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Abstract: Chronic stress is a core risk factor for developing a myriad of neurological disorders,
including major depression. The chronicity of such stress can lead to adaptive responses or, on
the contrary, to psychological maladaptation. The hippocampus is one of the most affected brain
regions displaying functional changes in chronic stress. Egrl, a transcription factor involved in
synaptic plasticity, is a key molecule regulating hippocampal function, but its role in stress-induced
sequels has been poorly addressed. Emotional and cognitive symptoms were induced in mice by
using the chronic unpredictable mild stress (CUMS) protocol. We used inducible double-mutant
Egrl-CreERT2 x R26RCE mice to map the formation of Egrl-dependent activated cells. Results show
that short- (2 days) or long-term (28 days) stress protocols in mice induce activation or deactivation,
respectively, of hippocampal CA1 neural ensembles in an Egrl-activity-dependent fashion, together
with an associated dendritic spine pathology. In-depth characterization of these neural ensembles
revealed a deep-to-superficial switch in terms of Egrl-dependent activation of CA1 pyramidal
neurons. To specifically manipulate deep and superficial pyramidal neurons of the hippocampus,
we then used Chrna7-Cre (to express Cre in deep neurons) and Calb1-Cre mice (to express Cre in
superficial neurons). We found that specific manipulation of superficial but not deep pyramidal
neurons of the CA1 resulted in the amelioration of depressive-like behaviors and the restoration of
cognitive impairments induced by chronic stress. In summary, Egrl might be a core molecule driving
the activation/deactivation of hippocampal neuronal subpopulations underlying stress-induced
alterations involving emotional and cognitive sequels.

Keywords: dendritic spines; hippocampus; engram; memory; behavioral despair

1. Introduction

One of the most-studied and important environmental risk factors associated with
the development of neurological disorders, such as schizophrenia, major depressive dis-
order (MDD) and other cognitive problems, is chronic stress [1-4]. In response to acute
stressful events, an organism responds with adaptive changes on many levels (psycholog-
ical, behavioral and physiological) which help to cope with the situation [5]. In healthy
individuals, this response is limited in time. However, if this response is prolonged in
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time and disproportionate in salience, it leads to significant disorders such as anxiety and
depression [6].

In recent years, many neuroimaging-based studies have shown that the hippocampus
is one of the brain regions most affected in psychiatric disorders such as MDD. Specifically,
they show a significant reduction in hippocampal volume [7,8], and similar results have
been observed in animal models of depression [9,10]. Furthermore, chronic stress has been
related to the impairment of hippocampal-dependent memory [11], although studies about
associated microstructural changes, such as spine loss, have been less consistent [12,13].
Interestingly, these alterations may depend on the hippocampal subregion [14], the stressor
type and its duration [15,16] and the sex [16,17] of the animals, among other things. On
the other hand, the rich cellular diversity recently described in the hippocampus [18]
increases the complexity of the cellular interactions in the progression of stress-induced
depression. It has been proposed that neurons of the CA1 region of the hippocampus can be
classified as deep and superficial pyramidal cells along the radial axis. Deep and superficial
pyramidal neurons have distinct transcriptional profiles and different electrophysiological
properties [19,20]. These previous reports suggest that both subtypes could play different
roles in the hippocampus in both normal and stressful conditions.

Growing evidence suggests that immediate early genes (IEGs) can be altered in dif-
ferent neuropsychiatric conditions that are associated with deficits in neuronal activity
and plasticity, including major depression [21,22]. Early growth response 1 (Egrl) is a
classical IEG and a zinc finger transcription factor that modulates the expression of many
genes involved in crucial neuronal functions, such as neurotransmission, synaptic plasticity,
learning and response to stress [22]. As with other IEGs, Egr1 expression can be induced
by a variety of signals, such as injury or stress [21]. Moreover, Egrl is a very dynamic
transcription factor, being upregulated or downregulated in the brain depending on the
chronicity of the stress protocol [23,24]. From these previous studies, we hypothesize that
Egrl expression could be tightly regulated depending on the chronicity of stress and be a
potential molecular event underlying the cognitive and emotional symptoms induced by
chronic stress.

In the present work, we mapped in mice the Egrl-dependent activation of neural
ensembles in several brain regions at different time points in a chronic unpredictable
mild stress protocol (CUMS). We identified Egrl-activity-tagged neurons in CA1 that
increase or decrease depending on the chronicity of the stress protocol. Furthermore,
the cellular identity of these activated cells changed along the CUMS protocol, shifting
from deep to superficial pyramidal neurons. Finally, we show that manipulations of
superficial or deep pyramidal cells play distinct roles in the modulation of the sequelae
induced by chronic stress.

2. Results
2.1. Egr1-Dependent Neural Activation in Hippocampal CA1 Depends on the Chronicity of
the Stress

It is widely accepted that several brain regions, such as the amygdala, cingulate
cortex, septum and hippocampus, among others, play a role in chronic stress [25-28],
and that persistence of stressful periods can determine the progression and severity of
associated depressive symptoms [29]. Here, we mapped the forebrain by counting the
density of GFP-positive cells in brain regions highly affected by chronic stress. Since
previous studies suggest that Egrl is upregulated in short periods of stress [30] whereas
the same protein is downregulated in long periods of stress [11], we hypothesized
that this protein could be an excellent candidate to map and manipulate the activa-
tion/deactivation of neural ensembles dependently on the chronicity of the stressful
events. Thus, we took advantage of Egr1-CreERT2 BAC transgenic mice [31]. These
mice express Cre recombinase fused to modified estrogen receptor (ERT2) only acti-
vated by 4-hydroxytamoxifen (4-HT), under the control of the Egr1 promoter. When
these mice are injected with saline, no recombination is observed [31,32]. To identify
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which neural cells are activated/deactivated in short-term vs. long-term stress con-
ditions, we crossed Egrl-CreERT2 mice with R26RCE mice, a reporter line in which
EGFP expression requires recombination by Cre (Figure 1A). We then subjected Egrl-
CreERT2xR26RCE double transgenic mice to a CUMS protocol. Mice were separated
into three groups: control non-stressed (CNT group), short-term-stressed (2 days,
STS group), and long-term-stressed (28 days, LTS group). Each group received one
injection of 4-HT 30 min before the presentation of a stressful stimulus during the last
two consecutive days of the CUMS protocol (Figure 1B). First, we observed that the
density of GFP-positive cells in the septum (Figure 1C), the amygdala (Figure 1D) and
the cingulate cortex (Figure 1E) was similar between groups. The LTS group showed
an increase in GFP-positive cells in the paraventricular nucleus compared to the CNT
and STS groups (Figure 1F). In the striatum we could not detect significant differences
between any condition (Figure 1G). In the hippocampal CA3 region (Figure 1H), GFP-
positive cells were reduced in the LTS group compared with CNT group. Finally, in
the CA1 we observed remarkable bidirectional changes in the number of GFP-positive
cells depending on the chronicity of the stress protocol (Figure 11). Concretely, GFP-
positive cells were increased in the STS group but decreased in the LTS group when
compared with the CNT group. From the latter result, we hypothesize that the CA1l
could be highly sensitive to the chronicity of the stress. Finally, we performed and
immunofluorescence to validate that all the GFP-positive cells also expressed Egrl
(Figure 1]).

2.2. Specific Spine Density Alterations in Egr1-Positive Activated Cells

Since we observed that stress induced opposite changes in the activation of Egr1-
dependent neural ensembles in the CA1 depending on its duration, we hypothesized
that such changes could be accompanied by alterations in synapse numbers in these
particular ensembles. To explore this, we used Egrl-CreERT2 mice (Figure 2A) in-
jected in the dorsal CA1 with AAV-CaMKII-FLEX-EGFP to allow the quantification
of dendritic spines specifically in the Egrl-positive ensembles (Figure 2B). Again, we
used a control group (CNT), a group of mice subjected to stress for 2 days (STS), and a
group of mice subjected to stress for 28 days (LTS) (Figure 2C). Apical dendrites from
CA1 pyramidal neurons were analyzed in the three groups (Figure 2D). We observed
that spine density in apical dendrites was significantly decreased in the LTS group
whereas it was not changed in the STS mice (Figure 2E). Taken together, the results
highlighted that, although short-term stress induced a similar trend, only long-term
stress resulted in significant changes in spine density from activated pyramidal neu-
rons of the CAl. To evaluate whether such changes in spine density were global or
specific to the Egrl-dependent ensembles, we then evaluated spine density in pyra-
midal neurons of the dorsal CA1 by using the DioListic method in different groups
of wild type mice subjected to 28 days of CUMS and compared them with unstressed
control mice (Figure 2G). The results showed that the density of dendritic spines was
similar between control and LTS mice when it was counted in pyramidal neurons in an
unspecific manner. Although the methods employed in each experiment are different,
these data suggest that not all pyramidal cells present alterations in spine density upon
CUMS but mainly those that are activated in a Egrl-dependent manner.
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Figure 1. Egrl-dependent activated neuronal ensembles in different brain regions by chronic stress.
(A), Schematic representation of double-heterozygous-mutant Egrl-CreERT2 x R26RCE GFP mice.
(B), Egr1-CreERT2 x R26RCE mice were subjected to 0 (CNT), 2 (STS) or 28 (LTS) days of CUMS. For the
last two days of the protocol, all mice received 50 mg/kg of 4-hydroxytamoxifen (4-HT, i.p), and one week
later they were sacrificed. Representative images and quantification of Egrl-dependent activated cells
(estimated number of GFP-positive cells/area of 500 um?) per region in: the septum (C), one-way ANOVA
group effect: Fp 1g) = 0.3858, p = 0.6854; the amygdala (D), group effect: F, 1g) = 0.1160, p = 0.8911; the
cingulate cortex (E), group effect: Fp 1g) = 1.946, p = 0.1718; the paraventricular nucleus (PVN) (F), group
effect: F,17) =5.686, p = 0.0129; the striatum (G), group effect: Fo18)=2.716,p =0.0931; the CA3 (H), group
effect: F(p 1) =4.322, p = 0.0293, and the CA1 (I), group effect: F, 15 = 17.63, p < 0.0001; Scale bar, 50 pm.
The values are expressed as the mean + SEM, N = 7 adult mice per condition. Dunnet’s post hoc test,
*p <0.05, ** p <0.005 compared with CNT. (J) Representative images of the CA1 of the hippocampus show-
ing GFP-activated cells (green) and Egrl-positive cells (red). White arrows indicate double-Egrl-positive
and GFP-positive cells. V, ventricle; CC, corpus callosum; O, Stratum oriens; P, Stratum pyramidale.
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Figure 2. CUMS specifically alters dendritic spine density in Egrl-activated pyramidal neurons.
(A), Schematic representation of the Egr1-CreERT2 mouse model and (B) AAV expressing GFP under
the control of a STOP floxed codon. (C), Timeline of the experiment: Adult mice were injected with
AAV-CaMKII-Flex-GFP. After recovery, they were exposed to 0 (CNT) or 2 (STS, orange arrow) or
28 days of CUMS (LTS, yellow arrow). On the last two days of CUMS, all animals received 50 mg/kg
of 4-HT (i.p.) 30 min before the stressor. One week after the last stressor, animals were sacrificed for
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tissue collection. (D), Representative image showing labelled neurons in the CA1 region of STS mice.
Effect of CUMS on apical spine density (E,F). In (F), N = 17-27 dendrites from seven different mice
per group were quantified. The values are means + SEM. Statistical analysis with one-way ANOVA
followed by Tukey’s post hoc test, (group effect in (F), F(p 47y = 5.86, p = 0.005). ** p < 0.005 compared
with CNT group. (G), WT mice were subjected to 0 (CNT) or 28 days (LTS) of CUMS. Forty-eight
hours after the last stressor, mice were perfused and hippocampal slices subjected to the gene gun
method. (H), Representative image showing a labelled neuron of the CA1. (I), Representative image
(left panel) and quantification (right panel) showing no effect of CUMS in apical dendrites of CA1
pyramidal cells in LTS mice compared with CNT mice (unpaired t-test, t14 = 0.6730, p= 0.5020). In
(H), 58-88 dendrites from seven different mice per group were quantified.

2.3. Different Hippocampal Subpopulations Are Activated Depending on Stress Duration

We observed that the CA1l displayed the highest contrast in neural activation
depending on the duration of the stress protocol, as indicated by Egrl-activity induc-
tion. Such activation was accompanied by time-dependent changes in dendritic spine
densities. This led us to hypothesize that a possible progressive cellular reorganiza-
tion (in terms of Egrl-dependent activation) could take place in the CA1 during the
progression of chronic stress. To characterize such potential cellular reorganization,
we immunostained the CA1 of Egr1-CreERT2xR26RCE mice in the three conditions
(CNT, STS and LTS) for different markers, including GFAP, a marker of astrocytes, PV, a
marker of parvalbumin interneurons, and MAP2, a general marker for CA1 pyramidal
cells. We first observed that neither GFAP (Figure 3A,B) nor PV (Figure 3A,D) colocal-
ized with GFP (Egrl-dependent activated neural cells) in any group. In contrast, almost
all the GFP-positive cells colocalized with MAP2-positive cells in the three groups
(Figure 3A,C). We also immunostained hippocampal sections of the three groups of
mice for Calbl, which identifies the superficial pyramidal neurons of CA1, whereas
pyramidal neurons negative for Calb1 are considered to be deep pyramidal cells [19].
Remarkably, our quantifications revealed that the percentage of GFP-positive CA1
pyramidal cells co-stained with Calbl was different in the three groups (Figure 3E).
The percentage of double-stained Calbl-positive/GFP-positive cells was low in the
CNT group, significantly increased in the STS group, and reached its highest level in
the LTS group (Figure 3E). However, these percentages did not reflect changes in the
total number of GFP-positive cells depending on the duration of the CUMS protocol
(see Figure 1I). Therefore, we also analyzed the total number of Calbl-positive/GFP-
positive neurons, corresponding to activated superficial pyramidal neurons. This
number was increased in the STS group, whereas in the LTS group the number of Calb1-
positive/ GFP-double-positive neurons was similar to in the CNT group (Figure 3F). In
contrast, the density of Calbl-negative/GFP-positive neurons (activated deep pyra-
midal neurons) was unchanged in the STS group compared to the CNT group but
significantly decreased in the LTS group (Figure 3G). To confirm that these alterations
were not due to global changes in total Calb1 levels, we measured Calb1 levels using
western blotting (Figure 3H,I) and immunofluorescence (Figure 3],K). Our quantifi-
cations (Figure 3H,]) confirmed that total Calb1 levels are unaltered by stress. All
these results taken together indicate that, although there is a progressive reduction
of CA1 GFP-positive pyramidal neurons at the end of the CUMS protocol (Figure 11I),
there is a transient and concomitant increase in the percentage of Egrl-dependent
activated neurons, which are in turn Calb1-positive neurons (superficial pyramidal
neurons). In contrast, Calbl-negative neurons (deep pyramidal neurons) are severely
and progressively deactivated (in terms of Egrl-dependent activation) at the end of
the CUMS protocol.
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Figure 3. Neural identity characterization of Egrl-dependent activated cells by short- or long-term
stress in the CA1. (A), Representative images showing the identity of the activated cells (green) by
co-labeling with specific cells markers (red). In all rows, GFP-positive cells are in green. First row:
representative images from all conditions (CNT, STS and LTS) showing labeling of astrocytes (red).
Second row: labeling of MAP?2 (red). White arrows point to GFP- and MAP2-double-positive neurons.
Third row: labeling of parvalbumin (PV, red). Fourth row: labeling of calbindin1 (Calb1, red). White
arrows point to double-positive GFP- and calbindin-double-positive neurons. Open arrows point to
GFP-positive calbindin-negative cells. (B-E), Quantification of the percentages of double-positive
cells in CA1 for GFP and GFAP (B), GFP and MAP2 (C), GFP and PV (D), and GFP and Calbl1 (E).
Values are means &+ SEM, N = 7 mice per group. In (E), statistical analysis with one-way ANOVA,
group effect: Fy 1g) = 42.31, p < 0.0001. Total number of GFP-positive cells per surface unit that are
also calbindinl-positive (F) or calbindin-negative (G). Statistical analysis with one way ANOVA,
in (F), Fp,35) = 15.91, p < 0.0001 and in (G), F(2 35y = 17.40, p < 0.0001. Densitometry quantification
(H) and representative immunoblots (I) of calbindin levels in the hippocampal lysates of CNT, STS
and LTS mice. N = 9-10 mice per group. Quantification of calbindin intensity in the CA1 (J) and
representative images (K) of CNT, STS and LTS mice, N= 5-6 mice per group. All values are expressed
as means £ SEM. Tukey’s post hoc test, **** p < 0.0001 or *** p < 0.001 compared to CNT and $ < 0.05,
$$$ p < 0.001 compared to STS mice. O, Stratum oriens; R, Stratum radiatum; P, Stratum pyramidale.
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2.4. Chemogenetic Activation of Dorsal CA1 Deep Pyramidal Cells Does Not Prevent Sequelae
Induced by CUMS

We observed that chronic stress induced a reduction in the number of Egr-1-
dependent activated deep pyramidal cells in the CA1 (Figure 3G). To test whether
such Egrl-dependent deactivation was relevant for the sequelae induced by chronic
stress we aimed to activate them by using designer-receptors-exclusively-activated-
by-designer-drugs technology (DREADDs). To selectively express hM3Dq DREADDs
in deep pyramidal neurons we used Chrna7-Cre mice (Figure 4A). Chrna7-mice were
injected in the dorsal hippocampus with an AAV vector construct containing a double-
floxed inverted open-reading frame (DIO) sequence encoding hM3Dg-mCherry
(Figure 4B). With such a design, only those Chrna7-positive neurons (deep pyramidal
neurons) expressing Cre-recombinase would be able to recombine and express the
DREADD in the correct orientation and only when CNO is given to the animal (in
drinking water) would those cells become activated. We then subjected the mice to
CUMS and divided them into four different groups: non-stressed treated with vehicle
(CNT VEH group), non-stressed treated with CNO (CNT CNO), long-term (28 days)-
stressed treated with VEH (LTS VEH) and long-term-stressed (28 days) treated with
CNO (LTS CNO) (Figure 4C). In parallel, we used a small subgroup of mice treated
with CNO for 2 days but without behavioral manipulation to avoid unspecific changes
due to extensive experimentation. In these mice, immunofluorescence staining con-
firmed that only deep pyramidal cells were transduced and that CNO in drinking
water induced the activation of Chrna7-positive neurons (cFos+ cells) (Figure 4D-F).
We then analyzed the % of cFos+ cells out of those transduced and clearly observed
that treatment with CNO induced activation of those transduced neurons (Figure 4E).
Regarding the mice subjected to the CUMS procedure, we only used mice with cor-
rect allocation of the viral transduction in the CA1 (Figure 4F). Interestingly, we first
observed that both groups of LTS mice presented increased locomotor activity in the
open field test (Figure 4G). Next, to assess cognitive sequelae after CUMS, we per-
formed the novel object location test, which is a task sensitive to detecting cognitive
impairment upon CUMS [11,33,34]. In this test, only the CNT VEH and CNT CNO
groups were capable of discriminating between the new and the old locations of the
object (Figure 4H). Finally, we analyzed the time spent struggling in the forced-swim
test. Both groups of LTS mice spent less time struggling specifically during the first
minutes of the test compared to both groups of CNT mice (Figure 41,]J). To exclude
the possibility of unspecific or off-target effects of CNO per se, we repeated the same
experimental design as in Figure 4C without surgery. Hence, control mice received
normal housing or the CUMS protocol while they were treated with VEH or CNO in
drinking water. CNO did not produce any effect on locomotion in the open field when
comparing the vehicle and CNO conditions (Figure 4K). Similarly, we did not find any
effect mediated by CNO either in the novel object location task (Figure 4L) or in the
forced-swim test (Figure 4M,N). These results ruled out unspecific off-target effects
induced by CNO in the behavioral tasks performed. Altogether, our data suggest that
the activation of Chrna7-positive (deep) neurons during the CUMS protocol has no
effect on the CUMS-induced sequelae.
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Figure 4. Effects of the chemogenetic activation of CA1 deep pyramidal neurons during CUMS.
(A), Schematic illustration of the Chrn7a-Cre mouse model and of the AAV (B) used to express
the activator DREADD (hDM3(Gq)) after Cre recombination. (C), Timeline of the experiment.
Mice were injected with the vector shown in (B) and, after recovery, they were subjected to the
CUMS protocol. During the stress protocol, mice received either CNO (1 mg/kg) or vehicle (VEH)
solution in drinking water. Twenty-four h after the last stressor, mice were subjected to a battery
of behavioral tests. (D), Representative image of CA1 showing cFos-positive cells (green) and viral
transduction (mCherry, red) and cell nuclei (blue, DAPI). (E), Percentage of cFos+ cells (green) co-
labelled with mCherry (red) in mice treated with VEH or CNO (unpaired t-test, t;7 = 2.83, p = 0.01).
A representative global image (F) from (D) of viral transduction specifically in the hippocampal
CA1. In the open field, locomotor activity (G) was monitored for 15 min. Two-way ANOVA, stress
effect: Fq 56) = 13.23, p = 0.0006. (H), In the novel object location test, spatial memory was evaluated
24 h after a training trial as the percentage of total time spent exploring either the object placed at a
new location (N) or the object placed at the old location (O). Two-way ANOVA, new location effect:
F1,120) = 8.64, p = 0.0039, N = 13-18 mice per condition. In the forced-swim test, the immobility time
was evaluated during the first 2 min (I) and the last 4 min (J) of the 6 min trial in all groups. In the
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first 2 min, two-way ANOVA, group effect: F(; 57) = 128.6, p < 0.0001. An independent new cohort of
WT mice underwent CUMS or not and were treated with vehicle or CNO to determine undesired
effects of CNO. We used the same experimental design as in ¢ without surgery. (K), In the open
field, locomotor activity was monitored for 15 min. Two-way ANOVA, stress effect: F(1,46) = 3743,
p <0.0001. (L), Spatial memory was evaluated in the novel object location test. Two-way ANOVA,
new location effect: F(; 97) = 6.1, p= 0.0152. In the forced-swim test, the immobility time was evaluated
during the first 2 min (M) and the last 4 min (N) of the 6 min trial in all groups. In the first 2 min,
two-way ANOVA, group effect, Fj 46) = 113, p < 0.0001. N=12-13 mice per condition. All values are
means + SEM. Tukey’s post hoc in (G,I-K,M); Bonferroni post hoc in (H,L). * p < 0.05, ** p < 0.001
and **** p < 0.0001. O, Stratum oriens; R, Stratum radiatum; P, Stratum pyramidale.

2.5. Specific Downregulation of Egrl in CA1 Superficial Pyramidal Cells during CUMS Improves
Depressive Sequelae

Trying to upregulate the activity of the deep pyramidal cells by using DREADDs
was not efficient in the prevention of the sequelae induced by stress. Next, we decided
to prevent effects mediated by the early increase in Egrl-dependent activated cells in the
superficial pyramidal cells (Figure 3E-G) by reducing their endogenous Egr1 levels. We
hypothesized that suppressing the increase in Egrl in superficial neurons found at the
beginning of the stress response could prevent some alterations induced by CUMS. To
specifically modulate superficial neurons, we used Calbl-cre mice (Figure 5A). We thus
transduced only superficial CA1 pyramidal (Calbl-positive) cells with shRNA against Eqr1
(Figure 5B) or with a GFP CNT virus. Mice were then divided into four different conditions:
CNT mice injected with control AAV (AAV-CNT), CNT mice injected with an AAV-shRNA
against Egrl (AAV-shEGR1), chronically stressed mice injected with control AAV (AAV-
CNT+CUMS) and chronically stressed mice injected with an AAV-shRNA against Egr1
(AAV-shEGR1+CUMS). After the CUMS protocol, mice were tested for different behavioral
tasks as illustrated in our experimental design (Figure 5C), and, finally, they were sacrificed
for viral transduction verification. We first showed widespread viral transduction in the
CA1 superficial pyramidal neurons of the dorsal hippocampus (Figure 5D-F). Egrl levels
were specifically downregulated in those superficial pyramidal cells of the CA1 that were
transduced with the SH-viral vector (Figure 5E). Then, in the open field test, both groups
of mice subjected to the CUMS presented hyperlocomotion compared to the CNT groups
(Figure 5G). We then used the NOLT to test spatial memory. AAV-CNT mice were able to
distinguish between the old and new object positions. Conversely, AAV-shEGR1 mice could
not differentiate the new location of the object. Interestingly, the deficits in spatial memory
caused by CUMS (as observed in the AAV-CNT+CUMS mice) were alleviated in the AAV-
shEGR1+CUMS mice (Figure 5H). We then subjected the mice to the forced-swim test to
evaluate behavioral despair. In the first two minutes of the test (Figure 5I), both groups of
mice subjected to CUMS significantly spent less time swimming compared to non-stressed
mice. This was maintained for the last four minutes of the task (Figure 5]). Interestingly, in
the last four minutes of the test, we observed that stressed mice injected with SH- against
Egrl swam significantly more than stressed mice injected with the control AAV (Figure 5]).
Finally, we also verified that Calb1 levels in superficial CA1 neurons were not affected by
our experimental conditions (Supplementary Figure S1). In summary, inhibition of Egr1
expression in Calbl-positive (superficial) neurons corrected different sequelae caused by
CUMS. It is noteworthy that since in this experiment we used AAV5-CAG-FLEX-GFP as a
control instead of a scramble sequence the results should be taken with caution.
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Figure 5. Effects of Egrl shRNA delivery in CAl superficial pyramidal neurons during CUMS.
(A), Schematic representation of the calbindin-Cre mice. (B), Schematic diagram showing the AAV-
mCherry-floxed-shEGR1 viral construct. (C), Timeline of the experiment. Mice were injected with the
construct shown in (B) or with a control floxed construct and, after surgery, they received TMP to
induce Cre expression. Three weeks after surgery, they were subjected to the CUMS protocol or stayed
in their home cage. (D), Representative images in CA1 showing Egrl levels (cyan) in mice injected
with control floxed virus (AAV-CNT, left panel) or with the AAV containing the floxed shRNA against
Egrl (AAV-shEGR1). Viral expression is depicted in yellow. White arrows designate transduced
neurons expressing the virus. Open arrows designate non-transduced neurons. (E), Quantification of
Egrl optical density (IOD) in non-transduced cells (white dots) and in transduced cells with the AAV
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(yellow dots) in each condition (AAV-CNT or AAV-shEGR1). T-test: tjgy = 56.77, *** p < 0.001 (ns,
not significant). A representative global image (F), from (D) of viral transduction specifically in the
hippocampal CA1. In the open field, locomotor activity (G) was monitored for 15 min. Locomotor
activity, two-way ANOVA, group effect: Fq4g) = 16.36, p < 0.0001. In the novel object location test
(H), spatial memory was evaluated 24 h after a training trial as percentage of time exploring the object
placed in a new location (N) versus the time exploring the object placed in an old location (O). Two-way
ANOVA, object in a new location effect: F 94 =10.33, p = 0.0018. Interaction effect: F3g5= 5.878,
p =0.001. In the forced-swim test, the immobility time was evaluated during the first 2 min (I) and
the last 4 min (J) of the 6 min trial in all groups. In (I), two-way ANOVA, group effect: F(y 47, =257.7,
p <0.0001. In J, two-way ANOVA, group effect: F(1 47) = 10.28, p = 0.0024. T-test between LTS mice
(to5 = 2.568, p = 0.0166). N= 12-13 mice per condition. All data is represented as mean & SEM. Tukey’s
was used as a post hoc * p < 0.05, ** p < 0.005, *** p < 0.001. O, Stratum oriens; P, Stratum pyramidale.

3. Discussion

In the present study, we identified changes in Egrl-dependent activated cells by CUMS
in several brain regions. In the CA1 of the hippocampus, Egrl-dependent activated cells
were of neuronal identity and differently affected by short- and long-term stress. Secondly,
we found that those Egrl-dependent neurons activated during stress display dendritic
spine alterations, and that these changes also depend on the duration of the CUMS protocol.
We then determined the identity of the activated neurons and demonstrated that there is a
change in the activated CA1 subpopulations, from being mostly Calbl-negative (deep) in
non-stressed mice to being Calbl-positive (superficial) in long-term-stressed mice. We then
used chemogenetic and genetic approaches to directly modulate these two hippocampal
subpopulations. We found that inhibiting Egrl expression in superficial pyramidal (Calb1-
positive) neurons but not activating deep pyramidal neurons (Calb1-negative) alleviated
some of the CUMS-induced sequelae.

Previous literature has reported effects on several brain regions in terms of neural
activity in stress-related disorders [26,27]. Here, using mice expressing inducible Cre
recombinase under the promoter of the immediate early gene Egr1, we describe changes in
different brain areas depending on the chronicity of the CUMS protocol. First, long-term-
stressed (LTS) mice presented an increased number of Egrl-dependent activated cells in
the paraventricular nucleus compared to CNT mice, confirming previous literature [28].
In contrast, in the CA3, we found fewer Egrl-dependent activated cells in the LTS group.
Interestingly, in the CA1 of the hippocampus we found opposite differences in the numbers
of active neurons depending on stress duration. Egrl-dependent activated cells were
increased after a short period of stress, while they were decreased after long periods of
stress. In line with this, other studies have also shown dynamic changes in Egrl using
different stress paradigms, including social defeat, exposure to predators and chronic
mild stress [21,22]. Moreover, some groups have found increased levels of Egr1 in the
hippocampus upon acute stress [24,35—41] whereas other groups found decreased Egrl
levels when the stress was continuous in time ([42—-44], but see [45-47]). Thus, our work
reinforces the idea that chronicity is a core characteristic of stress, which determines if Egrl
is going to be up- or downregulated. Altogether, this indicates that Egr1 is very dynamic
and sensitive to stress duration [46,48,49] and places the CA1 as a core brain region that
differentially reacts depending on stress chronicity.

Concomitant with a progressive decrease in Egrl-dependent activated CA1 pyramidal
cells we found specific alterations in dendritic spine density in the same cells, whereas the
same parameter was not observed when using general methods to analyze spine density in
neurons. It is widely accepted that stress induces changes in spine density, and that these
changes depend on the brain region studied and the type of stress presented [13]. Here, we
observed that when spine density is only measured in those significantly Egrl-dependent
activated neurons, relevant alterations are found. Supporting this idea, although stress-
induced dendritic spine pathology is evident in CA3 pyramidal cells [50-55], it is much less
clear in CA1 pyramidal cells. Some authors have shown reduced spine density [46,55-57]
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or unchanged spine density [51-53,58] or even increased spine density [54,59,60] in CA1
pyramidal neurons in different stress paradigms. Based on our results and previous literature,
we conclude that changes in dendritic spines in CAl pyramidal neurons upon chronic stress
could depend, at least, on two dimensions: first, they could depend on the duration of the
stress, and, second, these changes in spine density could be limited to different neuronal
subpopulations. Thus, our results may shed light on the discrepancies in the literature
regarding changes in spine density in the CA1 upon stress. Finally, a potential mechanism by
which increased Egrl1 activity may lead to decreased spine density in these particular neuronal
ensembles could be by reducing PSD-95 expression and inducing AMPAR endocytosis, as
previously described [61].

We also observed that the type of hippocampal neuron activated is different depending
on stress duration. Concretely, Egrl-dependent activated cells were preferentially deep
CA1 pyramidal cells in control conditions, whereas Egrl-dependent activated cells were
preferentially CA1 superficial pyramidal cells in chronic stress conditions. Our results also
indicate that the modulation of Calb1-positive (superficial) cells per se has an impact on the
pathophysiology of stress, since decreasing Egr1 levels in only this subpopulation produced
an improvement in behavioral despair and spatial memory loss. Supporting this idea, it
has been shown that Calb1 levels increase in CA1 pyramidal neurons upon stress [62].
Furthermore, reducing Calb1 levels in the CA1 is enough to alleviate memory loss in stress
models [63]. Our results probably also indicate that, with only few days of stress, molecular
Egrl-dependent events in superficial pyramidals are initiated and all the changes that
we observed in 28 days of stress could be just a consequence triggered by those initial
changes. This reinforces the idea that preventing this initial Egrl increase in superficial
cells would prevent both spatial learning deficits and behavioral despair induced by CUMS.
In line with this, since Egr1 is a critical factor in encoding the enduring behavioral effects
of stress in the hippocampus [64-66] we speculate that, possibly, the increase in Egrl
at the beginning of the stress induces the depressive-like symptoms whereas the Egrl
downregulation at the end of stress would induce the deficiencies in spatial learning. If our
hypothesis is true, the fact that inhibiting Egr1 at the beginning of CUMS improves both
FST and NOLT would indicate that the late effects (NOLT deficiencies and decreased Egrl-
positive engrams) are dependent on the first effects (increase in Egrl-positive engrams and
emotional sequelae). Finally, we also conclude that appropriate levels of this transcription
factor in the superficial CAl pyramidal neurons are mandatory for proper hippocampal
function, as described elsewhere [67-69], since aberrant increases (induced by stress) or
decreases in Egrl (induced by hippocampal delivery of shRNA against Egr] in naive mice)
can both provoke deleterious effects on hippocampal-dependent memory.

4. Materials and Methods
4.1. Animals

For this study, we used Egr1-CreER'? mice [31]. These mice carry a bacterial artificial
chromosome (BAC) including the Egrl gene in which the coding sequence was replaced by
that of the CreERT?2 fusion protein. Egrl-CreER™ mice were crossed with R26RCE mice
(Gt(ROSA)2650rtm1.1(CAG-EGFP)Fsh/Mmjax, Strain 004077, The Jackson Laboratory.
RRID:IMSR_JAX:004077), which harbor the R26R CAG-boosted EGFP (RCE) reporter allele
with a loxP-flanked STOP cassette upstream of the enhanced green fluorescent protein
(EGFP) gene, to create double-heterozygous-mutant Egr1-CreER™? x R26RCE mice. We also
used Chrna?7-cre mice (Tg(Chrna7-cre)NP348Gsat/Mmucd, GENSAT) and Calb1-cre mice
(Calb1-T2A-dgCre-D, Jackson Labs, #023531. RRID:IMSR_JAX:023531). All the animals
employed were males. Genotypes were determined from an ear biopsy as described
elsewhere [70] and following manufacturer’s instructions. All mice were maintained in
a C57BL/6 background strain and housed together in numerical birth order in groups
of mixed genotypes (3-5 mice per cage). The animals were housed with access to food
and water ad libitum in a colony room kept at 19-22 °C and 40-60% humidity, under
an inverted 12:12 h light/dark cycle (from 08:00 to 20:00). All animal procedures were



Int. J. Mol. Sci. 2023, 24, 3833

14 of 21

approved by local committees [Universitat de Barcelona, CEEA (10141) and Generalitat
de Catalunya (DAAM 315/18)], in accordance with the European Communities Council
Directive (86/609/EU).

For the experiments shown in Figures 1 and 3, 7 adult (4-month-old) male mice were
used per group (total n = 21 mice). For the experiments shown in Figure 2A-F, 7 adult
(6~7-month-old) male mice were used per group (total n= 21 mice). For the experiments
shown in Figure 2G-I, 3-4-month old mice were employed. For the experiments shown in
Figure 4A-G,L], 60 adult (5-6-month-old) mice were used (CNT VEH n= 13; CNT CNO
n =16; LTS VEH n = 15 and LTS CNO n = 16). In Figure 4H, adult (5-6 month-old) mice
were used (CNT VEH = 18; CNT CNO n = 16; LTS VEH n = 15 and LTS CNO n = 16). For the
experiments shown in Figure 4K-N, 50 male adult mice (5-6-month-old) were used (CNT
VEH n = 12; CNT CNO n = 12; LTS VEH n = 13 and LTS CNO n= 13). For the experiments
shown in Figure 5, 52 male adult mice (7-8-month-old) were used (CNT GFP n = 10; CNT
SHn =13; LTS GFP n = 14 and LTS SHn = 15).

4.2. Drugs

4-hydroxytamoxifen (H6278, Sigma-Aldrich, St. Louis, MO, USA) was dissolved in
1 mL ethanol (100%). Corn oil (C8267, Sigma-Aldrich) was then added, and ethanol was
evaporated by incubating the open tubes at 50 °C overnight in the dark. The volume of
corn oil was adjusted for injecting the dose of active drug at 50 mg/kg.

Clozapine N-oxide (BML-NS105-0025, Enzo) was administered via drinking water as
previously described [71]. The required CNO stock solution was then added to 1% sucrose
water to reach a final concentration of 1 mg/kg/day. Water was changed 3 times per week.

Trimethoprim (Santa Cruz, sc-237332, CA, USA) was reconstituted in water at a
concentration of 30 mg/100 mL. After surgery, all mice received TMP in drinking water for
one week to induce Cre recombinase activity specifically in Calb1-cre mice.

4.3. Stereotaxic Surgery and Viral Transduction In Vivo

Animals were stereotaxically injected with one of the following adeno-associated viruses
(AAVs): pAAV5-hSyn-DIO-hM3D(Gq)-mCherry (Addgene, #44361. RRID:Addgene_44361),
AAV5-CAG/EFla-DIO-mCherry-mEGR1-shRNAmir (#shAAV-258146, Vector Biolabs) and
AAV5-CAG-FLEX-GFP (UNC, Vector Core). Following anesthesia with isoflurane (2% induc-
tion, 1.5% maintenance) and 2% oxygen, mice were bilaterally injected with AAVs (3 x 10'2 GS
per injection) in the CA1 of the hippocampus. We used the following coordinates (millimeters)
from bregma: antero-posterior, —2.0; lateral, +1.5; and dorso-ventral, —1.3. AAV injection
was carried out in 4 min. The needle was left in place for 2 min for complete virus diffusion.
After recovery, mice were returned to their home cage for 3 weeks.

4.4. Chronic Unpredictable Mild Stress (CUMS)

One day before the beginning of the CUMS procedure described elsewhere [72], mice
were individually housed and maintained in isolation for the entire experiment. The CUMS
procedure (Table 1) followed a random weekly schedule of commonly used mild stressors
(one per day) including restraint, food or water deprivation, home cage inclination and
others. The CUMS protocol lasted 28 days for the long-term-stressed (LTS) group. Short-
term-stressed (STS) mice were housed individually for one day prior to the stress procedure
and received two days of stress (forced swim and restraint). Both the STS and LTS groups
received the same stressors during the last two days (when they received 4-HT) in order
to make them comparable. CNT mice remained undisturbed in their home cages for all
the procedure.



Int. J. Mol. Sci. 2023, 24, 3833 15 of 21

Table 1. Schematic organization of the chronic unpredictable mild stress protocol.

GROUP
TIME STRESSOR CNT STS LTS
Day 0 Isolation Isolation
Day 1 Home cage inclination (1 h)
Day 2 Food deprivation (24 h)
Day 3 Restraint (1 h)
Day 4 Water deprivation (24 h)
Day 5 Light-dark cycle alterations (24 h)
Day 6 Forced Swim (5 min)
Day 7 Exposition to rat sawdust (4 h)
Day 8 Home cage inclination (1 h)
Day 9 Water deprivation (24 h)
Day 10 Restraint (1 h)
Day 11 Light-dark cycle alterations (24 h)
Day 12 Food deprivation (24 h)
Day 13 Restraint (1 h)
Day 14 Exposition to rat sawdust (4 h)
Day 15 Home cage inclination (1 h)
Day 16 Light-dark cycle alterations (24 h)
Day 17 Forced Swim (5 min)
Day 18 Exposition to rat sawdust (4 h)
Day 19 Water deprivation (24 h)
Day 20 Forced Swim (5 min)
Day 21 Exposition to rat sawdust (4 h)
Day 22 Home cage inclination (1 h)
Day 23 Food deprivation (24 h)
Day 24 Water deprivation (24 h)
Day 25 Light-dark cycle alterations (24 h)
Day 26 Food deprivation (24 h) Isolation
Day 27 Restraint (1 h) +4-HT +4-HT +4-HT
Day 28 Forced Swim (5 min) +4-HT +4-HT +4-HT

Left column: day of stress; second column: stressor type; third column: control non-stressed group of mice;
fourth column: short-term-stressed group of mice (2 days of stress); fifth column: long-term-stressed group of
mice (28 days of stress). Note that gray cells illustrate real days in which each group of mice received a stressful
stimulus. 4-HT: 4-Hydroxytamoxifen.

4.5. Behavioral Tests

Open field (OF) and novel object location test (NOL): For the novel object location test
(NOL), an open-top arena (40 x 40 x 40 cm) with visual cues placed in the walls of the
apparatus was used. Mice were first habituated to the arena (1 day, 15 min). We considered
this first exposition to the open arena as an open field paradigm. We monitored total
travelled distance (in cm) as a measure of locomotor activity. On day 2, two identical objects
(Al and a2) were placed on one side of the arena and mice were allowed to explore them
for 10 min. Exploration was considered when the mouse was in contact with object and
sniffed it. 24 h later (D3), one object was moved from its original location to the diagonally
opposite corner and mice were allowed to explore the arena and the objects for 5 min. At
the end of each trial, defecations were removed, and the apparatus was cleaned with 30%
ethanol. Animal tracking and recording were performed using the automated SMART
junior 3.0 software (Panlab, Spain).

Forced swim test: The forced-swim test was used to evaluate behavioral despair.
Animals were subjected to a 6 min trial during which they are forced to swim in an acrylic
glass (35 cm height x 20 cm diameters) filled with water, and from which they cannot
escape. The time that the test animal spent in the cylinder without making any movements
except those required to keep its head above water was measured.

All the tests were conducted during the light cycle and all mice were randomized
throughout the day. Only one test was conducted per day.
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4.6. Tissue Fixation, Immunofluorescence and Confocal Imaging

Animals were deeply anaesthetized and subsequently intracardially perfused with 4%
(weight/vol) paraformaldehyde in 0.1 M phosphate buffer. Brains were dissected out and
kept for 48 h in 4% paraformaldehyde 0.1 M phosphate buffer in agitation. After fixation,
free-floating coronal sections (40 pm) were obtained using a vibratome (VT1000. Leica
Microsystems CMS GmbH, Mannheim, Germany).

For immunofluorescence, sections were first washed twice in PBS and incubated in
50 mM NHA4Cl for 30 min. Blocking and permeabilization were performed for 1 h in PBS-T
with 0.02% azide, 3% NGS and 0.2% BSA. Primary antibodies were diluted in blocking
solution, and sections were incubated overnight at 4 °C in agitation. The following primary
antibodies were used: MAP2 (1:500; #M1406. RRID:AB_477171. Sigma-Aldrich, St. Louis,
MO, USA), GFP FITC-conjugated (1:500, #Ab6662. RRID:AB_305635. Abcam, Cambridge,
UK), Egr1 (1:1000, #4154S, Cell Signalling, Danvers, Massachusetts, USA), cFos (1:150,
#sc-52. RRID:AB_2106783. Santa Cruz Biotechnology, Dallas, TX, USA), GFAP (1:500, Dako
#z0334. RRID:AB_10013382) and Parvalbumin (1:1250; Sigma #P3088. RRID:AB_477329).
Secondary antibodies (Cy3- or Cy2-coupled fluorescent secondary antibodies, 1:200, Jackson
ImmunoResearch Laboratories catalogue #715-165-150, RRID:AB_2340813 and #715-545-
150, RRID:AB_2340846, respectively) were diluted in blocking solution, and tissues were
incubated for 2 h at room temperature. Nuclei were stained for 10 min with 4’ 6-diamidino-
2-phenylindole (DAPI; catalogue #D9542, Sigma-Aldrich). The sections were mounted onto
slides and cover-slipped with Mowiol. Images (at 1024 x 1024-pixel resolution) in a mosaic
format were acquired with a Leica Confocal SP5 with 63x or 40 x oil-immersion objectives
and standard (1 Airy disc) pinhole (1 AU), and frame averaging (3 frames per z step) were
held constant throughout the study.

4.7. Immunobloting

Animals (n = 9-10 per group) were sacrificed by cervical dislocation. The hippocampus
was dissected out, frozen using CO2 pellets, and stored at —80 °C until use. Briefly,
the tissue was lysed by sonication in 250 pL of lysis buffer (50 mM Tris base (pH 7.5),
10 mM EDTA and 1% Triton X—100, supplemented with 1 mM sodium orthovanadate,
1 mM phenylmethylsulphonyl fluoride, 1 mg/mL leupeptin, and 1 mg/mL aprotinin).
After lysis, samples were centrifuged at 15,000x g for 20 min. Supernatant proteins
(15 mg) from total brain region extracts were loaded in SDS-PAGE and transferred to
nitrocellulose membranes (GE Healthcare, LC, UK; Calle Gobelas 35- 37, 28023, Madrid,
Spain). Membranes were blocked in TBS-T (150 mM NaCl, 20 mM Tris- HCl, pH 7.5,
0.5 mL Tween 20) with 5% BSA and 5% non-fat dry milk. Immunoblots were incubated
overnight at 4° with anti-calbindin (Swant CB38) at 1:2000 in PBS with 0.2% Sodium
Azide. After three washes in TBS-T, blots were incubated for 1 h at room temperature
with anti-rabbit horseradish peroxidase-conjugated secondary antibody (1:2000; Promega,
Madison, WI, USA) and washed again with TBS-T. Immunoreactive bands were visualized
using the Western Blotting Luminol Reagent (Santa Cruz Biotechnology) and quantified
by a computer-assisted densitometer (Gel-Pro Analyzer, version 4, Media Cybernetics,
Rockville, MD, USA). For loading control, a mouse monoclonal antibody for tubulin was
used (1:50,000, Sigma 083M4847V).

4.8. Gene Gun

Hippocampal neurons were labeled using the Helios Gene Gun System (Bio-Rad) as
previously described [73]. Briefly, dye-coated particles were delivered by shooting into
200-um coronal brain sections (obtained in a vibratome, Leica VT100), pointing at the
hippocampus, at 80 psi through a membrane filter of 3 um pore size and 8 x 10 pores/cm?
(Millipore, Burlington, MA, USA). Sections were stored at room temperature in PBS for 3 h
protected from light and then subjected DAPI (#D1306, Invitrogen, Waltham, MA, USA)
staining and mounted in Mowiol to be analyzed.
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4.9. Imaging Analysis

Cell counting was performed in area estimates for striatum, dorsal hippocampal CA1,
dorsal hippocampal CA3, septum, para-ventricular nucleus, cingulate cortex, and amygdala
and was performed in double-blind counting fashion relative to the different conditions
using the Image] software (Image] 2.3.0/ 1.53q; Java 1.8). Images (at 512 x 512-pixel
resolution) in a mosaic format were acquired with a Leica Confocal SP5 with a 20 x normal
objective and standard (1 Airy disc) pinhole (1 AU) and frame averaging (3 frames) were
held constant throughout the study. No z-stacks were taken. To determine the neuronal
subpopulation densities, we used the online Gaidi atlas as a reference, and we counted
GFP-positive cells in coronal sections spaced 240 um apart. The numbers of GFP-positive
cells were relativized per area (500 um?). For identification of the activated neurons shown
in Figure 3, three 40-micron-thick slices per mouse separated 240 microns from each other
were used to quantify these percentages. Percentages (%) of GFP-positive cells colocalizing
with different markers (MAP2, GFAP, parvalbumin and calbindinl) were estimated per
area as described above. For calbindinl intensity quantification, 20 um coronal sections
were counted with a step size of 5 pum. Briefly, the ROI of the CA1 was delimited using the
DAPI channel, and this ROI was applied in the calbindinl channel, in which mean intensity
was determined. Spine density counting was performed as previously described [73]
using the Image]J software. GFP- or Dil-labeled pyramidal neurons from CA1 of the dorsal
hippocampus were imaged using a Leica Confocal SP5 with a x 63 oil-immersion objective
(digital zoom 5x). Conditions such as pinhole size (1 AU) and frame averaging (4 frames
per z-step) were held constant throughout the study. Confocal z-stacks were taken with
a digital zoom of 5 and a z-step of 0.2 um at 1024 x 1024 pixel resolution, yielding an
image with pixel dimensions of 49.25 x 49.25 um. For spine density analysis, we examined
second-order dendrites. Thus, ramifications from the apical dendrite were analyzed. On
average, 30 um =+ 2 of length was evaluated per dendrite, and the ratio was calculated as
the number of dendrites/total length analyzed. A total of 17-27 dendrites from 7 different
mice per group were quantified. For double-positive cell quantification, the criterion was to
count as double-positive those cells presenting yellow pixels indicating colocalization of the
marker with GFP.

4.10. Statistics

All data are expressed as mean + SEM, and statistics were calculated using the Graph-
Pad Prism 8.0 software. In experiments with normal distribution, statistical analyses were
performed using the unpaired two-sided Student’s ¢ test, one-way ANOVA and two-way
ANOVA with Bonferroni’s or Tukey’s post hoc tests. T test with Welch’s correction was ap-
plied when variances were unequal. Values of p < 0.05 were considered statistically significant.
Grubbs and ROUT tests were performed to determine the significant outlier values.

5. Conclusions

In conclusion, our study points out the hippocampal CA1 as a brain region sensitive to
the duration of chronic stress and that Egrl in superficial CA1 pyramidal neurons may play
a crucial role in stress-induced sequelae such as behavioral despair and impaired spatial
learning. Finally, future studies should focus on the identification of Egrl upstream and
downstream molecular mechanisms underlying stress-induced sequelae.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms24043833/s1.

Author Contributions: Conceptualization, A.S.-B. and A.G.; methodology, A.S.-B., V.B. and A.G.;
validation, A.S.-B. and V.B.; formal analysis, A.S.-B. and A.G.; investigation, A.S.-B., S.B.-P., V.B. and
A.G,; resources, J.A., J.-A.G. and A.G.; data curation, A.S.-B.; writing—original draft preparation,
A.S.-B. and A.G.; writing—review and editing, A.S.-B., J.A., ].-A.G. and A.G.; visualization, A.S.-B.
and A.G.; supervision, A.G.; project administration, A.S.-B. and A.G.; funding acquisition, ].-A.G.,
J.A. and A.G. All authors have read and agreed to the published version of the manuscript.


https://www.mdpi.com/article/10.3390/ijms24043833/s1
https://www.mdpi.com/article/10.3390/ijms24043833/s1

Int. J. Mol. Sci. 2023, 24, 3833 18 of 21

Funding: A.G. is a Ramén y Cajal fellow (RYC-2016-19466). This work was supported by grants
from Ministerio de Ciencia e Innovacién/ AEI/10.13039/501100011033/ “FEDER”: A.G.: PID2021-
1222580B-100. This work was also supported by the NARSAD foundation (Young Investigator Grant
2016 (Ref. 24803) to A.G. J.-A.G. was supported by grants from Fondation pour la Recherche Médicale
(FRM # DPA20140629798) and ANR (Epitraces, ANR-16-CE16-0018). We thank Ana Lépez (Maria
de Maeztu Unit of Excellence, Institute of Neurosciences, University of Barcelona, MDM-2017-0729,
Ministry of Science, Innovation and Universities) for technical support.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and all animal procedures were approved by local committees [Universitat
de Barcelona, CEEA (10141) and Generalitat de Catalunya (DAAM 315/18)], in accordance with the
European Communities Council Directive (86/609/EU).

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets generated during and/or analyzed during the current
study are available from the corresponding author on reasonable request.

Acknowledgments: We thank Ana Lopez (Maria de Maeztu Unit of Excellence, Institute of Neuro-
sciences, University of Barcelona, MDM-2017-0729, Ministry of Science, Innovation and Universities)
for technical support. We thank Maria Calvo from the Advanced Microscopy Service (Centres
Cientifics i Tecnologics Universitat de Barcelona) for her help in the acquisition, analysis, and inter-
pretation of the confocal images. The mouse strain lines were shared by our collaborator Liset M
de la Prida for internal research purposes only according to donor agreements. The line Chrna7-cre
RRID:MMRRC_034694-UCD was obtained from the Mutant Mouse Resource and Research Center
(MMRRC) at University of California Davis, an NIH-funded strain repository, and was donated to
the MMRRCC by Nathaniel Heintz, PhD, Rockefeller University GENSAT, and Charles Gerfen, PhD,
National Institutes of Health, National Institute of Mental Health. The line Calb1-cre was obtained
from the Jackson Laboratory JAX stock #028532.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

Scott, S.B.; Graham-Engeland, J.E.; Engeland, C.G.; Smyth, ].M.; Almeida, D.M.; Katz, M.].; Lipton, R.B.; Mogle, ]. A.; Munoz, E.;
Ram, N; et al. The Effects of Stress on Cognitive Aging, Physiology and Emotion (ESCAPE) Project. BMC Psychiatry 2015, 15, 146.
[CrossRef]

Vargas, T.; Conley, R.E.; Mittal, V.A. Chronic stress, structural exposures and neurobiological mechanisms: A stimulation,
discrepancy and deprivation model of psychosis. Int. Rev. Neurobiol. 2020, 152, 41-69. [CrossRef]

Nabeshima, T.; Kim, H.-C. Involvement of Genetic and Environmental Factors in the Onset of Depression. Exp. Neurobiol. 2013,
22,235. [CrossRef]

Richter-Levin, G.; Xu, L. How could stress lead to major depressive disorder? IBRO Rep. 2018, 4, 38—43. [CrossRef] [PubMed]
Van Oort, J.; Tendolkar, I.; Hermans, E.J.; Mulders, P.C.; Beckmann, C.E.; Schene, A H.; Ferndndez, G.; van Eijndhoven, PF.
How the brain connects in response to acute stress: A review at the human brain systems level. Neurosci. Biobehav. Rev. 2017,
83, 281-297. [CrossRef]

McEwen, B.S.; Bowles, N.P; Gray, ].D.; Hill, M.N.; Hunter, R.G.; Karatsoreos, I.N.; Nasca, C. Mechanisms of stress in the brain.
Nat. Neurosci. 2015, 18, 1353. [CrossRef]

Schmaal, L.; Veltman, D.J.; Van Erp, T.G.M.; Smann, P.G,; Frodl, T.; Jahanshad, N.; Loehrer, E.; Tiemeier, H.; Hofman, A.; Niessen,
W.J.; et al. Subcortical brain alterations in major depressive disorder: Findings from the ENIGMA Major Depressive Disorder
working group. Mol. Psychiatry 2016, 21, 806-812. [CrossRef] [PubMed]

Liu, W.;; Ge, T;; Leng, Y.; Pan, Z,; Fan, J.; Yang, W.; Cui, R. The Role of Neural Plasticity in Depression: From Hippocampus to
Prefrontal Cortex. Neural Plast. 2017, 2017, 1-11. [CrossRef] [PubMed]

Lee, T.; Jarome, T.; Li, S.-].; Kim, ].].; Helmstetter, F.J. Chronic stress selectively reduces hippocampal volume in rats: A longitudinal
MRI study. Neuroreport 2009, 20, 1554. [CrossRef] [PubMed]

Lyons, D.M.; Yang, C.; Sawyer-Glover, A.M.; Moseley, M.E.; Schatzberg, A F. Early life stress and inherited variation in monkey
hippocampal Volumes. Arch. Gen. Psychiatry 2001, 58, 1145-1151. [CrossRef]

Xu, Y;; Pan, J.; Sun, J.; Ding, L.; Ruan, L.; Reed, M.; Yu, X.; Klabnik, J.; Lin, D.; Li, J.; et al. Inhibition of phosphodiesterase 2
reverses impaired cognition and neuronal remodeling caused by chronic stress. Neurobiol. Aging 2015, 36, 955-970. [CrossRef]
[PubMed]

Alfarez, D.N.; Joéls, M.; Krugers, H.]. Chronic unpredictable stress impairs long-term potentiation in rat hippocampal CA1 area
and dentate gyrus in vitro. Eur. . Neurosci. 2003, 17, 1928-1934. [CrossRef] [PubMed]


http://doi.org/10.1186/s12888-015-0497-7
http://doi.org/10.1016/bs.irn.2019.11.004
http://doi.org/10.5607/en.2013.22.4.235
http://doi.org/10.1016/j.ibror.2018.04.001
http://www.ncbi.nlm.nih.gov/pubmed/30155523
http://doi.org/10.1016/j.neubiorev.2017.10.015
http://doi.org/10.1038/nn.4086
http://doi.org/10.1038/mp.2015.69
http://www.ncbi.nlm.nih.gov/pubmed/26122586
http://doi.org/10.1155/2017/6871089
http://www.ncbi.nlm.nih.gov/pubmed/28246558
http://doi.org/10.1097/WNR.0b013e328332bb09
http://www.ncbi.nlm.nih.gov/pubmed/19858767
http://doi.org/10.1001/archpsyc.58.12.1145
http://doi.org/10.1016/j.neurobiolaging.2014.08.028
http://www.ncbi.nlm.nih.gov/pubmed/25442113
http://doi.org/10.1046/j.1460-9568.2003.02622.x
http://www.ncbi.nlm.nih.gov/pubmed/12752792

Int. J. Mol. Sci. 2023, 24, 3833 19 of 21

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Qiao, H,; Li, M.-X,; Xu, C.; Chen, H.-B.; An, 5.-C.; Ma, X.-M. Dendritic Spines in Depression: What We Learned from Animal
Models. Neural Plast. 2016, 2016, 20-24. [CrossRef] [PubMed]

Magarifios, A.M.; Li, C.J.; Gal Toth, J.; Bath, K.G,; Jing, D.; Lee, ES.; McEwen, B.S. Effect of brain-derived neurotrophic factor
haploinsufficiency on stress-induced remodeling of hippocampal neurons. Hippocampus 2011, 21, 253-264. [CrossRef]

Pawlak, R.; Rao, B.S.S.; Melchor, J.P.; Chattarji, S.; McEwen, B.; Strickland, S. Tissue plasminogen activator and plasminogen
mediate stress-induced decline of neuronal and cognitive functions in the mouse hippocampus. Proc. Natl. Acad. Sci. USA 2005,
102, 18201. [CrossRef] [PubMed]

Shors, T.J.; Falduto, J.; Leuner, B. The opposite effects of stress on dendritic spines in male vs. female rats are NMDA receptor-
dependent. Eur. J. Neurosci. 2004, 19, 145-150. [CrossRef] [PubMed]

Shors, T.J.; Chua, C.; Falduto, ]. Sex Differences and Opposite Effects of Stress on Dendritic Spine Density in the Male Versus
Female Hippocampus. . Neurosci. 2001, 21, 6292—-6297. [CrossRef]

Cembrowski, M.S.; Bachman, J.L.; Wang, L.; Sugino, K.; Shields, B.C.; Spruston, N. Spatial Gene-Expression Gradients Underlie
Prominent Heterogeneity of CA1 Pyramidal Neurons. Neuron 2016, 89, 351-368. [CrossRef]

Valero, M.; de la Prida, L.M. The hippocampus in depth: A sublayer-specific perspective of entorhinal-hippocampal function.
Curr. Opin. Neurobiol. 2018, 52, 107-114. [CrossRef] [PubMed]

Valero, M; Cid, E.; Averkin, R.G.; Aguilar, J.; Sanchez-Aguilera, A.; Viney, T.].; Gomez-Dominguez, D.; Bellistri, E.; De La Prida,
L.M. Determinants of different deep and superficial CA1 pyramidal cell dynamics during sharp-wave ripples. Nat. Neurosci.
2015, 18, 1281-1290. [CrossRef]

Gallo, ET.; Katche, C.; Morici, ].F.; Medina, ]J.H.; Weisstaub, N.V. Immediate Early Genes, Memory and Psychiatric Disorders:
Focus on c-Fos, Egrl and Arc. Front. Behav. Neurosci. 2018, 12, 79. [CrossRef]

Duclot, E; Kabbaj, M. The Role of Early Growth Response 1 (EGR1) in Brain Plasticity and Neuropsychiatric Disorders. Front.
Behav. Neurosci. 2017, 11, 35. [CrossRef]

Girotti, M.; Pace, TW.W.; Gaylord, R.I,; Rubin, B.A.; Herman, J.P.; Spencer, R.L. Habituation to repeated restraint stress is
associated with lack of stress-induced c-fos expression in primary sensory processing areas of the rat brain. Neuroscience 2006,
138,1067-1081. [CrossRef] [PubMed]

Kozlovsky, N.; Matar, M.A; Kaplan, Z.; Zohar, J.; Cohen, H. A distinct pattern of intracellular glucocorticoid-related responses is
associated with extreme behavioral response to stress in an animal model of post-traumatic stress disorder. Eur. Neuropsychophar-
macol. 2009, 19, 759-771. [CrossRef] [PubMed]

Musazzi, L.; Tornese, P,; Sala, N.; Popoli, M. Acute or Chronic? A Stressful Question. Trends Neurosci. 2017, 40, 525-535. [CrossRef]
Laine, M.A.; Sokolowska, E.; Dudek, M.; Callan, S.A.; Hyytid, P.; Hovatta, I. Brain activation induced by chronic psychosocial
stress in mice. Sci. Rep. 2017, 7, 1-11. [CrossRef]

Fee, C.; Prevot, T.; Misquitta, K.; Banasr, M.; Sibille, E. Chronic Stress-induced Behaviors Correlate with Exacerbated Acute
Stress-induced Cingulate Cortex and Ventral Hippocampus Activation. Neuroscience 2020, 440, 113-129. [CrossRef]

Flak, J.N.; Solomon, M.B.; Jankord, R.; Krause, E.G.; Herman, J.P. Identification of chronic stress-activated regions reveals a
potential recruited circuit in rat brain. Eur. J. Neurosci. 2012, 36, 2547-2555. [CrossRef] [PubMed]

De Kloet, E.R.; Joéls, M.; Holsboer, F. Stress and the brain: From adaptation to disease. Nat. Rev. Neurosci. 2005, 6, 463—475.
[CrossRef]

Floriou-Servou, A.; von Ziegler, L.; Waag, R.; Schlappi, C.; Germain, P.L.; Bohacek, J. The Acute Stress Response in the Multiomic
Era. Biol. Psychiatry 2021, 89, 1116-1126. [CrossRef]

Longueville, S.; Nakamura, Y.; Brami-Cherrier, K.; Coura, R.; Hervé, D.; Girault, J.-A. Long-lasting tagging of neurons activated by
seizures or cocaine administration in Egr1-CreERT2 transgenic mice. Eur. J. Neurosci. 2021, 53, 1450-1472. [CrossRef] [PubMed]
Brito, V.; Montalban, E.; Sancho-Balsells, A.; Pupak, A.; Flotta, F.; Masana, M.; Ginés, S.; Alberch, J.; Martin, C.; Girault, ].-A.; et al.
Hippocampal Egrl-dependent neuronal ensembles negatively regulate motor learning. J. Neurosci. 2022, 42, 5346-5360. [CrossRef]
[PubMed]

Romaén-Albasini, L.; Diaz-Véliz, G.; Olave, FA.; Aguayo, F1.; Garcia-Rojo, G.; Corrales, W.A ; Silva, J.P.; Avalos, AM.; Rojas, PS,;
Aliaga, E.; et al. Antidepressant-relevant behavioral and synaptic molecular effects of long-term fasudil treatment in chronically
stressed male rats. Neurobiol. Stress 2020, 13, 100234. [CrossRef]

Roustazade, R.; Radahmadi, M.; Yazdani, Y. Therapeutic effects of saffron extract on different memory types, anxiety, and
hippocampal BDNF and TNF-« gene expressions in sub-chronically stressed rats. Nutr. Neurosci. 2021, 25, 192-206. [CrossRef]
[PubMed]

Rosen, ].B.; Adamec, R.E.; Thompson, B.L. Expression of egr-1 (zif268) mRNA in select fear-related brain regions following
exposure to a predator. Behav. Brain Res. 2005, 162, 279-288. [CrossRef]

Hall, J.; Thomas, K.L.; Everitt, B.]. Cellular Imaging of Zif268 Expression in the Hippocampus and Amygdala during Contextual
and Cued Fear Memory Retrieval: Selective Activation of Hippocampal CA1 Neurons during the Recall of Contextual Memories.
J. Neurosci. 2001, 21, 2186-2193. [CrossRef] [PubMed]

Schreiber, S.S.; Tocco, G.; Shors, T.J.; Thompson, R.E. Activation of immediate early genes after acute stress. Neuroreport 1991,
2,17-20. [CrossRef] [PubMed]

Melia, K.R.; Ryabinin, A.E.; Schroeder, R.; Bloom, FE.; Wilson, M.C.; Anokhin, PK. Induction and Habituation of Immediate
Early Gene Expression in Rat Brain by Acute and Repeated Restraint Stress. |. Neurosci. 1994, 14, 5929-5938. [CrossRef] [PubMed]


http://doi.org/10.1155/2016/8056370
http://www.ncbi.nlm.nih.gov/pubmed/26881133
http://doi.org/10.1002/hipo.20744
http://doi.org/10.1073/pnas.0509232102
http://www.ncbi.nlm.nih.gov/pubmed/16330749
http://doi.org/10.1046/j.1460-9568.2003.03065.x
http://www.ncbi.nlm.nih.gov/pubmed/14750972
http://doi.org/10.1523/JNEUROSCI.21-16-06292.2001
http://doi.org/10.1016/j.neuron.2015.12.013
http://doi.org/10.1016/j.conb.2018.04.013
http://www.ncbi.nlm.nih.gov/pubmed/29729527
http://doi.org/10.1038/nn.4074
http://doi.org/10.3389/fnbeh.2018.00079
http://doi.org/10.3389/fnbeh.2017.00035
http://doi.org/10.1016/j.neuroscience.2005.12.002
http://www.ncbi.nlm.nih.gov/pubmed/16431027
http://doi.org/10.1016/j.euroneuro.2009.04.009
http://www.ncbi.nlm.nih.gov/pubmed/19464153
http://doi.org/10.1016/j.tins.2017.07.002
http://doi.org/10.1038/s41598-017-15422-5
http://doi.org/10.1016/j.neuroscience.2020.05.034
http://doi.org/10.1111/j.1460-9568.2012.08161.x
http://www.ncbi.nlm.nih.gov/pubmed/22789020
http://doi.org/10.1038/nrn1683
http://doi.org/10.1016/j.biopsych.2020.12.031
http://doi.org/10.1111/ejn.15060
http://www.ncbi.nlm.nih.gov/pubmed/33226686
http://doi.org/10.1523/JNEUROSCI.2258-21.2022
http://www.ncbi.nlm.nih.gov/pubmed/35610044
http://doi.org/10.1016/j.ynstr.2020.100234
http://doi.org/10.1080/1028415X.2021.1943138
http://www.ncbi.nlm.nih.gov/pubmed/34165393
http://doi.org/10.1016/j.bbr.2005.04.001
http://doi.org/10.1523/JNEUROSCI.21-06-02186.2001
http://www.ncbi.nlm.nih.gov/pubmed/11245703
http://doi.org/10.1097/00001756-199101000-00004
http://www.ncbi.nlm.nih.gov/pubmed/1768844
http://doi.org/10.1523/JNEUROSCI.14-10-05929.1994
http://www.ncbi.nlm.nih.gov/pubmed/7931554

Int. J. Mol. Sci. 2023, 24, 3833 20 of 21

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Cullinan, W.E.; Herman, ].P;; Battaglia, D.F; Akil, H.; Watson, S.J. Pattern and time course of immediate early gene expression in
rat brain following acute stress. Neuroscience 1995, 64, 477-505. [CrossRef]

Olsson, T.; Seckl], ].R. Ketanserin selectively blocks acute stress-induced changes in ngfl-a and mineralocorticoid receptor gene
expression in hippocampal neurons. Pergamon Neurosci. 1997, 76, 441-448. [CrossRef]

Knapska, E.; Kaczmarek, L. A gene for neuronal plasticity in the mammalian brain: Zif268 /Egr-1/NGFI-A /Krox-24/TIS8 / ZENK?
Prog. Neurobiol. 2004, 74, 183-211. [CrossRef]

Covington, H.E.; Lobo, M.K.; Maze, I; Vialou, V.; Hyman, ].M.; Zaman, S.; LaPlant, Q.; Mouzon, E.; Ghose, S.; Tamminga,
C.A,; et al. Antidepressant Effect of Optogenetic Stimulation of the Medial Prefrontal Cortex. J. Neurosci. 2010, 30, 16082-16090.
[CrossRef]

Matsumoto, K.; Ono, K.; Ouchi, H.; Tsushima, R.; Murakami, Y. Social isolation stress down-regulates cortical early growth
response 1 (Egr-1) expression in mice. Neurosci. Res. 2012, 73, 257-262. [CrossRef]

Hodges, T.E.; Green, M.R.; Simone, ].J.; McCormick, C.M. Effects of social context on endocrine function and Zif268 expression in
response to an acute stressor in adolescent and adult rats. Int. J. Dev. Neurosci. 2014, 35, 25-34. [CrossRef]

Northcutt, K.V.; Lonstein, ].S. Social contact elicits immediate-early gene expression in dopaminergic cells of the male prairie vole
extended olfactory amygdala. Neuroscience 2009, 163, 9-22. [CrossRef] [PubMed]

Zhang, W.; Wang, H.; Lv, Y; Liu, C.; Sun, W,; Tian, L. Downregulation of Egr-1 Expression Level via GluN2B Underlies the
Antidepressant Effects of Ketamine in a Chronic Unpredictable Stress Animal Model of Depression. Neuroscience 2018, 372, 38—45.
[CrossRef]

Ieraci, A.; Mallei, A.; Popoli, M. Social Isolation Stress Induces Anxious-Depressive-Like Behavior and Alterations of
Neuroplasticity-Related Genes in Adult Male Mice. Neural Plast. 2016, 2016, 1-13. [CrossRef]

Clements, K.M.; Wainwright, P.E. Swim stress increases hippocampal Zif268 expression in the spontaneously hypertensive rat.
Brain Res. Bull. 2010, 82, 259-263. [CrossRef] [PubMed]

Isingrini, E.; Camus, V.; Le Guisquet, A.M.; Pingaud, M.; Devers, S.; Belzung, C. Association between repeated unpredictable
chronic mild stress (UCMS) procedures with a high fat diet: A model of fluoxetine resistance in mice. PLoS ONE 2010, 5, e10404.
[CrossRef] [PubMed]

Chen, Y,; Rex, C.S,; Rice, C.J.; Dubé, C.M.; Gall, C.M.; Lynch, G.; Barama, T.Z. Correlated memory defects and hippocampal
dendritic spine loss after acute stress involve corticotropin-releasing hormone signaling. Proc. Natl. Acad. Sci. USA 2010,
107, 13123-13128. [CrossRef] [PubMed]

Sun, D.S.; Zhong, G.; Cao, HX,; Hu, Y,; Hong, X.Y.; Li, T; Li, X;; Liu, Q.; Wang, Q.; Ke, D.; et al. Repeated Restraint Stress
Led to Cognitive Dysfunction by NMDA Receptor-Mediated Hippocampal CA3 Dendritic Spine Impairments in Juvenile
Sprague-Dawley Rats. Front. Mol. Neurosci. 2020, 13, 552787. [CrossRef]

Krzystyniak, A.; Baczynska, E.; Magnowska, M.; Antoniuk, S.; Roszkowska, M.; Zareba-Koziol, M.; Das, N.; Basu, S.; Pikula, M.;
Wilodarczyk, J. Prophylactic Ketamine Treatment Promotes Resilience to Chronic Stress and Accelerates Recovery: Correlation
with Changes in Synaptic Plasticity in the CA3 Subregion of the Hippocampus. Int. J. Mol. Sci. 2019, 20, 1726. [CrossRef]

Qu, Y;; Yang, C.; Ren, Q.; Ma, M,; Dong, C.; Hashimoto, K.; Regional, H.K. Regional differences in dendritic spine density confer
resilience to chronic social defeat stress. Acta Neuropsychiatr. 2017, 30, 117-122. [CrossRef] [PubMed]

Mclaughlin, K.J.; Baran, S.E.; Wright, R.L.; Conrad, C.D. Chronic stress enhances spatial memory in ovariectomized female rats
despite CA3 dendritic retraction: Possible involvement of CA1 neurons. Neuroscience 2005, 135, 1045-1054. [CrossRef]

Qiao, H.; An, S.C.; Ren, W.; Ma, X. M. Progressive alterations of hippocampal CA3-CA1 synapses in an animal model of depression.
Behav. Brain Res. 2014, 275, 191-200. [CrossRef]

Patel, D.; Anilkumar, S.; Chattarji, S.; Buwalda, B. Repeated social stress leads to contrasting patterns of structural plasticity in the
amygdala and hippocampus. Behav. Brain Res. 2018, 347, 314-324. [CrossRef] [PubMed]

Leem, Y.-H.; Park, J.-S.; Chang, H.; Park, J.; Kim, H.-S. Exercise Prevents Memory Consolidation Defects Via Enhancing Prolactin
Responsiveness of CA1 Neurons in Mice Under Chronic Stress. Mol. Neurobiol. 2019, 56, 6609-6625. [CrossRef] [PubMed]
Donohue, H.S.; Gabbott, P.L.A.; Davies, H.A.; Rodriguez, ].J.; Cordero, M.I,; Sandi, C.; Medvedev, N.I; Popov, V.I.; Colyer, EM.;
Peddie, C.J.; et al. Chronic restraint stress induces changes in synapse morphology in stratum lacunosum-moleculare CA1 rat
hippocampus: A stereological and three-dimensional ultrastructural study. Neuroscience 2006, 140, 597-606. [CrossRef]

Conrad, C.D.; Mclaughlin, K.J.; Huynh, T.N.; El-Ashmawy, M.; Sparks, M. Chronic Stress and a Cyclic Regimen of Estradiol
Administration Separately Facilitate Spatial Memory: Relationship with CA1 Spine Density and Dendritic Complexity. Behav.
Neurosci. 2012, 126, 142. [CrossRef] [PubMed]

McLaughlin, K.J.; Wilson, J.O.; Harman, J.; Wright, R.L.; Wieczorek, L.; Gomez, J.; Korol, D.L.; Conrad, C.D. Chronic 17§3-
estradiol or cholesterol prevents stress-induced hippocampal CA3 dendritic retraction in ovariectomized female rats: Possible
correspondence between CA1 spine properties and spatial acquisition. Hippocampus 2010, 20, 768-786. [CrossRef]

Qin, X,; Jiang, Y; Tse, Y.C.; Wang, Y.; Wong, T.P.; Paudel, H.K. Early Growth Response 1 (Egr-1) Regulates N-Methyl-d-aspartate
Receptor (NMDAR)-dependent Transcription of PSD-95 and «-Amino-3-hydroxy-5-methyl-4-isoxazole Propionic Acid Receptor
(AMPAR) Trafficking in Hippocampal Primary Neurons. J. Biol. Chem. 2015, 290, 29603-29616. [CrossRef] [PubMed]

Krugers, H.J.; Koolhaas, ].M.; Medema, R.M.; Korf, J. Prolonged subordination stress increases Calbindin-D28k immunoreactivity
in the rat hippocampal CA1 area. Brain Res. 1996, 729, 289-293. [CrossRef] [PubMed]


http://doi.org/10.1016/0306-4522(94)00355-9
http://doi.org/10.1016/S0306-4522(96)00432-0
http://doi.org/10.1016/j.pneurobio.2004.05.007
http://doi.org/10.1523/JNEUROSCI.1731-10.2010
http://doi.org/10.1016/j.neures.2012.04.004
http://doi.org/10.1016/j.ijdevneu.2014.03.001
http://doi.org/10.1016/j.neuroscience.2009.06.018
http://www.ncbi.nlm.nih.gov/pubmed/19524021
http://doi.org/10.1016/j.neuroscience.2017.12.045
http://doi.org/10.1155/2016/6212983
http://doi.org/10.1016/j.brainresbull.2010.05.002
http://www.ncbi.nlm.nih.gov/pubmed/20457228
http://doi.org/10.1371/journal.pone.0010404
http://www.ncbi.nlm.nih.gov/pubmed/20436931
http://doi.org/10.1073/pnas.1003825107
http://www.ncbi.nlm.nih.gov/pubmed/20615973
http://doi.org/10.3389/fnmol.2020.552787
http://doi.org/10.3390/ijms20071726
http://doi.org/10.1017/neu.2017.16
http://www.ncbi.nlm.nih.gov/pubmed/28566105
http://doi.org/10.1016/j.neuroscience.2005.06.083
http://doi.org/10.1016/j.bbr.2014.08.040
http://doi.org/10.1016/j.bbr.2018.03.034
http://www.ncbi.nlm.nih.gov/pubmed/29580891
http://doi.org/10.1007/s12035-019-1560-z
http://www.ncbi.nlm.nih.gov/pubmed/30905005
http://doi.org/10.1016/j.neuroscience.2006.02.072
http://doi.org/10.1037/a0025770
http://www.ncbi.nlm.nih.gov/pubmed/22004264
http://doi.org/10.1002/hipo.20678
http://doi.org/10.1074/jbc.M115.668889
http://www.ncbi.nlm.nih.gov/pubmed/26475861
http://doi.org/10.1016/0006-8993(96)00583-5
http://www.ncbi.nlm.nih.gov/pubmed/8877003

Int. J. Mol. Sci. 2023, 24, 3833 21 of 21

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Li, J.T,; Xie, XM.; Yu, ].Y.; Sun, Y.X.; Liao, X.M.; Wang, X.X.; Su, Y.A.; Liu, Y.J.; Schmidt, M.V.; Wang, X.D.; et al. Suppressed
Calbindin Levels in Hippocampal Excitatory Neurons Mediate Stress-Induced Memory Loss. Cell Rep. 2017, 21, 891-900.
[CrossRef] [PubMed]

Revest, ].M.; Di Blasi, E,; Kitchener, P; Rougé-Pont, F; Desmedt, A.; Turiault, M.; Tronche, F; Piazza, P.V. The MAPK pathway and
Egr-1 mediate stress-related behavioral effects of glucocorticoids. Nat. Neurosci. 2005 85 2005, 8, 664—672. [CrossRef]

Revest, ].M.; Kaouane, N.; Mondin, M.; Le Roux, A.; Rougé-Pont, F,; Vallée, M.; Barik, J.; Tronche, F; Desmedt, A.; Piazza, P.V.
The enhancement of stress-related memory by glucocorticoids depends on synapsin-Ia/Ib. Mol. Psychiatry 2010, 15, 1140-1151.
[CrossRef]

Saunderson, E.A.; Spiers, H.; Mifsud, K.R.; Gutierrez-Mecinas, M.; Trollope, A.F.; Shaikh, A.; Mill, J.; Reul, ] M.H.M. Stress-
induced gene expression and behavior are controlled by DNA methylation and methyl donor availability in the dentate gyrus.
Proc. Natl. Acad. Sci. USA 2016, 113, 4830-4835. [CrossRef]

Davis, S.; Renaudineau, S.; Poirier, R.; Poucet, B.; Save, E.; Laroche, S. The formation and stability of recognition memory: What
happens upon recall? Front. Behav. Neurosci. 2010, 4, 177. [CrossRef]

Besnard, A.; Caboche, J.; Laroche, S. Recall and Reconsolidation of Contextual Fear Memory: Differential Control by ERK and
Zif268 Expression Dosage. PLoS ONE 2013, 8, 72006. [CrossRef]

Penke, Z.; Morice, E.; Veyrac, A.; Gros, A.; Chagneau, C.; LeBlanc, P; Samson, N.; Baumggértel, K.; Mansuy, LM.; Davis, S.; et al.
Zif268/Egrl gain of function facilitates hippocampal synaptic plasticity and long-term spatial recognition memory. Philos. Trans.
R. Soc. B Biol. Sci. 2014, 369, 20130159. [CrossRef] [PubMed]

Fernandez-Garcia, S.; Sancho-Balsells, A.; Longueville, S.; Hervé, D.; Gruart, A.; Delgado-Garcia, ].M.; Alberch, J.; Giralt, A.
Astrocytic BDNF and TrkB regulate severity and neuronal activity in mouse models of temporal lobe epilepsy. Cell Death Dis.
2020, 11, 411. [CrossRef]

Zhan, J.; Komal, R.; Keenan, W.T.; Hattar, S.; Fernandez, D.C. Non-invasive Strategies for Chronic Manipulation of DREADD-
controlled Neuronal Activity. JoVE 2019, 150, e59439.

Montalban, E.; Al-Massadi, O.; Sancho-Balsells, A ; Brito, V.; de Pins, B.; Alberch, J.; Ginés, S.; Girault, J.-A.; Giralt, A. Pyk2 in the
amygdala modulates chronic stress sequelae via PSD-95-related micro-structural changes. Transl. Psychiatry 2019, 9, 3. [CrossRef]
[PubMed]

Giralt, A.; Brito, V.; Pardo, M.; Rubio, S.E.; Marion-Poll, L.; Martin-Ibafez, R.; Zamora-Moratalla, A.; Bosch, C.; Ballesteros, J.J.;
Blasco, E.; et al. Helios modulates the maturation of a CA1 neuronal subpopulation required for spatial memory formation. Exp.
Neurol. 2020, 323, 113095. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.celrep.2017.10.006
http://www.ncbi.nlm.nih.gov/pubmed/29069596
http://doi.org/10.1038/nn1441
http://doi.org/10.1038/mp.2010.40
http://doi.org/10.1073/pnas.1524857113
http://doi.org/10.3389/fnbeh.2010.00177
http://doi.org/10.1371/journal.pone.0072006
http://doi.org/10.1098/rstb.2013.0159
http://www.ncbi.nlm.nih.gov/pubmed/24298160
http://doi.org/10.1038/s41419-020-2615-9
http://doi.org/10.1038/s41398-018-0352-y
http://www.ncbi.nlm.nih.gov/pubmed/30664624
http://doi.org/10.1016/j.expneurol.2019.113095
http://www.ncbi.nlm.nih.gov/pubmed/31712124

	Introduction 
	Results 
	Egr1-Dependent Neural Activation in Hippocampal CA1 Depends on the Chronicity of the Stress 
	Specific Spine Density Alterations in Egr1-Positive Activated Cells 
	Different Hippocampal Subpopulations Are Activated Depending on Stress Duration 
	Chemogenetic Activation of Dorsal CA1 Deep Pyramidal Cells Does Not Prevent Sequelae Induced by CUMS 
	Specific Downregulation of Egr1 in CA1 Superficial Pyramidal Cells during CUMS Improves Depressive Sequelae 

	Discussion 
	Materials and Methods 
	Animals 
	Drugs 
	Stereotaxic Surgery and Viral Transduction In Vivo 
	Chronic Unpredictable Mild Stress (CUMS) 
	Behavioral Tests 
	Tissue Fixation, Immunofluorescence and Confocal Imaging 
	Immunobloting 
	Gene Gun 
	Imaging Analysis 
	Statistics 

	Conclusions 
	References

