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Abstract

Glucocorticoid signaling influences hippocampal-dependent behavior and vulnerability to stress-related neuro-
psychiatric disorders. In mice, lifelong overexpression of glucocorticoid receptor (GR) in forebrain excitatory
neurons altered exploratory behavior, cognition, and dorsal hippocampal gene expression in adulthood, but
whether GR overexpression alters the information encoded by hippocampal neurons is not known. We per-
formed in vivo microendoscopic calcium imaging of 1359 dorsal CA1 pyramidal cells in freely behaving male
and female wild-type (WT) and GR-overexpressing (GRov) mice during exploration of a novel open field, where
most CA1 neurons are expected to respond to center location and mobility. Most neurons showed sensitivity
to center location and/or mobility based on single-neuron calcium amplitude and event rate, but these sensi-
tivity patterns differed between genotypes. GRov neurons were more likely than WT neurons to display center
sensitivity and less likely to display mobility sensitivity. More than one-third of these responsive GRov neurons
were sensitive only to center location and not mobility, while uniquely center-sensitive neurons were rare in
WT. Most center-sensitive neurons exhibited anticipatory activity, suggesting they could drive behavior. We
conclude that, compared with wild-type, dorsal CA1 pyramidal cells in GRov mice preferentially respond to
center location rather than mobility in a novel open field. Such changes in the information encoded by individ-
ual hippocampal neurons in an aversive environment could underlie changes in stress vulnerability because of
genetic or epigenetic variations in glucocorticoid receptor signaling.
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Significance Statement

Glucocorticoids alter hippocampal-dependent behaviors and vulnerability to stress-related disorders. Here,
we find that increased sensitivity to glucocorticoid via lifelong overexpression of glucocorticoid receptor in
forebrain neurons (GRov) changes the information encoded by individual hippocampal neurons in a mildly
aversive environment, the novel open field. GRov neurons showed heightened sensitivity to center location
and lower sensitivity to mobility. These changes in hippocampal neuronal sensitivity could underlie the dif-
ferences in stress vulnerability in humans with genetic and epigenetic differences in glucocorticoid receptor
signaling or excess glucocorticoid exposure during development.
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Introduction
Glucocorticoid receptors (GRs) are found in neurons

throughout the brain, where they contribute to baseline
and stress-related behavior (McEwen et al., 2015; McEwen
and Akil, 2020). In particular, the hippocampus is highly
sensitive to glucocorticoids, and acute, chronic, and devel-
opmental glucocorticoid exposures influence hippocam-
pal-dependent behaviors including affect and cognition
(McEwen and Gianaros, 2011; Moisiadis and Matthews,
2014a,b). In humans, genetic and epigenetic changes in
the GR alter the risk for hippocampal-dependent disorders
such as posttraumatic stress disorder and cognitive im-
pairment (Koper et al., 2014; Palma-Gudiel et al., 2015;
Yehuda et al., 2015; Kang et al., 2018). Despite this clear,
cross-species link between glucocorticoid receptor signal-
ing and hippocampal-dependent behaviors, how changes
in glucocorticoid receptor signaling alter hippocampal neu-
ronal function is not known.
To determine how neuronal glucocorticoid signaling

across the lifespan alters brain function and behavior,
mice were previously generated with constitutive and
conditional glucocorticoid receptor overexpression in
excitatory forebrain neurons (GRov mice; Wei et al.,
2004, 2012). GRov mice display altered hippocampal-
dependent behaviors, including decreased exploration
of a mildly aversive environment (commonly interpreted
as anxiety-like behavior) and impaired spatial memory
without differences in basal or mild stress-induced cor-
ticosterone levels (Wei et al., 2004, 2007). The anxiety-
like behavioral phenotype of the lifelong GRov mouse in
adulthood was recapitulated by conditional GR overex-
pression during the first three weeks of life but not after
weaning, suggesting that the phenotype is develop-
mentally programmed (Wei et al., 2012). GRov mice
also show profound lifelong changes in gene expres-
sion in the dorsal hippocampus (Wei et al., 2012). This
evidence suggests that early life GR overexpression in
forebrain excitatory neurons alters hippocampal func-
tion in adulthood.
The goal of this study was to determine how lifelong GR

overexpression alters the function of hippocampal neu-
rons in adulthood. To do this, we used in vivo calcium
imaging to record CA1 pyramidal neuron activity from
male and female wild-type (WT) and GRov mice during
free exploration of a brightly lit, novel open field. Dorsal

CA1 was chosen because of its importance for explora-
tory and cognitive behavior and its sensitivity to GRov as
evidenced by gene expression analysis. Dorsal CA1 neu-
rons are expected to encode information about the environ-
ment and behavior during open field exploration, including
center location and speed (Hainmueller and Bartos, 2018;
Jimenez et al., 2018; Iwase et al., 2020). After recording the
activity of 1359 neurons, we identified center and mobility
sensitivity at the single-neuron level and compared the pro-
portion of sensitive neurons between genotypes to uncover
genotype differences in CA1 neuron function.

Materials and Methods
Subjects
GRov mice were previously generated using the CamKIIa

promoter to direct expression of mouse GR, resulting in
GRov overexpression primarily in forebrain glutamater-
gic neurons (Wei et al., 2004). The GRov line was estab-
lished by breeding founders and their progeny to C57Bl6/
J mice, and the line was maintained by breeding heterozy-
gotes. Homozygote GRov and WT male and female lit-
termates aged three to six months were used for these
studies. Mice were maintained on a 14/10 h light/dark
cycle with imaging sessions performed during the light
phase. All animal procedures were conducted in ac-
cordance with the University of Michigan animal care
committee’s regulations.

In vivomicroendoscopic calcium imaging
In vivo calcium imaging in freely behaving mice was per-

formed using the nVista 2.0 miniature endoscope (Inscopix)
following the procedures described in detail elsewhere
(Resendez et al., 2016). Young adult male and female
GRov and WT mice underwent injection of AAV5-CamKIIa-
GCamp6f (Addgene; 300 nl diluted 1:5 in artificial CSF AP
�2.05, ML 1.75 from bregma; DZ �1.3 from skull) and im-
plantation of a 4� 1 mm GRIN lens (at AP �1.95, ML 1.6
from bregma, DZ �1.55 from skull) over the dorsal hippo-
campal CA1 pyramidal cell layer (Fig. 1A,B).
For recordings, mice were allowed to explore a large

(72 � 72 cm) brightly lit (200 lux) open field for 10min.
Behavior was recorded and analyzed using Noldus
Ethovision XT (version 12) and synchronized with cal-
cium imaging using TTL pulses with a Noldus I/O Box.
At least 3 days after the completion of behavioral testing,
mice were perfused with PBS followed by 4% paraformal-
dehyde and brains were postfixed in paraformaldehyde
for 24 h before removal of the lens. 40-mm sections were
cut on a cryostat and used to verify GCamp6f expression
in dorsal CA1 pyramidal cells and accurate placement of
the lens over the dorsal CA1 region.

Data processing
Downsampling (by two in space and time), cropping

and trimming of videos were performed using Inscopix
Data Processing Software (IDPS 1.6.0). CaImAn, an open-
source tool for scalable calcium imaging data analysis
(Zhou et al., 2018), was used to perform background sub-
traction, cell identification, and Df/F trace extraction on
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collected calcium imaging data using the Python toolbox.
Manual curation of the identified cells was performed by
visual inspection to ensure that the final accepted cells
were unique and exhibited typical calcium dynamics, with
transients characterized by fast rise times and exponential
decays. Event detection through deconvolution was per-
formed using the Online Active Set method to Infer Spikes
method (Friedrich et al., 2017). The experimenter who
processed the calcium imaging data were blind to
treatment groups until the neurons were segregated
into groups for genotype comparisons.
To determine the behavior sensitivity of hippocampal

neurons, calcium activity was aligned with behavior in-
cluding location (center and periphery) and mobility,
which was designated high or low based on velocity
�5 or,5 cm/s, respectively. The center area was a 52-
cm square defined in the center of the 72-cm square
arena, and outside the center was defined as the pe-
riphery. Calcium amplitude was shuffled for each ani-
mal to generate a shuffled data distribution, a “null”
distribution where the calcium activity will not be sen-
sitive to any behavior. For each neuron, a ratio was

calculated for the average calcium amplitude in the cen-
ter/periphery, and high/low mobility. Thresholds for be-
havioral sensitivity were defined as cells with a ratio lower
than the first percentile or higher than the 99th percentile,
based on the shuffled data distribution within genotype
(Fig. 1E). These cells were considered mobility-sensitive
or center-sensitive and represent cells that selectively in-
crease or decrease their calcium activity when the mouse
increases velocity or enters the center of the open field
(high and low mobility cells, and center and periphery
cells). Whether calcium activity anticipated a behav-
ioral change was determined by comparing calcium
activity during the 1-s period before the mouse entered
the center relative to the average calcium activity in
the periphery.

Immunohistochemistry
Brain sections were washed in Tris-buffered saline

(TBS) and 0.5% bovine serum albumin (BSA) for 30min
each, then incubated overnight at room temperature in
1:400 primary antibody (rabbit anti-GR from Cell Signaling

Figure 1. A, Schematic showing AAV5-CamKlla-Gcamp6f injection, lens implantation, and calcium imaging in open field arena
steps for the experiment. B, Histology demonstrating GCamp6f expression in dorsal CA1 pyramidal cells. White arrows delineate
the lower lens border. C, Representative frame from calcium imaging recording after applying spatial filtering. D, Behavior of each
mouse in the experiment including total time spent in the center, velocity during the entire trial, and velocity (cm/s) in the periphery
and center. E, Increased immunolabeling for GR in the CA1, dentate gyrus, and cortex of representative male WT and GRov mice.
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Technology, D8H2 #3660). The next day, they were rinsed in
TBS for 45min and incubated in 1:200 secondary antibody
(biotinylated goat anti-rabbit IgG, Vector Laboratories #BA-
1000) for 30min at room temperature. The sections were
then washed in TBS for 45min and incubated in avidin-bio-
tin-peroxidase complex (ABC) solution (Vector Laboratories)
for 30min, followed by another 40-min wash in TBS. The sli-
ces were introduced to the DAB solution with DAB peroxi-
dase substrate (Millipore Sigma D12384), TBS, and 30%
hydrogen peroxide for 6min. The tissue was then washed in
TBS and then in 0.1 M phosphate buffer (PB), for 6min each.
Sections were mounted on glass slides using 0.05 M PB and
placed in the dessicator for 25min. The dehydration was con-
tinued through an alcohol series finishing in xylene. Mounting
media (Electron Microscopy Sciences Fluoro gel with
DABCO) was used to coverslip the slide. A bright-field
microscope (Leica Microsystems DMR-HC) was used
at 5�magnification with the same light and acquisition
conditions to visualize and image each section.

Statistical analyses
All eight mice (two WT male, two WT female, three

GRov male, and one GRov female) exhibiting fluores-
cence with dynamic activity and identifiable cells were
included in the experiment. In total, activity from 260
neurons were identified for WT and 1099 for GRov. All
the neurons from each genotype were analyzed to-
gether, rather than averaging across animals, to allow
identification in behavior sensitivities at the single-
neuron level, as is customary for these types of neural
recording data (Anacker et al., 2018; Hainmueller and
Bartos, 2018). The fraction of CA1 neurons showing
sensitivity to mobility or center location was compared
using Fisher’s exact test as well as x2 test because of
sample size difference between genotypes. Pearson
correlation was used to examine the relationship be-
tween the number of identified neurons and the propor-
tion of center location-sensitive cells, and the time
spent in center and the proportion of center location-
sensitive cells, on a per-animal basis. Statistical analy-
ses were performed using Python. Figures were created
by Python and R and formatted in Adobe photoshop
(22.5.1).

Results
We recorded activity from 1359 dorsal CA1 pyramidal

cells in four WT and four GRov mice during exploration of
a novel open field to understand differences in the sensi-
tivity of these neurons to location and locomotor behavior
in a novel environment (Fig. 1A–C). In this group of four
animals per genotype, there was no statistically significant
difference in behavior in the open field, including the
amount of time spent in the center of the open field
(p=0.77) and average velocity (p=0.35; Fig. 1D). Velocity
for all mice was on average higher in the center than in the
periphery (p=0.015). Immunolabeling for GR in fixed sec-
tions from these mice confirmed GR overexpression in
morphologic pyramidal neurons, including in the hippo-
campal principal cell layers and overlying cortex (Fig. 1E).

Dorsal CA1 neurons are expected to show sensitivity to
the mobility state of the animal and the center/periphery
location in the open field based on previous observations
(Iwase et al., 2020; Jimenez et al., 2018). We developed a
method to identify mobility-sensitive and center-sensitive
cells based on a shuffled data distribution, where cells
with calcium amplitude or event rate activity patterns out-
side the 1st or 99th percentile based on mobility or loca-
tion were considered sensitive (Fig. 2B). Figure 2C,D
illustrates the success of this method in identifying behav-
ior-sensitive cells. We classified mobility-sensitive cells as
“high mobility” or “low mobility” cells based on whether
their activity increased or decreased with high mobility,
respectively. We classified center location-sensitive cells
as “center” or “periphery” cells based on whether their ac-
tivity increased or decreased in the center, respectively.
In the analysis based on calcium amplitude, most dorsal

CA1 pyramidal cells were sensitive to mobility in the open
field, and the same was true for center location (Fig. 3).
Consistent with prior observations, mobility-sensitive
cells were more often high mobility cells than low mobil-
ity cells (Iwase et al., 2020). Center location-sensitive
cells were more often center cells than periphery cells.
More cells met criteria for behavior sensitivity using the
calcium amplitude than the event rate measure, and all
the behavior-sensitive cells identified in the event rate
analysis were also identified as behavior-sensitive cells
in the calcium amplitude analysis. Therefore, the cal-
cium amplitude and event rate analyses capture similar
information about behavior sensitivity, with event rate
being a more stringent measure. As individual animals
spent varying amounts of time in the center of the open
field, we performed a correlation of the percentage of
center location-sensitive cells with the amount of time
spent in the center on a per-animal basis to ensure that
this did not influence the results, and found no relation-
ship (r = �0.1122, p = 0.79136).
We compared the proportion of mobility-sensitive and

center location-sensitive neurons between genotypes
using Fisher’s exact test (Fig. 4). More WT than GRov neu-
rons displayed mobility sensitivity: 88% of WT, 63% of
GRov neurons based on calcium amplitude (p=0.001;
Fig. 4A), and 59% of WT, 53% of GRov neurons based on
event rate (p=0.4542; Fig. 4C). The difference in mobility
sensitivity based on calcium amplitude appeared driven
by a decrease in low mobility cells in GRov: 40% of the
neurons were low mobility cells in WT (Fig. 4A), compared
with 21% in GRov (p, 0.001; Fig. 4A). On the other hand,
more GRov than WT neurons displayed center sensitivity:
68% of WT, 79% of GRov neurons displayed center sen-
sitivity based on calcium amplitude (p=0.18; Fig. 4B), and
31% of WT, 54% of GRov neurons displayed center
sensitivity based on calcium event rate (p = 0.000017;
Fig. 4D). The difference in center sensitivity based on
event rate appeared driven by an increase in periphery
cells in GRov: 21% of GRov and 0% of WT neurons
were periphery cells (p, 0.001; Fig. 4D). Because of
the large difference in sample size (number of neurons)
between the WT and GRov groups, we repeated the
statistical analysis using the x2 test (Extended Data
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Fig. 4-1), which produced the same conclusion for geno-
type differences (r=0.28, p=0.4917). To ensure that the
increase in center location-sensitive neurons in GRov was
not an artifact of the higher number of neurons identified

in GRov mice, we performed a Pearson correlation be-
tween the number of identified neurons and the percent-
age of center location-sensitive neurons on a per-animal
basis and found no relationship (r=0.28, p=0.4917).

Figure 3. Bar graphs show the fraction of CA1 pyramidal cells out of total registered CA1 pyramidal cells (N=1359) sensitive to cen-
ter location (A, C) and mobility (B, D) based on calcium amplitude measure (A, B) or event rate measure (C, D).

Figure 2. A, Example traces from five cells in one mouse during open field exploration. Yellow areas show when the mouse was in the
center of the open field. B, Example distributions of the ratio of calcium event rate in high/low mobility behavior bins for each neuron in orig-
inal and shuffled data. Vertical dotted lines show thresholds for 1% (green line) and 99% (red line) of the distribution based on the shuffled
data within genotype. C, D, Example traces of one center cell and one high mobility cell. Red line shows animal velocity (cm/s), while the
highlighted yellow region shows when the animal was in the center. Blue line shows the calcium amplitude.
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In summary, dorsal CA1 pyramidal cells in GRov
showed more center sensitivity, and less mobility sensitiv-
ity, than WT neurons in the novel open field. Within the
dorsal CA1 pyramidal cell population, individual cells fre-
quently displayed sensitivity to both mobility and center
location (Fig. 5). Center cells were more likely to also be
high mobility cells than low mobility cells. The opposite

was true for periphery cells, which were more often low
mobility cells than high mobility cells (Fig. 5). Since the
mice moved faster in the center of the open field (Fig. 1),
this raised the possibility that the mobility analysis could
be confounded by center location. We therefore repeated
the mobility analysis excluding the data from the center
(Extended Data Fig. 5-1). This resulted in a small decrease
in the number of mobility-sensitive neurons in each cate-
gory without changing the genotype pattern.
Since overlapping sensitivities were common, we

sought to determine whether the GRov hippocampus
had an expansion in center-sensitive cells within the
mobility-sensitive population, or whether the increase
in center-sensitive cells in GRov represented expansion
of a uniquely center-sensitive population. Visualization of
the overlap in behavior sensitivities separately for each
genotype indeed suggested an expansion in the uniquely
center-sensitive population of cells in GRov (Fig. 6). To
quantify this, we compared the proportion of all identified
neurons with unique mobility or center location sensitiv-
ities without any overlap (Fig. 7). More WT than GRov neu-
rons showed unique mobility sensitivity: uniquely high
mobility cells comprised 15% of all neurons in WT and
8% in GRov (p=0.004), while uniquely low mobility cells
comprised 12% of all neurons in WT and 4% in GRov
(p, 0.001). In contrast, more GRov than WT neurons
showed unique center sensitivity: uniquely center cells
comprised 4% of all neurons in WT and 15% in GRov
(p, 0.001), while uniquely periphery cells comprised 4%
of all neurons in WT and 14% in GRov (p, 0.001). In con-
clusion, approximately one in three of all detected GRov
neurons showed unique sensitivity to center location with-
out any mobility sensitivity, while these unique location-
sensitive cells without mobility sensitivity were rare (,1 in
10) in WT neurons.

Figure 4. Graph shows the percentage of mobility-sensitive and location-sensitive neurons based on calcium amplitude (A, B) and
event rate (C, D). A, C, Total number of mobility-sensitive cells (“total mobility cells”) based on each measure, and then these popu-
lations are broken down into high and low mobility cells. B, D, Total number of center-sensitive cells (“total location cells”), and then
these populations are broken down into center and periphery cells. *p, 0.05 compared with WT. Extended Data Figure 4-1 shows
that the statistical results were similar when compared using x2 or Fisher’s exact test.

Figure 5. Venn diagrams show the percentage of all behav-
ior-sensitive neurons sensitive to each behavior, with the
overlap representing cells with sensitivity for both mobility
and center location. 1 represents high mobility cells, – rep-
resents low mobility cells; CS = center cells, PS = periphery
cells. Extended Data Figure 5-1 shows the overall fraction of
mobility-sensitive cells calculated using only data when
mice were in the periphery.
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Finally, we sought to understand whether dorsal CA1
neurons primarily represent behavior and experience, or
whether they anticipate behavior and might plausibly
drive it. To determine whether CA1 neuron activity might
drive center exploration, we analyzed calcium activity dur-
ing the 1 s before the animal entered the center and com-
pared activity in the precenter and periphery bins in
center cells (Fig. 8A–C). Most (69.84%) center cells
showed anticipatory activity, meaning that their calcium
amplitude was higher during the precenter bin in compari-
son to the overall periphery zone. This percentage was
similar between genotypes (65% in WT, 71% in GRov).
Anticipatory neurons that predict future behavior would
be expected to maintain their activity during center explo-
ration, while neurons that drive movement into the center
might decay despite ongoing center exploration. We
found that during periods of time when the mouse re-
mained in the center for at least 5 s, the activity of antici-
patory neurons typically decreased after center entry,
while the activity of nonanticipatory neurons tended to in-
crease (Fig. 8D,E). This pattern suggests that these antici-
patory center cells could drive center exploration.

Discussion
Here, we demonstrate that lifelong overexpression of

GR in forebrain glutamatergic neurons alters the encoding
of behavior-related information in a mildly aversive envi-
ronment, the novel open field, by dorsal CA1 pyramidal
cells. We found high rates of mobility and center location
sensitivity in these neurons, with individual neurons often
displaying shared sensitivities. Compared with WT, GRov
neurons displayed preferential sensitivity to center loca-
tion over mobility.
The high rates of mobility and location selectivity of

CA1 pyramidal cells seen here are consistent with previ-
ous reports (Jimenez et al., 2018; Iwase et al., 2020). The
high percentage of center-sensitive neurons makes them
unlikely to be traditional position-encoding place cells,
which make up a small minority of the active cells in CA1
(Hainmueller and Bartos, 2018; Stefanini et al., 2020). Our
findings are novel in their demonstration of high rates of
shared mobility and center sensitivities in CA1 pyramidal
cells, which have not previously been compared in the
same neuronal population. We further found that while in-
dividual neurons could display any pattern of shared

Figure 6. Venn diagrams for each genotype show the percentage of all behavior-sensitive neurons sensitive to each behavior, with
the overlap representing cells with sensitivity for both mobility and center location, separately for neurons of each genotype. 1 rep-
resents high mobility cells, – represents low mobility cells; CS = center cells, PS = periphery cells.

Figure 7. Fraction of uniquely low mobility (–), high mobility (1), center and periphery cells in WT and GRov as a percentage of the
total cells. These cells showed sensitivity to either center location or mobility without overlap. *p,0.01.
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mobility and location sensitivity, high mobility with center
location and low mobility with periphery location were the
most common, driven only in part by the tendency of mice
to move more quickly in the center.
Between genotypes, GRov neurons displayed more

center location sensitivity, and less mobility sensitivity,
than WT neurons. Furthermore, more GRov than WT neu-
rons were uniquely sensitive to center or periphery loca-
tion, while more WT neurons were uniquely sensitive to
mobility. Center and periphery location are often inter-
preted in the context of their relevance to innate anxiety
states. Previously, male GRov mice showed decreased
exploration of the center of an open field (Wei et al., 2004;
Hebda-Bauer et al., 2010). We did not clearly see a geno-
type difference in overall behavior in the current study,
which can be explained by many factors including the
small number of mice, use of both sexes, and presence
of intracranial hardware and cable tether. The lack of ge-
notype differences in behavior overall precludes any con-
clusions about whether the increase in center-sensitive
neurons in GRov mice drives genotype differences in be-
havior. We saw anticipatory activity of most center cells
before center exploration. Anticipatory neuronal activity is
typically seen in the setting of a predictable sequence of
events, for example, with hippocampal place cells during
track running or medial temporal lobe neurons during a
learned sequence of images (Mehta et al., 1997; Reddy et
al., 2015). In those cases, neurons begin firing in anticipa-
tion of the predicted event but maintain their firing during

the event. In contrast, we found that neurons showing
anticipation of center entry typically showed peak cal-
cium activity soon thereafter followed by a decline to-
ward baseline even when the mouse remained in the
center. This pattern of neuronal activity during open
field exploration suggests that these neurons specifi-
cally drive center entry, but this is a hypothesis that
needs to be tested.
While our findings demonstrate heightened sensitivity

to center location in an open field at the single-neuron
level in dorsal hippocampus of GRov mice, the mecha-
nism is not known. This could be a cell-autonomous effect
in adult hippocampal neurons resulting from increased
sensitivity to circulating glucocorticoid. In support of this
possibility, prior experiments demonstrated an effect of
acute and chronic stress manipulations that increase cir-
culating glucocorticoid on hippocampal place cell func-
tion in adult mice, though the role of glucocorticoids was
not tested directly (Kim et al., 2007; Park et al., 2015).
Follow-up experiments should test whether glucocorti-
coid administration can acutely influence the behavior
sensitivity of CA1 neurons. Alternatively, considering that
the behavioral phenotype of the lifelong GRov mouse was
recapitulated by early life GRov, the effect of GRov on
CA1 function may arise from developmental cellular and
circuit adaptations to GRov in early life. Additionally, as
GR is overexpressed in all forebrain glutamatergic neu-
rons, circuit adaptations may involve brain regions out-
side the hippocampus.

Figure 8. Distribution of the change in average calcium activity in the precenter bin (1 second before mouse entered into center lo-
cation) from average calcium activity in the rest of the periphery bin for all center cells in the total population (A) and separately for
WT (B) and GRov (C). Density on the y-axis indicates the number of cells with the given change in calcium amplitude. Most cells
had a negative change in calcium amplitude, suggesting an anticipatory increase in activity just before the mouse entered the cen-
ter. D, E, Two different neural activity patterns of center selective cells with anticipatory neural activity (D) and without anticipatory
neural activity (E) when the mouse spent at least 5 s in the center.
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Our work has some limitations. The group sizes were
unequal since more neurons were identified in GRov than
in wild-type mice. This could be a biologically meaningful
difference reflecting increased baseline neuronal activity,
increased neuronal recruitment during open field explo-
ration, increased pyramidal neuron density, increased
susceptibility to AAV infection, or differences in calcium
handling. It is also possible that this finding was because
of variation in the surgical preparation (e.g., lens place-
ment, focal plane). Based on our data, it is not possible
to determine the emotional salience of the center sensi-
tivity of dorsal CA1 neurons. Other authors have sug-
gested that the center information encoded by dorsal
CA1 neurons relates more to spatial exploration, in con-
trast to ventral hippocampal neurons which are pro-
posed to encode more purely emotional information
(Jimenez et al., 2018). It would be interesting in the future
to determine whether this increase in the representation
of center sensitivity in dorsal hippocampus in GRov also
occurs in ventral hippocampus.
In conclusion, lifelong overexpression of GR in forebrain

neurons alters the information encoded by CA1 pyramidal
cells, leading to preferential encoding of emotionally rele-
vant center location relative to mobility in a novel open
field. We suggest that this differential encoding of experi-
ence in a novel context by dorsal CA1 pyramidal cells
contributes to the differential behavioral sensitivity and
more emotionally labile phenotype in GRov mice. The
findings suggest that humans with developmental or life-
long differences in glucocorticoid receptor signaling may
also demonstrate differential representation of experien-
ces within the hippocampus, contributing to differential
vulnerability to stress-related disorders. In the future, we
recommend more consideration of the contribution of the
dorsal hippocampus and its innate biases in episodic and
contextual encoding in stress vulnerability.
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