daily with 30 min of intertrial 
interval and 3 min cut-off time for each trial). Animals took 
a rest for two days and had a probe test on day 10. In the 
probe trial, the escape box was removed from the target hole 
and animals were allowed to explore on the platform for 
3 min.

Fear conditionin

On day 1 of the experiment, mice were habituated to the test 
chamber (Med Associates) for 5 min in context A which was 
used for conditioning. Context A consisted of a square metal 
chamber, shock grid floor and external chamber light on one 
side. Context A was cleaned between each trial using 70% 
ethanol and the testing room was dimly lit. The novel context 
(Context B) consisted of patterned paper walls, plastic cham-
ber floor and an internal blue light on top of the chamber. 
Context B was cleaned with household glass cleaner between 
trials. The testing room was dark for Context B. On day 2, 
the mouse was exposed to context A for 2.5 min, followed by 
1 pairing of a tone (3000 Hz, 85 dB, 30 s) with a foot shock 
(0.5 mA, 2 s). For some cohorts of mice, 1 h restraint stress 

(in DecapiCone, Braintree Scientific) was applied 3 h prior 
to fear conditioning. Contextual fear memory was tested at 
3 or 24 h after fear conditioning by placing the mouse in the 
training chamber for 3 min. Cued fear memory was tested at 
24 h after fear conditioning by exposing the mouse to a tone 
(3000 Hz, 85 dB, 30 s) following free running for 2.5 min in 
context B. Freezing was identified as complete immobility 
(at least 2 s) with the Video Freeze 4 software (Med Associ-
ates). The scheme for fear conditioning protocol is presented 
in Figure S2b.

Western blot

Mice were sacrificed by cervical dislocation and the brain 
was quickly removed from skull. Mouse brains were rinsed 
by ice-cold PBS and sectioned with a mouse brain matrix in 
500 µm thick slices. The hippocampal CA1, CA3 and DG 
were dissected out respectively from slices (from approxi-
mately Bregma − 1.43 mm to bregma − 2.53 mm) in cold 
PBS under dissecting microscope. Structure boundaries were 
identified using a mouse brain atlas [81]. Once dissected, 
samples were immediately frozen in dry ice and later stored 
at – 80 ℃. Samples were sonicated on ice with RIPA buffer 
supplemented with Halt Protease and Phosphatase Inhibitor 
Cocktail (Thermo Scientific). RIPA-insoluble fractions were 
removed by centrifugation (3000 rpm for 10 min at 4 ℃). 
Supernatants were retained, and protein concentration was 
determined by MicroBCA Protein Assay kit (Thermo Scien-
tific) according to the protocol provided by the manufacturer. 
Western blot was performed as described previously [31]. 
The rabbit polyclonal anti-GAPDH (D16H11) (Cell Signal-
ing Technology, Cat# 5174; 1:1000), rabbit anti-RapGEF2 
(NNLE-2, 1:1000), rabbit polyclonal anti-phospho-p44/42 
MAPK (Erk1/2) (Thr202/Tyr204) (Cell Signaling Technol-
ogy, Cat# 9101; 1:1000) and rabbit polyclonal anti-p44/42 
MAPK (Erk1/2) (Cell Signaling Technology, Cat# 9102; 
1:1000) were used. Immunoreactive bands were visualized 
with a SuperSignal West Dura Chemiluminescent Substrate 
(Thermo Scientific), photographed with a ChemiDoc Imag-
ing system, and quantified with NIH ImageJ.

Histochemistry and microscopy

Immunohistochemistry was conducted as previously 
described [31] after animal perfusion with 4% paraformal-
dehyde. Briefly, mouse brains were sectioned by Vibratome 
at a 40 μm thickness. Free-floating sections were washed 
in TBS containing 0.5% Triton X-100 (TBST; 3 washes, 
15 min), incubated at room temperature in blocking solution 
(10% normal goat or donkey serum in TBST; 1 h), and then 
incubated in primary antibody diluted in blocking solution 
overnight at 4 ℃. The following day, sections were washed 
in TBST (3 washes, 15 min), incubated in the dark in Alexa 
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555-conjugated or Alexa 488-conjugated goat anti-rabbit-IgG 
(1:300; Millipore Sigma) for 2 h following primary antibody 
incubation. Sections were mounted in Vectashield (Vector 
Laboratories, Burlingame, CA). The primary antibodies used 
were rabbit anti-pERK (1:1500, Cell Signaling Technology, 
Danvers, MA), anti-c-Fos (1:5000, EnCor Biotechnology 
Inc., Gainesville, FL), anti-Egr-1 (15F7) (1:1000, Cell Sign-
aling Technology, Danvers, MA) and rabbit anti-Rapgef2 
(NNLE-2, custom-made by Anaspec [31]). Confocal images 
were obtained on a Zeiss LSM 510 confocal microscope at 
the National Institute of Neurological Disorders and Stroke 
Light Imaging Facility. Immunoreactive (IR) signals of 
RapGEF2, phospho-ERK, c-Fos and Egr-1 from different 
brain areas as indicated were quantified by NIH Image J 
using the mean gray values of integrated density after being 
converted to gray scale; then normalized to average value 
from mice in the home cage (NFC) to obtain “Relative IR 
of phospho-ERK”, “Relative IR of c-Fos” or “Relative IR 
of Egr-1”.

RNAscope in situ hybridization

In situ hybridization was conducted using the RNAScope 
Multiplex Fluorescent V2 Kit (Cat# 323,100) (ACD Bio), 
as directed in the manual. Briefly, fresh-frozen mouse brains 
were sectioned coronally or sagittally on a cryostat to 12 µM. 
Sections were mounted on Superfrost Plus slides (Fisher 
Scientific). Slides were fixed with 4% paraformaldehyde 
for 20 min at 4 ℃, then dehydrated in an ethanol gradient. 
Hydrogen peroxide and protease treatments, probe hybridi-
zation and signal development proceeded as described in the 
manual. Probes were Mm-Fos (Cat No. 316921) and Mm-
Egr1-C2 (cat No. 423371-C2). These were developed with 
Opal 520 and Opal 570 fluorophores (Akoya Biosciences). 
Confocal images were obtained on a Zeiss LSM 510 con-
focal microscope at the National Institute of Neurological 
Disorders and Stroke Light Imaging Facility. C-fos and egr-1 
mRNA signals were quantified by NIH Image J using the 
mean gray values of integrated density after being converted 
to gray scale; then normalized to average value from mice in 
the home cage (NFC) to obtain “Relative c-fos mRNA level” 
or “Relative egr-1 mRNA level”.

snRNA‑seq

Thirty minutes after fear conditioning, mice were decapi-
tated and whole brain was extracted quickly and put into 
the cold PBS for a brief rinse. Coronal section containing 
the dorsal hippocampus were prepared using a metal mouse 
brain matrix and CA1 subregions (2 tissue blocks/animal) 
were dissected out and snap frozen in the dry ice and kept 
at – 80 ℃ freezer until further assay. CA1 tissue from three 
animals per group (home cage group or fear conditioning 

group) were pooled together and processed to prepare the 
single nuclei samples. Briefly, the tissue was minced in pre-
chilled detergent lysis buffer (low sucrose buffer with 0.1% 
Triton X-100) using a Dounce homogenizer, followed by 
passing the crude nuclei prep through a strainer (pore size 
40 μm) to remove cellular aggregates. After centrifuga-
tion, the pellet was resuspended in the low sucrose buffer 
(11% Sucrose, 10 µM pH 8.0 HEPES, 5 µM  CaCl2, 3 µM 
 MgAc2, 0.1 µM EDTA and 1 µM DTT) and homogenized 
using an electronic homogenizer to dissociate the nuclei 
from the protein. Then, centrifuge was performed by put-
ting a layer of density sucrose buffer (34% sucrose, 10 µM 
pH 8.0 HEPES, 3 µM MgAc2 and 1 µM DTT) underneath 
the low sucrose buffer homogenate to purify the nuclei 
prep. Ten microliter nuclei were mixed with trypan blue 
to manually determine the proportion of nuclei and nuclei 
concentrations using a hemocytometer. Final nuclei con-
centration was adjusted to ~ 1000 nuclei/μL and a total of 
around 5000 ~ 6000 nuclei was used for subsequent library 
generation. cDNA libraries were constructed following man-
ufacture’s instruction (Chronium Next GEM Single Cell 3′ 
Reagents Kits V3.1 User Guide, 10 × Genomics). Briefly, 
nuclei were mixed with reverse transcription mix and loaded 
into the chip. The mRNAs of single nuclei were captured by 
barcoded beads using a Chromium controller. Reverse tran-
scribed cDNAs were then PCR amplified, fragmented, and 
ligated with adaptors followed by sample index PCR. cDNA 
libraries were sequenced on an Illumina Nextseq 500/500 
High output kit v2.5 (150 Cycles) and the alignment of raw 
sequencing reads to the mouse genome was conducted using 
the 10 × Genomics Cell Ranger pipeline (version 7.0.1) to 
obtain cell by gene matrices for subsequent downstream 
analysis. Samples from three cohorts of experiments were 
imported and integrated with the Seurat package, analyzed 
using Partek flow software following manufacture’s manual.

Hippocampal slice preparation, electrophysiology, 
data acquisition and analysis

Hippocampal slice preparation

The first step of acute hippocampal slice preparation was 
cardiac perfusion with ice-cold cutting solution which 
contained (in mM): 215 sucrose, 2.5 KCl, 20 glucose, 26 
 NaHCO3, 1.6  NaH2PO4, 0.5  CaCl2, 4  MgCl2, 4  MgSO4. 
Next, the hippocampi were isolated from the brain, and 
placed in an agar template to allow transverse sectioning 
at 400 µm thickness with a VT1000S vibratome (Leica). 
The resulting slices were immediately transferred to a solu-
tion composed of 50% Cutting solution and 50% recording 
solution (50–50 solution) for 30 min. The recording solu-
tion contained (in mM): 124 NaCl, 2.5 KCl, 26  NaHCO3, 1 
 NaH2PO4, 2  CaCl2, 1.3  MgSO4 and 10 glucose. All solutions 
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were equilibrated with 95%  O2 and 5%  CO2. Next, the 50–50 
solution was replaced by 100% recording solution and incu-
bated for an additional hour at room temperature, after which 
the slices were considered as ready for experiments.

Slice electrophysiology

Hippocampal slices were chosen for experiments after 
visualization using infrared differential interference con-
trast (IR/DIC) and ensured to be intact. Hippocampal slices 
were continuously perfused, in a submerged chanber, with 
fresh aCSF at a rate of 2 ml per min at 32 ℃. Electrical 
stimulations were induced by a monopolar electrode which 
delivered square-wave current pulses of 0.1 ms duration. 
The currents were generated by a stimulus isolator (Isoflex, 
AMPI) connected to a borosilicate glass pipette pulled by 
a pipette puller (Narishige) to a tip size of ~ 5 µm. fEPSPs 
were recorded using a patch pipette filled with 0.5 M NaCl 
(2–3 MΩ) connected to an EPC10 amplifier (HEKA). For 
measurements in the hippocampal medial perforant pathway 
(MPP), the stimulating electrode was placed in the middle 
molecular layer of the DG near the vertex of the DG. The 
recording electrode was also placed at the middle molecular 
layer of the DG, but more laterally towards the tip of the 
upper blade. For measurements in the hippocampal Schaf-
fer Collateral (SC) pathway, the stimulating was placed in 
the stratum radiatum of the CA1 subregion, near its bor-
der with the CA2 subregion. The recording electrode was 
also placed in the stratum radiatum of the CA1 subregion, 
but more downstream to the stimulating electrode, towards 
the subiculum. Stimulation intensity and electrode place-
ment were calibrated to yield clean fEPSPs of an amplitude 
of 0.5–0.8 mV. fEPSPs were elicited by delivering paired 
pulses of 25 Hz once every 20 s. Before each experiment, a 
stable baseline of at least 20 min was ensured.

Data acquisition and statistical analysis

Electrophysiology data was acquired using the PatchMaster 
software (Heka). The recorded files were then exported into 
CSV files using Igor Pro 6.22A (Wavemetrics), and further 
analyzed using custom-made MATLAB scripts. Specifically, 
the traces were first smoothed using the Savitzky-Golay 
method, in order to remove high-frequency noise. Next, 
unless stated otherwise, each fEPSPs was calculated as the 
slope between 20 and 80 percentiles of the EPSP trace, man-
ually selected from the base to the peak of the EPSP com-
ponent. The calculated of the responses were then normal-
ized by transforming the values into percentages of the 
baseline response 

(

fEPSPabsoluteslope

meanofbaselinefEPSPsslopes
× 100

)

 . The facili-
tation was calculated using the paired-pulse ratio parameter 

which measures the ratio between the responses to two 
stimuli given in short order (ISI = 40 ms, PPR =
fEPSPofthesecondstimulus

fEPSPofthefirststimulus

)

.
Statistical analyses were done using Graphpad Prism 8 

software. Results are reported as the mean ± SEM. Statisti-
cal significance was set to p < 0.05 (marked by *; p < 0.01 
and p < 0.001 were signified using ** and ***, respectively). 
The statistical test used was repeated measures two-way 
ANOVA for most cases. All MATLAB scripts are available 
upon request.

Reagents

Forskolin (Cat #1099), U0126 (Cat #1144) and bicucul-
line (Cat #0130) were purchased from Tocris Bioscience 
(Bristol, UK), and were used at concentrations of 25, 20 and 
10 µM, respectively. U0126 incubation was begun 20 min 
before addition of forskolin and continued for 40 min. All 
working solutions contained ≤ 0.1% DMSO.

Experimental design and statistical analysis

Mice of both sexes were used in all studies. The sample 
size (n) per group is indicated in the figure legends for each 
experiment. Statistical analyses were conducted using Sigma 
Plot 14.0 (Systat Software). Student’s t-tests and factorial 
model analysis of variances (ANOVA) were employed 
where appropriate. Post hoc analyses were performed using 
the Bonferroni Test. Data were reported using histograms 
and scatter plots to represent mean ± s.e.m and individual 
data in each group. Differences were considered to be sig-
nificant when p < 0.05.
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