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Corticosterone Mediates the Deleterious Effect of Medial Septal
Inactivation on Memory Retrieval

Lina F. González-Martínez, Mayerli A. Prado-Rivera, and Marisol R. Lamprea
Departamento de Psicología, Laboratorio de Neurociencias, Universidad Nacional de Colombia

Manipulations of hippocampal afferents, aswell as exposure to glucocorticoids, impair spatial
memory retrieval.Objective:Weevaluated the combined effect ofmedial septum inactivation
with muscimol (GABAA agonist) and systemic corticosterone on spatial memory retrieval.
Method: Forty-one male Wistar rats were divided into four groups: Vehicle intraseptal–
Vehicle intraperitoneal (Veh–Veh, n = 10), Vehicle intraseptal–Corticosterone intraperito-
neal (Veh–Cort, n = 11), Muscimol intraseptal–Vehicle intraperitoneal (Mus–Veh, n = 10),
andMuscimol intraseptal–Corticosterone intraperitoneal (Mus–Cort, n = 10). Animals were
trained in the Barnes maze and tested for retrieval 24 hr later. Results:Animals in the groups
Veh–Cort, Veh–Mus, and Mus–Cort showed deficits in the retrieval test. However, the
magnitude of this deficit was smaller in the animals with the combined treatment (Mus–Cort)
than in those with only muscimol (d = 0.97 for escape latency; d = 0.95 for weighted
nongoal explorations). Conclusions:We reproduced the effects of muscimol and corticoste-
rone on memory retrieval. In addition, our data showed a reduced deficit in memory retrieval
after the combined treatment suggesting a role of corticosterone on the attenuation of the
effect of muscimol on hippocampal synaptic activity, possible through an underlying
mechanism involving glutamatergic activity on the hippocampus. We describe for the first
time the relation between the activity of the septo-hippocampal system and the rapid effects of
corticosterone on memory retrieval. These results suggest a therapeutic potential of com-
pounds derived from glucocorticoids as an alternative intervention to the traditional
cholinergic therapies in the alleviation of the memory impairments observed on several
pathologies related to hippocampal decline.

Public Significance Statement
For the first time an attenuation by corticosterone on the impairment of memory
retrieval caused by altered hippocampal functionality was observed. These results
suggest a therapeutic potential of compounds derived from glucocorticoids as an
alternative intervention to the traditional cholinergic therapies in the alleviation of
mnemonic deficits observed in several pathologies.
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Studies on patients with multiple pathologies
that compromise the functioning of the hippo-
campus or its afferents often show deficits in
declarative memory of episodic and spatial type
(Bohbot et al., 1998; Rempel-Clower et al.,
1996). The latter implies the recording of infor-
mation concerning the experiences in a space-time
context (specific information about “what” events
happened, “when,” and “where”; Tulving, 1993).
A strong similarity has beenobserved between the
lower efficiency in the performance of sequential
memory tasks in animals with medial septum
lesions and the impairment observed in this
same memory in patients with moderate or inter-
mediate stage Alzheimer’s disease (Kesner et al.,
1989).More recently, an accelerated degeneration
of the connection between medial septum and the
hippocampus in a transgenic mice model of Alz-
heimer’s disease has been described (Kim et al.,
2019). This suggest that the deficits observed in
clinical pathologies as well as in animal studies
can be attributed to a certain extent to alterations in
the septo-hippocampal connection, which has
been described as important for the adequate
functioning of the hippocampus (Gray &
McNaughton, 2000).
The septo-hippocampal connection originates

in the septal medial nucleus and the diagonal
band, and is composed of a heterogeneous neuro-
nal population, the most prominent being the
cholinergic and GABAergic ones (Greenstein &
Greenstein,2000).Althoughboth typesofneurons
project to the hippocampus via fimbria/fornix,
the GABAergic projection synapses onto inhibi-
tory hippocampal interneurons (Tóth et al., 1993),
while the cholinergic projection terminates
broadly in the hippocampus (e.g., pyramidal cells,
dentate granular cells; Frotscher&Léránth, 1985).
It is known that lesions of the septo-hippocampal
complex or those exclusively in themedial septum
lead to severe cognitive deficits and eliminate the
electric theta activity in the hippocampal forma-
tion essential for learning of spatial tasks (Pang &
Nocera, 1999).
Some studies have shown that temporal inac-

tivation of the medial septum with muscimol
(which affects all projections from the medial
septum to the hippocampus) before training of a

spatial memory task on the Morris water maze
produces a significant impairment in the learning
and retrieval of this task (Brioni et al., 1990). This
is especially true when the retrieval is tested after
a long delay (Nagahara & McGaugh, 1992). In
addition, specific lesions of the GABAergic pro-
jections impair only the retention of the platform
location (Dashniani et al., 2020).
In addition, acute exposure to glucocorticoids

released in stressful situations or administered
exogenously has also been shown to affect the
acquisition, consolidation, and retrieval of spatial
tasks (Rajab et al., 2014; Roozendaal et al.,
2003; Snihur et al., 2008; Yau et al., 2012).
Particularly, the deleterious effect of these treat-
ments on the retrieval of spatial memory has been
found consistently (deQuervain et al., 1998; Han
et al., 2015; Múnera et al., 2017; Park et al.,
2008). Because these behavioral changes have
been observed a short time after exposure to stress
or glucocorticoids, it has been suggested that
these effects could be due to nongenomic effects
caused by the occupation of receptors located in
the membrane of hippocampal cells (de Quervain
et al., 1998; Joëls & Karst, 2009) that in turn
affect the cellular activity of this structure
(Diamond et al., 2004; Sebastian et al., 2013).
Even though several explanations have been
proposed for the mechanisms through which
this occupation of membrane receptors would
cause the deficits in retrieval, there is still no
unified explanation (Joëls et al., 2006; Sandi,
2011).
Taking into account the similarity between the

effects observed onmemory retrieval aftermedial
septum manipulations and glucocorticoid expo-
sure, the aim of the present study is to evaluate the
effect of these two manipulations together on the
retrieval of a spatial memory task. In particular,
we sought to determine whether the temporal
inhibition of the medial septum, followed by
the systemic administration of corticosterone,
would have a summative effect evidenced by a
more severe deficit in the retrieval of spatial
memory than the one expected when these treat-
ments are administered individually. Opposite to
previous studies where the medial septum is
lesioned or inactivated before the acquisition of
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spatial tasks (Brioni et al., 1990; Dashniani et al.,
2020; Lecourtier et al., 2011), in this study
the intraseptal injection of muscimol was per-
formed before the retrieval test in the Barnes
maze to ensure that the septal inactivation would
not affect the acquisition or consolidation of
the task.

Method

Animals

A total of 50 animalswere included in the study.
Nine animals were excluded from the analyses
after discovery of wrong cannula placement with
histology analysis. Therefore, 41 male Wistar rats
weighing 289,99 ± 18,25 grs (mean ± standard
deviation) and aged approximately 3 months sup-
plied by Instituto Nacional de Salud (INS-Bogota)
were used as subjects. Animals were housed in
polyethylene cages (41 cm× 34 cm × 25 cm, L ×
W × H) in groups of four animals per cage before
surgery procedures. After cannula implantation,
animals were housed in pairs to decrease possible
cannula disruptions between animals. Across the
entire experiment animals had free access to
water and food and were kept in controlled envi-
ronmental conditions: 12-hr light/dark cycle
(lights on at 07:00 a.m.), 20 ± 1 °C room temper-
ature, and 50 ± 10%relative humidity.Behavioral
procedures were conducted between 7:00 a.m.
and 1:00 p.m. to avoid circadian corticosterone
peak release (Jozsa et al., 2005; Malisch et al.,
2008).
Animals were kept in the laboratory for at least

4 days before any experimental procedure to
allow them to become acclimatized to their
new housing conditions. All experimental proce-
dures were performed according to local and
international guidelines (NIH Guide for the
Use and Care of Laboratory Animals) and were
approved by the local Ethics Committee (Facul-
tad de Ciencias Humanas, Universidad Nacional
de Colombia). All efforts were made to minimize
the number of animals and to avoid unnecessary
suffering to the experimental subjects.

Surgery

Animals were anesthetized with a cocktail of
ketamine (100 mg/kg) and xylazine (10 mg/kg)
and were head fixed in a stereotactic apparatus

(Insight Equipamentos) once a deep level of
anesthesia was achieved. An incision was made
on the scalp above the bregma line, and the skull
surface exposedwas cleaned of any trace of blood
or connective tissue. Using a drill with an appro-
priate drill bit, a hole was made in the skull to
place the dummy cannula following the coordi-
nates for medial septum based on Paxinos and
Watson (2007; [relative to bregma]: +0.6 mm
posterior, ±0.3 mm lateral, and −4.8 mm ventral
(the latter is from the surface of the skull). Once
the dummy cannula was positioned, dental
cement was applied to the skull to fix its place-
ment. Once the dental cement was hard, the
dummy cannula was removed, and the guide
cannula was left in place. To prevent the entrance
of impurities in the cannula, a smaller gauge wire
was placed in the guide cannula andwas left there
until the day of the intracerebral injection. Can-
nulas were made with 22G hypodermic syringes,
with 14 mm length. To control for postsurgical
pain, meloxicam (0.5%) was administered sub-
cutaneously, and intramuscular amoxicillin was
administered as antibiotic. Twenty-four hr after
cannula implantation, animals received a second
dose of subcutaneous meloxicam (0.5%).
To confirm the location of the cannula, once the

behavioral test concluded, animals were injected
with a lethal dose of urethane and decapitated.
Brains were harvested and preserved in parafor-
maldehyde for 48 hr. Then, the brains were sec-
tioned in 50-μm sections using a cryostat and
were processed with a Nissl stain. Animals with a
wrong placement of the cannula were excluded
from the analysis (Figure 1).

Drugs and Drug Injection

Seven days after cannula implantation and
15 min before the retrieval test, animals received
one dose of saline solution (0.9%) or one dose of
the GABAergic agonist muscimol (Sigma-
Aldrich, USA) dissolved in saline (0.9%). The
injection needle extended 1 mmpast the tip of the
guide cannula and was connected to a polyethyl-
ene catheter attached to a 10 μl Hamilton syringe.
The volume administered for saline and musci-
molwas 1 μl total, manually injected at a 1 μl/min
rate. After the volume was injected, the injection
syringe was left in place for another minute to
allow the diffusion of the substances. The con-
centration and volume of muscimol administered
(1 μg/μl 0.5 nmol) were based on previous
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studies (Majchrzak&DiScala, 2000;McEown&
Treit, 2010; Parent & Gold, 1997).
Ten min before the retrieval test and 5 min

after the intraseptal injection, corticosterone-
2-hydroxypropyl-b-cyclodextrin complex (Sigma,
St Louis, MO, USA) was administered. Cortico-
sterone-2-hydroxypropyl-b-cyclodextrin complex
was dissolved in saline to reach a final corticoste-
rone concentration of 0.125 mg/ml. A 1 ml/kg
dose of this solution was injected intraperitoneally
into subjects designated to receive corticosterone.
With this route, the drug rapidly enters into the
blood (Pakdel & Rashidy-Pour, 2006) which was
important for the study given the short time
between the drug injection and testing in the
Barnes maze. The final dose (0.125 mg/kg)
was chosen on the basis of previous experiments
demonstrating the detrimental effects of this dose
on spatial memory retrieval (Múnera et al.,
2017). A 1 ml/kg dose of 0.9% saline was in-
jected intraperitoneally into subjects designated
to receive the vehicle.

Spatial Memory Task

All animals were trained on a spatial memory
task using the Barnes maze and tested 24 hr later
in a retrieval trial. As previously described
(Vargas-López et al., 2011), animalswere trained
on a 1.22-m diameter, black acrylic circular plat-
form placed 80 cm above the floor, with 18
evenly spaced peripheral holes. A randomly cho-
sen hole (escape hole) allowed the subject to
escape from the platform to a box (escape box)
placed immediately below it. At the beginning of
any trial, the subject was placed in the center of
the platform inside a start box. The start box was
coupled to a pulley system to raise it quickly to a
resting position 2 m above, setting the subject
free to explore the maze. The maze was placed
at the center of a square experimental room
having white walls and floor. High-contrast sig-
nals were fixed in the walls of the experimental
roomgiving the subject extra-maze visual cues.A
90-dB white-noise generator and two white light

Figure 1
Location of the Cannula Placement and Microinjection Site in the Medial Septum

Note. The left panel is a photomicrograph of a coronal brain section depicting the cannula tract. The right panel shows a
schematic of a coronal section of the rat brain approximately 0.6 mmanterior to bregma according to the atlas of Paxinos
and Watson (2007). The black arrow indicates the tip of the cannula aimed at the medial septum. The black box
represents the area of the medial septum where microinjections were performed. The injection needle extended 1 mm
past the tip of the guide cannula.
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150-W bulbs placed in the ceiling of the experi-
mental room provided motivation for escaping
from the platform. Whenever the white light
bulbs were switched off, a 20-W red light was
switched on to permit the experimenter to handle
the rat and to eliminate olfactive clues by cleans-
ing the maze and the boxes with a 10% ethylic
alcohol solution.An infrared video camera linked
to aVCR and a TVmonitor wasmounted 110 cm
above the platform center to record the subject’s
performance on a DVD recorder.
Rats were handled for 5 min daily for 3 days

by the experimenter during an acclimation period
to reduce possible stress caused by manipulation
during the experimental procedure. After this
period, each animal underwent a 9-min habitua-
tion session during which it was successively
exposed to the experimental context (experimen-
tal room, 3 min), to the escape box (3 min), and to
the start box (3 min).
An eight-trial (A1–A8) acquisition session

was run 24 hr later. Acquisition trials began
with the animal inside the start box for 30 s;
the start boxwas then raised, the aversive stimuli
(bright light and noise) were switched on and
the rat was allowed to freely explore the maze.
The trial finished either when the rat entered the
escape box or after 240 s of maze exploration. If
the animal did not enter the escape box by itself
after 240 s, the experimenter picked it up gently
and placed it over the escape hole allowing the
animal to enter the escape box. The aversive
stimuli were switched off at the end of each
acquisition trial, the dim red light was switched
on, and the animals were allowed to stay in the
escape box for 60 s.
A retrieval test trial was performed 24 hr later

and consisted of a trial similar to an acquisition
trial. Memory retention was evaluated by com-
paring efficiency in reaching the escape hole with
that observed during the last training trial.

Experimental Design

After acclimation, animals were randomly as-
signed to one of four groups: Vehicle intraseptal–
Vehicle intraperitoneal (Veh–Veh, n = 10),
Vehicle intraseptal–Corticosterone intraperito-
neal (Veh–Cort, n = 11), Muscimol intraseptal–
Vehicle intraperitoneal (Mus–Veh, n = 10), and
Muscimol intraseptal–Corticosterone intraperito-
neal (Mus–Cort, n = 10). Next, all animals

received cannula implantation and began han-
dling and behavioral training 2 days later.
Animals were trained as previously described

and were tested 24 hr later. They received the
intraseptal injection (i.e., vehicle or muscimol)
15 min before the retrieval test, and subsequently
the intraperitoneal injection 5 min later (i.e.,
vehicle or corticosterone 10 min before the test).

Behavioral Measurements

All behavioral measurements were made off-
line using X-Plo-Rat 2003 software (Cardenas
et al., 2001). The behavioral measurements ana-
lyzed were as follows: (a) Escape latency: Time
(in seconds) spent by the animal since trial start
until entering the escape hole, (b) weighted non-
goal exploration: The sum over all nongoal holes
of a given hole’s linear distance to the escape hole
(in cm) multiplied by the number of times such
hole was explored, and (c) total distance traveled
(in cm): Represents the total path of the animal in
the platform since the beginning of the trial until
finding the escape hole. This latter measure was
used during acquisition as an indicator of optimal
motor performance following cannula implanta-
tion. In addition, we considered that a more
meaningful assessment of the effect of the phar-
macological treatment on the retrieval test would
entail comparing animals’ behavior during the
retrieval test with their own behavior during the
last training trial. For this analysis, (d) the abso-
lute difference in escape latency and (e) the
weighted nongoal exploration between A8 and
retrieval test was calculated and compared
between groups: Retrieval trial minus acquisition
trial 8 for each measurement.

Data Analysis

Data were analyzed in RStudio (1.3.1073).
Assumptions of normal distribution and homo-
geneity of variances were tested with Shapiro–
Wilk’s test and Levene’s test, respectively. If
normality and homogeneity of variances assump-
tions were met, two-way repeated measures anal-
yses of variance (ANOVA) were used. When
these assumptions were not met, the nonparamet-
ric tests Kruskal–Wallis and Welch’s Heterosce-
dastic F tests were performed followed by post
hoc Dunn test or Games–Howell test compari-
sons, respectively. For acquisition, behavioral
measurements per trial were grouped for making
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repeated-measures comparisons intragroup with
two-way repeated measures ANOVA (between:
Group, within: Trial). For the retrieval test,
Welch’s Heteroscedastic F tests were performed,
followed by post hoc Games–Howell test com-
parisons. For the absolute difference between
retrieval test and A8 analysis, Kruskal–Wallis
and Welch’s Heteroscedastic F test were per-
formed followed by post hoc Dunn test or
Games–Howell test comparisons, respectively.
Finally, effect size was calculated with Cohen’s
d. For all statistical analyses, significance levels
were set at p < .05.

Results

Analysis of the behavioral measures during the
acquisition phase are depicted by groups and are
analyzed with two-way repeated measures
ANOVA with group and trial as between and
within factors, respectively. These analyses eval-
uate any possible underlying intrinsic difference
between the groups, even though during the
training phase, animals had not been exposed
to any pharmacological treatment. Animals in
all groups learned the spatial location of the
escape box after eight acquisition trials, evi-
denced by: A significant decrease in escape
latency, weighted nongoal exploration, and total
distance traveled in trial 8 (A8) compared to the
first training trial (A1). For escape latency, there
was a significant effect of trial, F(1, 37) = 75.04,
p < .01, without a significant effect of group, or
interaction group by trial (p = .6 in both cases),
indicating a significant decrease in the time tofind
the escape box across training. This is further
supported by a large effect size between the two
trials d = 1.95 (Figure 2A). In the same way, a
significant reduction in the weighted nongoal
exploration in A8 compared to A1 was observed,
with a significant effect of trial,F(1, 37) = 45.43,
p < .01, without a significant effect of group or
interaction between group and trial (p = 0.6 in
both cases), and supported by a large effect size
between trials d = 1.53 (Figure 2B). Finally, all
animals significantly reduced the distance trav-
eled in the maze to find the escape box across
training, F(3, 37) = 53.78, p < .01, without sig-
nificant differences between groups or interaction
between group and trial (p = .5 and p = .9,
respectively). This significant decrease in total
distance traveled is accompanied by a large effect
size between trials d = 1.69 and indicates that

cannula implantation does not impair motor
activity in the animals (Figure 2C).
During the retrieval test performed 24 hr after

training, animals were differentially affected by
the pharmacological treatments. For escape
latency, aWelch’s Heteroscedastic F test showed
that therewas a significant difference between the

Figure 2
Behavioral Measures During Acquisition of the Spatial
Memory Task

Note. The figures show the comparison between thefirst (A1)
and the last training trial (A8). (A) Time to find the escape hole
since the beginning of the trial for each group. (B) Weighted
nongoal exploration, defined as the sum over all nongoal holes
of a given hole’s linear distance to the escape hole (in cm)
multiplied by the number of times the given hole was explored
for each group. (C) Total distance traveled representing the total
path of the animals in the platform since the beginning of the
trial until finding the escape hole.Mean ± Standard Error of the
Mean (SEM) in all cases, ** p < .01 with respect to A1. d =
Effect size with Cohen’s d with respect to A1.
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groups, F(3, 19.02) = 10.54, p < .01. Post hoc
comparisons with Games–Howell test revealed
that compared to the Veh–Veh group, the groups
Veh–Cort andMus–Cort had significantly longer
escape latency (p < .05 and p < .01, respec-
tively; Figure 3A). The effect sizes for these
two significant differences were d = 1.32 and
d = 2.09, respectively. Even though the group
Mus–Veh appears to have longer escape latency
than Veh–Veh, this difference was only margin-
ally significant (p = .05) but showed a large
effect size (d = 1.36). Finally, the effect sizes
between Veh–Cort and Mus–Veh was moderate
(d = .72), large between Mus–Cort and Mus–
Veh (d = 1.02), andmoderate betweenVeh–Cort
and Mus–Cort (d = 0.53; Figure 3A).
For weighted nongoal exploration, a Welch’s

Heteroscedastic F test also showed that there was
a significant difference between the groups, F(3,
18.92) = 5.81, p < .01. However, post hoc com-
parisons with Games–Howell test revealed that
Veh–Veh group was not significantly different
from Veh–Cort and Mus–Cort (p = .12 and
p = .06, respectively). The effect size of these
comparisons with Veh–Veh was large in both
cases, with Veh–Cort d = 1.04 and Mus–Cort
d = 1.21. On the other hand, the difference of
Veh–Veh with Mus–Veh was marginally signifi-
cant (p = .05), and a large effect size between
these two groups was observed (d = 1.36;
Figure 3B). Finally, the effect sizes between

Veh–Cort and Mus–Veh were moderate (d =
0.65), large between Mus–Cort and Mus–Veh
(d = 1.00), and small between Veh–Cort and
Mus–Cort (d = 0.44; Figure 3B).
For the absolute difference between retrieval

test andA8 analysis, in the case of escape latency,
a significant statistical difference between groups
was observed with a Kruskal–Wallis test (chi-
squared = 21.56, df = 3, p < .001). Post hoc
comparison with Dunn’s test showed that for
the Veh–Veh group the difference between trials
for this measure is significantly smaller than the
difference between trials for all the other groups
(p < .01 in all cases). This shows that while
Veh–Veh animals decreased their escape latency,
all other groups showed an increase during
retrieval compared to A8 (Figure 4A). The effect
size of these comparisons of Veh–Veh with the
other groups was large in all cases (Veh–Cort:
d = 1.65, Mus–Veh: d = 1.56, and Mus–Cort:
d = 2.15). Additional effect sizes between
groups were calculated, showing a small effect
size between Veh–Cort and Mus–Cort d = 0.34,
moderate effect between Veh–Cort and Mus–
Veh d = 0.79, and a large effect between Mus–
Veh and Mus–Cort d = 0.97 (Figure 4A).
Finally, a Welch’s Heteroscedastic F test

showed that the absolute difference between
weighted nongoal exploration in the retrieval
test and A8 was statistically different between
groups, F(3, 19.22) = 10.06, p < .001. Post hoc

Figure 3
Scape Latency and Weighted Nongoal Exploration in the Retrieval Test

Note. Animals were trained in a spatial memory task and tested 24 hr in a retrieval test, following intraseptal (i.e., vehicle or
muscimol) and intraperitoneal (i.e., vehicle or corticosterone) injection. (A) Time to find the escape hole since the beginning
of the trial for each group. (B) Weighted nongoal exploration as the sum over all nongoal holes of a given hole’s linear
distance to the escape hole (in cm) multiplied by the number of times such hole was explored for each group in the retrieval
test. Mean ± Standard Error of the Mean (SEM) in all cases, * p < .05 and ** p < .01 with respect to Veh–Veh group.
d = Effect size with Cohen’s d between the groups indicated by a line.
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comparison with the Games–Howell test evi-
denced that the difference between the retrieval
test and A8 on this parameter for Veh–Veh group
is significantly lower than the difference between
these trials for all the other groups (Veh–Cort and
Mus–Veh p < .05; Mus–Cort p = .001). The
effect size of these comparisons with Veh–Veh
was large in all cases, with Veh–Cort d = 1.49,
Mus–Veh d = 1.60, and Mus–Cort d = 2.17.
Thus, while Veh–Veh animals decreased their
weighted nongoal exploration, all other groups
showed an increase in this exploration during
retrieval test compared to A8 (Figure 4B).
Additional effect sizes between groups were cal-
culated, showing a small effect size between
Veh–Cort and Mus–Cort d = 0.30, moderate
effect between Veh–Cort and Mus–Veh d =
0.72, and a large effect between Mus–Veh and
Mus–Cort d = 0.95.

Discussion

The present study aimed to evaluate the possi-
ble interaction of the septo-hippocampal pathway
inhibition and the systemic administration of
corticosterone on the retrieval of a spatial

memory task in the Barnes maze, an interaction
unexplored in the literature.
The results showed that the spatial task was

acquired similarly by all animals after cannula
implantation.Thiswas evidenced by a decrease in
escape latency, weighted nongoal explorations,
and distance traveled in the last acquisition trial
compared to the first. Thus, these parameters
indicate the learning of the location of an escape
hole, presumably by using a strategy that allows
the animals to memorize its location in relation to
the spatial location of environmental reference
cues (Carrillo-Mora et al., 2009).
On the other hand, in the retrieval test 24 hr

after task acquisition, we found two main results.
First, both treatments administered individually
(i.e., Veh–Cort or Mus–Veh) or together (i.e.,
Mus–Cort) produce a deficit in the retrieval of
the information, evidenced mainly on the com-
parison between the retrieval test and the last
acquisition trial. The second and more striking
finding shows that although corticosterone, mus-
cimol, or the combined treatment (Mus–Cort)
produces a deficit in the retrieval of the informa-
tion, not all treatments do it in the same way, as
observed in the contrast of the effect size between
the retrieval test and the last acquisition trial

Figure 4
Absolute Difference Between Retrieval Test and Last Acquisition Trial for Escape Latency and Weighted
Nongoal Exploration

Note. Animals were trained in a spatial memory task and tested 24 hr in a retrieval test, following intraseptal (i.e., vehicle or
muscimol) and intraperitoneal (i.e., vehicle or corticosterone) injection. (A) Absolute difference between retrieval test and
last acquisition trial (A8) for escape latency (retrieval minus A8) for each group. (B) Absolute difference between retrieval
test and last acquisition trial (A8) for weighted nongoal exploration (retrieval minus A8) for each group. Mean ± Standard
Error of the Mean (SEM) in all cases, * p < .05 and ** p < .01 with respect to Veh–Veh group. d = Effect size with
Cohen’s d between the groups indicated by a line.
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between the groups Veh–Cort and Mus–Cort
(d = 0.33 for escape latency; d = 0.29 for
weighted nongoal explorations), and Mus–Veh
and Mus–Cort (d = 0.97 for escape latency;
d = 0.95 for weighted nongoal explorations).
This result suggests that instead of having a
summation effect, the corticosterone treatment
reduces the impairing effects of muscimol on
the retrieval of spatial memory.
Based on previouswork related to the effects of

muscimol or corticosterone, it is possible to pro-
pose some explanations for the effects found in the
present study. First, in relation to the impairment
in retrieval observed in the group Veh–Mus after
intraseptal muscimol infusion, there is ample
evidence showing that interventions of themedial
septum impair memory in a variety of tasks (Cai
et al., 2012). The medial septum projection to the
hippocampus is composed mainly of cholinergic
andGABAergic pathways (Khakpai et al., 2013).
Both septal cell populations express GABA re-
ceptors (Gao et al., 1995; Van der Zee & Luiten,
1994), meaning that medial septal GABAergic
pharmacological interventions as the one used in
the present study have effects on both septal-
hippocampal pathways.
In relation to the cholinergic component of the

septal-hippocampal pathway, the spatial memory
impairments following intraseptal manipulations
with muscimol could relate either to a significant
suppression of hippocampal theta rhythm
(Hasselmo et al., 2002; Huang et al., 2011) or
to changes in hippocampal glutamatergic trans-
mission. Cholinergic septal projections to the
hippocampus target multiple cell types, including
glutamatergic pyramidal cells (Frotscher &
Léránth, 1985). Thereby, muscimol injections
in the medial septum could reduce cholinergic
transmission to hippocampal pyramidal cells,
resulting in decreased glutamatergic transmis-
sion, and disrupting synaptic plasticity mechan-
isms associated with memory (Gulledge &
Kawaguchi, 2007; Kanju et al., 2012). Neverthe-
less, recent studies have shown that selective
lesions of the cholinergic component of the
septo-hippocampal projection are associated
with limited deficits (Frick et al., 2004; Kirby
& Rawlins, 2003) or no deficit in the long-term
retrieval of spatial memory (Dashniani et al.,
2020). These results suggest that the cholinergic
projection of the septum to the hippocampus
would be more involved in the flexibility of the
expressionofmemory in the face of environmental

changes, than in the recovery of information
(Ikonen et al., 2002; Parent & Baxter, 2004).
In relation to theGABAergic component of the

septal-hippocampal pathway, one possible expla-
nation for the memory impairments observed
after intraseptal muscimol injection could be
related to changes in hippocampal glutamatergic
transmission. In this regard, it has been observed
that intrahippocampal administration of bicucul-
line, a GABA antagonist, prevents the memory
impairment produced by muscimol in the medial
septum (Krebs-Kraft et al., 2007). In addition, it
has been observed that septal GABAergic neu-
rons specifically target hippocampal GABA in-
terneurons, some of which provide rhythmic
inhibitory inputs to pyramidal cells (Bilkey &
Goddard, 1985; Freund & Antal, 1988; Krnjević
et al., 1988; Tóth et al., 1997). Based on this
evidence, it is possible that aftermuscimol admin-
istration in the medial septum, a disinhibition of
these hippocampal GABAergic interneurons oc-
curs, which in turns creates a net inhibitory effect
on the pyramidal cells of this region, decreasing
glutamatergic release in the hippocampus. It is
well known that this glutamatergic release is
important for the recovery of spatial memory
(Dashniani et al., 2020), supporting the relation
between intraseptal muscimol administration and
the memory impairment observed in the pres-
ent study.
Concerning the impairment in the retrieval

observed 10 min after corticosterone administra-
tion in Veh–Cort animals, this result is consistent
with previous studies that have shown that corti-
costerone treatment 30 min before a retrieval
test impairs the performance of a spatial and
contextual memory task (de Quervain et al.,
1998; Roozendaal et al., 2004). It has been pro-
posed that this effect mainly depends on the action
of corticosterone in the hippocampus, given that
the administration of a glucocorticoid agonist
60 min before the retrieval test in this structure
produces similar deficits to those observed after
systemic corticosterone administration (Roozendaal
et al., 2003). More recently, it has been proposed
that this rapid effect could be mediated by a
nongenomic mechanism involving mineralocorti-
coid receptors (MRs) in the membrane of hippo-
campal neurons (de Kloet et al., 2008; Dorey
et al., 2011; Karst et al., 2005; Urueña-Méndez &
Lamprea, 2017).
The mechanism by which corticosterone act-

ing on these membrane receptors affects memory
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has not been completely defined. Some authors
have suggested that glucocorticoids facilitate the
induction of Long-TermDepression (LTD) in the
hippocampus, mediated by the activation of extra
synaptic N-Methyl-D-aspartate (NMDA) recep-
tors and endocytosis of α-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) re-
ceptors (Sandi, 2011; Wong et al., 2007). These
effects on theNMDAandAMPA receptorswould
be the result of the increase in glutamate levels
produced by either augmented release (Musazzi
et al., 2010;Neiva et al., 2020; Prager& Johnson,
2009) or inhibition of glutamate reuptake in the
hippocampus, which has been observed after
treatment with glucocorticoids or stress exposure
(Virgin et al., 1991; Yang et al., 2005). Thus,
based on previous evidence, the rapid deficit in
the retrieval of spatial memory observed in the
present study after systemic corticosterone admin-
istration could be the result of increased glutamate
availability, mediated by the action of corticoste-
rone on membrane receptors in the hippocampus.
Finally, regarding the effect of corticosterone

attenuating thememory retrieval deficit produced
by muscimol in the group Mus–Cort, two possi-
blemechanisms can be proposed, one involving a
modulatory action of corticosterone on the dele-
terious effects of muscimol via their effect on
hippocampal glutamatergic transmission, and a
second one involving the septo-hippocampo-
septal loop involving GABAergic transmission.
For the first possibility, as previously men-

tioned, muscimol and corticosterone have oppo-
site effects on glutamate transmission in the
hippocampus. On the one hand, inhibition of
the medial septum by muscimol reduces gluta-
mate release in the hippocampus through both
cholinergic and GABAergic septo-hippocampal
projections. On the other hand, corticosterone
increases the glutamate availability through aug-
mented release or inhibition of glutamate reuptake
in the hippocampus (Neiva et al., 2020). Because
of these opposite effects, and the temporality of
the treatments,wepropose that the combination of
muscimol and corticosterone results in an attenu-
ation of the initial effect ofmuscimol onglutamate
levels, hippocampal synaptic activity, and
impairment in the retrieval of memory.
The second possible mechanism to explain the

corticosterone attenuating effect on intraseptal
muscimol involves the septo-hippocampo-septal
loop and GABAergic transmission. Interneurons
in the hippocampus not only receive strong

GABAergic input from the medial septum but
also they can project back to the GABAergic
neurons in the medial septum, forming a GA-
BAergic septo-hippocampal circuit (Müller &
Remy, 2018). Thus, treatment with muscimol
in the medial septum could decrease GABAergic
transmission to hippocampal interneurons that
project back to medial septum GABAergic neu-
rons, producing an increased inhibition of these
septal neurons (reinforcing the inhibitory input to
pyramidal cells and consequently decreasing
their glutamate release, as previously explained).
Other studies have shown that the application

of selective GR agonist dexamethasone on hip-
pocampal slices of rats produced a rapid (5 min)
facilitation of GABAergic transmission in the
hippocampal CA1 area through a nongenomic
GR mechanism (Hu et al., 2010). Therefore, it is
possible that after corticosterone administration,
this rapid facilitation of GABAergic transmission
could also inhibit hippocampal interneurons that
project back to the medial septum, decreasing the
inhibitory input to septal neurons. As a result of
this, the effect of muscimol on the GABAergic
septo-hippocampo-septal loop would be attenu-
ated by corticosterone, resulting in a lower deficit
in the Mus–Cort animals during the retrieval test
compared to that observed in the group treated
only with muscimol. To our knowledge, the
relation between the activity of the septo-hippo-
campo-septal loop and the rapid effects of corti-
costerone proposed in the present study has not
been previously described.
To summarize, the present study has shown that

temporal inactivation of the medial septum before
the retrieval of spatial memory decreases the effi-
ciency to locate the escape hole; furthermore, we
have increased the experimental evidence about
the deleterious effects of corticosterone before the
retrieval of spatial memory; and finally, we have
shown for the first time the modulatory role of
corticosterone on the effects of inhibiting the
septo-hippocampal connection. In future studies
it would be interesting to explore the temporal
dynamics of the mentioned modulatory effect of
corticosterone in retrieval of spatial memory by
evaluating different time intervals between the
presentation of the treatments, as well as evaluat-
ing the modulation of corticosterone on the effects
of the individual inhibition of cholinergic and
GABAergic septo-hippocampal projections.
Taking into account the important role of

projections from the medial septum to the
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hippocampus in the modulation of neuronal cir-
cuits related to episodic memory (Walsh, 2000;
Winson, 1978), the results of the present study
suggest a therapeutic potential of compounds
derived from glucocorticoids as an alternative
intervention to the traditional cholinergic thera-
pies in the alleviation of memory deficits
observed in several pathologies related to hippo-
campal neuronal decline. Specifically, these com-
pounds could attenuate the memory impairment
associated to cholinergic cell loss in Lewy body
dementia (Fujishiro et al., 2006), the longitudinal
degenerations of these cells that precede and
predict dementia in patients with Parkinson’s
disease (Pereira et al., 2020), and the deficits
observed in explicit memory after dorsal septo-
hippocampal route disruptions in humans (von
Cramon & Schuri, 1992).
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Krnjević, K., Ropert, N., & Casullo, J. (1988). Septo-
hippocampal disinhibition. Brain Research, 438(1–2),
182–192. https://doi.org/10.1016/0006-8993(88)913
37-6

Lecourtier, L., de Vasconcelos, A. P., Leroux, E.,
Cosquer, B., Geiger, K., Lithfous, S., & Cassel,
J. C. (2011). Septohippocampal pathways contrib-
ute to system consolidation of a spatial memory:
Sequential implication of GABAergic and cholin-
ergic neurons. Hippocampus, 21(12), 1277–1289.
https://doi.org/10.1002/hipo.20837

Majchrzak, M., & Di Scala, G. (2000). GABA and
muscimol as reversible inactivation tools in learning

174 GONZÁLEZ-MARTÍNEZ, PRADO-RIVERA, AND LAMPREA

T
hi
s
do
cu
m
en
t
is
co
py
ri
gh
te
d
by

th
e
A
m
er
ic
an

P
sy
ch
ol
og
ic
al

A
ss
oc
ia
tio

n
or

on
e
of

its
al
lie
d
pu
bl
is
he
rs
.

T
hi
s
ar
tic
le

is
in
te
nd
ed

so
le
ly

fo
r
th
e
pe
rs
on
al

us
e
of

th
e
in
di
vi
du
al

us
er

an
d
is
no
t
to

be
di
ss
em

in
at
ed

br
oa
dl
y.

https://doi.org/10.1002/hipo.20279
https://doi.org/10.1002/hipo.20279
https://doi.org/10.1002/hipo.20279
https://doi.org/10.1002/hipo.20279
https://doi.org/10.1038/srep12667
https://doi.org/10.1038/srep12667
https://doi.org/10.1016/S0893-6080(02)00057-6
https://doi.org/10.1016/S0893-6080(02)00057-6
https://doi.org/10.1016/S0893-6080(02)00057-6
https://doi.org/10.1038/npp.2010.31
https://doi.org/10.1038/npp.2010.31
https://doi.org/10.1038/npp.2010.31
https://doi.org/10.1038/npp.2010.31
https://doi.org/10.1016/j.bbr.2010.05.032
https://doi.org/10.1016/j.bbr.2010.05.032
https://doi.org/10.1016/j.bbr.2010.05.032
https://doi.org/10.1016/j.bbr.2010.05.032
https://doi.org/10.1016/j.bbr.2010.05.032
https://doi.org/10.1016/j.bbr.2010.05.032
https://doi.org/10.1002/hipo.1109
https://doi.org/10.1002/hipo.1109
https://doi.org/10.1002/hipo.1109
https://doi.org/10.1002/9783527628346.ch4
https://doi.org/10.1002/9783527628346.ch4
https://doi.org/10.1002/9783527628346.ch4
https://doi.org/10.1002/9783527628346.ch4
https://doi.org/10.1016/j.tics.2006.02.002
https://doi.org/10.1016/j.tics.2006.02.002
https://doi.org/10.1016/j.tics.2006.02.002
https://doi.org/10.1016/j.tics.2006.02.002
https://doi.org/10.1016/j.tics.2006.02.002
https://doi.org/10.1016/j.tics.2006.02.002
https://doi.org/10.1016/S0753-3322(05)80018-6
https://doi.org/10.1016/S0753-3322(05)80018-6
https://doi.org/10.1016/S0753-3322(05)80018-6
https://doi.org/10.1371/journal.pone.0031073
https://doi.org/10.1371/journal.pone.0031073
https://doi.org/10.1371/journal.pone.0031073
https://doi.org/10.1371/journal.pone.0031073
https://doi.org/10.1371/journal.pone.0031073
https://doi.org/10.1073/pnas.0507572102
https://doi.org/10.1073/pnas.0507572102
https://doi.org/10.1073/pnas.0507572102
https://doi.org/10.1073/pnas.0507572102
https://doi.org/10.1016/0278-2626(89)90038-9
https://doi.org/10.1016/0278-2626(89)90038-9
https://doi.org/10.1016/0278-2626(89)90038-9
https://doi.org/10.3390/ijms20163992
https://doi.org/10.3390/ijms20163992
https://doi.org/10.3390/ijms20163992
https://doi.org/10.1016/S0166-4328(03)00005-6
https://doi.org/10.1016/S0166-4328(03)00005-6
https://doi.org/10.1016/S0166-4328(03)00005-6
https://doi.org/10.1101/lm.809407
https://doi.org/10.1101/lm.809407
https://doi.org/10.1101/lm.809407
https://doi.org/10.1016/0006-8993(88)91337-6
https://doi.org/10.1016/0006-8993(88)91337-6
https://doi.org/10.1016/0006-8993(88)91337-6
https://doi.org/10.1002/hipo.20837
https://doi.org/10.1002/hipo.20837
https://doi.org/10.1002/hipo.20837


and memory. Neural Plasticity, 7(1–2), 19–29.
https://doi.org/10.1155/NP.2000.19

Malisch, J. L., Breuner, C. W., Gomes, F. R.,
Chappell, M. A., & Garland, T., Jr. (2008). Circa-
dian pattern of total and free corticosterone con-
centrations, corticosteroid-binding globulin, and
physical activity in mice selectively bred for high
voluntary wheel-running behavior. General and
Comparative Endocrinology, 156(2), 210–217.
https://doi.org/10.1016/j.ygcen.2008.01.020

McEown, K., & Treit, D. (2010). Inactivation of the
dorsal or ventral hippocampus with muscimol dif-
ferentially affects fear and memory. Brain
Research, 1353, 145–151. https://doi.org/10.1016/
j.brainres.2010.07.030

Müller, C., & Remy, S. (2018). Septo-hippocampal
interaction. Cell and Tissue Research, 373(3), 565–
575. https://doi.org/10.1007/s00441-017-2745-2

Múnera, A., Prado-Rivera, M. A., Cárdenas-Poveda,
D. C., & Lamprea, M. R. (2017). Overtraining
modifies spatial memory susceptibility to cortico-
sterone administration. Neurobiology of Learning
and Memory, 145, 232–239. https://doi.org/10
.1016/j.nlm.2017.10.003

Musazzi, L., Milanese,M., Farisello, P., Zappettini, S.,
Tardito, D., Barbiero, V. S., Bonifacino, T., Mallei,
A., Baldelli, P., Racagni, G., Raiteri, M., Benfenati,
F., Bonanno, G., & Popoli, M. (2010). Acute stress
increases depolarization-evoked glutamate release
in the rat prefrontal/frontal cortex: The dampening
action of antidepressants. PLOS ONE, 5(1), Article
e8566. https://doi.org/10.1371/journal.pone.0008
566

Nagahara, A. H., & McGaugh, J. L. (1992). Muscimol
infused into the medial septal area impairs long-term
memory but not short-term memory in inhibitory
avoidance, water maze place learning and rewarded
alternation tasks. Brain Research, 591(1), 54–61.
https://doi.org/10.1016/0006-8993(92)90977-H

Neiva, R., Caulino-Rocha, A., Ferreirinha, F., Lobo,
M. G., & Correia-de-Sá, P. (2020). Non-genomic
actions of methylprednisolone differentially influ-
ence GABA and glutamate release from isolated
nerve terminals of the rat hippocampus. Frontiers in
Molecular Neuroscience, 13, Article 146. https://
doi.org/10.3389/fnmol.2020.00146

Pakdel, R., & Rashidy-Pour, A. (2006). Glucocorti-
coid-induced impairment of long-term memory
retrieval in rats: An interaction with dopamine D2
receptors. Neurobiology of Learning and Memory,
85(3), 300–306. https://doi.org/10.1016/j.nlm.2005
.12.003

Pang, K. C., & Nocera, R. (1999). Interactions
between 192-IgG saporin and intraseptal choliner-
gic and GABAergic drugs: Role of cholinergic
medial septal neurons in spatial working memory.
Behavioral Neuroscience, 113(2), 265–275. https://
doi.org/10.1037/0735-7044.113.2.265

Parent, M. B., & Baxter, M. G. (2004). Septohippo-
campal acetylcholine: Involved in but not necessary
for learning and memory? Learning & Memory
(Cold Spring Harbor, N.Y.), 11(1), 9–20. https://
doi.org/10.1101/lm.69104

Parent, M. B., & Gold, P. E. (1997). Intra-septal
infusions of glucose potentiate inhibitory avoidance
deficits when co-infused with the GABA agonist
muscimol. Brain Research, 745(1–2), 317–320.
https://doi.org/10.1016/S0006-8993(96)01206-1

Park, C. R., Zoladz, P. R., Conrad, C. D., Fleshner, M.,
& Diamond, D. M. (2008). Acute predator stress
impairs the consolidation and retrieval of
hippocampus-dependent memory in male and
female rats. Learning & Memory (Cold Spring
Harbor, N.Y.), 15(4), 271–280. https://doi.org/10
.1101/lm.721108

Paxinos, G., & Watson, C. (2007). The rat bain in
stereotaxic coordinates (6th ed.). Elsevier.

Pereira, J. B., Hall, S., Jalakas, M., Grothe, M. J.,
Strandberg, O., Stomrud, E., Westman, E., van
Westen, D., & Hansson, O. (2020). Longitudinal
degeneration of the basal forebrain predicts subse-
quent dementia in Parkinson’s disease. Neurobiol-
ogy of Disease, 139, Article 104831. https://doi.org/
10.1016/j.nbd.2020.104831

Prager, E. M., & Johnson, L. R. (2009). Stress at the
synapse: Signal transductionmechanisms of adrenal
steroids at neuronal membranes. Science Signaling,
2(86), Article re5. https://doi.org/10.1126/scisignal
.286re5

Rajab, E., Alqanbar, B., Naiser, M. J., Abdulla, H. A.,
Al-Momen, M. M., & Kamal, A. (2014). Sex
differences in learning and memory following
short-term dietary restriction in the rat. Interna-
tional Journal of Developmental Neuroscience,
36, 74–80. https://doi.org/10.1016/j.ijdevneu.2014
.05.011

Rempel-Clower, N. L., Zola, S. M., Squire, L. R., &
Amaral, D. G. (1996). Three cases of enduring
memory impairment after bilateral damage limited
to the hippocampal formation. The Journal of Neu-
roscience : The Official Journal of the Society for
Neuroscience, 16(16), 5233–5255. https://doi.org/
10.1523/JNEUROSCI.16-16-05233.1996

Roozendaal, B., Griffith, Q. K., Buranday, J., De
Quervain, D. J., & McGaugh, J. L. (2003). The
hippocampus mediates glucocorticoid-induced
impairment of spatial memory retrieval: Depen-
dence on the basolateral amygdala. Proceedings
of the National Academy of Sciences of the United
States of America, 100(3), 1328–1333. https://
doi.org/10.1073/pnas.0337480100

Roozendaal, B., de Quervain, D. J., Schelling, G., &
McGaugh, J. L. (2004). A systemically administered
β-adrenoceptor antagonist blocks corticosterone-
induced impairment of contextual memory retrieval
in rats. Neurobiology of Learning and Memory,

CORTICOSTERONE, MEDIAL SEPTUM, & MEMORY RETRIEVAL 175

T
hi
s
do
cu
m
en
t
is
co
py
ri
gh
te
d
by

th
e
A
m
er
ic
an

P
sy
ch
ol
og
ic
al

A
ss
oc
ia
tio

n
or

on
e
of

its
al
lie
d
pu
bl
is
he
rs
.

T
hi
s
ar
tic
le

is
in
te
nd
ed

so
le
ly

fo
r
th
e
pe
rs
on
al

us
e
of

th
e
in
di
vi
du
al

us
er

an
d
is
no
t
to

be
di
ss
em

in
at
ed

br
oa
dl
y.

https://doi.org/10.1155/NP.2000.19
https://doi.org/10.1155/NP.2000.19
https://doi.org/10.1155/NP.2000.19
https://doi.org/10.1155/NP.2000.19
https://doi.org/10.1016/j.ygcen.2008.01.020
https://doi.org/10.1016/j.ygcen.2008.01.020
https://doi.org/10.1016/j.ygcen.2008.01.020
https://doi.org/10.1016/j.ygcen.2008.01.020
https://doi.org/10.1016/j.ygcen.2008.01.020
https://doi.org/10.1016/j.ygcen.2008.01.020
https://doi.org/10.1016/j.brainres.2010.07.030
https://doi.org/10.1016/j.brainres.2010.07.030
https://doi.org/10.1016/j.brainres.2010.07.030
https://doi.org/10.1016/j.brainres.2010.07.030
https://doi.org/10.1016/j.brainres.2010.07.030
https://doi.org/10.1016/j.brainres.2010.07.030
https://doi.org/10.1016/j.brainres.2010.07.030
https://doi.org/10.1007/s00441-017-2745-2
https://doi.org/10.1007/s00441-017-2745-2
https://doi.org/10.1016/j.nlm.2017.10.003
https://doi.org/10.1016/j.nlm.2017.10.003
https://doi.org/10.1016/j.nlm.2017.10.003
https://doi.org/10.1016/j.nlm.2017.10.003
https://doi.org/10.1016/j.nlm.2017.10.003
https://doi.org/10.1016/j.nlm.2017.10.003
https://doi.org/10.1371/journal.pone.0008566
https://doi.org/10.1371/journal.pone.0008566
https://doi.org/10.1371/journal.pone.0008566
https://doi.org/10.1371/journal.pone.0008566
https://doi.org/10.1371/journal.pone.0008566
https://doi.org/10.1016/0006-8993(92)90977-H
https://doi.org/10.1016/0006-8993(92)90977-H
https://doi.org/10.3389/fnmol.2020.00146
https://doi.org/10.3389/fnmol.2020.00146
https://doi.org/10.3389/fnmol.2020.00146
https://doi.org/10.3389/fnmol.2020.00146
https://doi.org/10.3389/fnmol.2020.00146
https://doi.org/10.1016/j.nlm.2005.12.003
https://doi.org/10.1016/j.nlm.2005.12.003
https://doi.org/10.1016/j.nlm.2005.12.003
https://doi.org/10.1016/j.nlm.2005.12.003
https://doi.org/10.1016/j.nlm.2005.12.003
https://doi.org/10.1016/j.nlm.2005.12.003
https://doi.org/10.1037/0735-7044.113.2.265
https://doi.org/10.1037/0735-7044.113.2.265
https://doi.org/10.1037/0735-7044.113.2.265
https://doi.org/10.1037/0735-7044.113.2.265
https://doi.org/10.1037/0735-7044.113.2.265
https://doi.org/10.1037/0735-7044.113.2.265
https://doi.org/10.1101/lm.69104
https://doi.org/10.1101/lm.69104
https://doi.org/10.1101/lm.69104
https://doi.org/10.1101/lm.69104
https://doi.org/10.1016/S0006-8993(96)01206-1
https://doi.org/10.1016/S0006-8993(96)01206-1
https://doi.org/10.1101/lm.721108
https://doi.org/10.1101/lm.721108
https://doi.org/10.1101/lm.721108
https://doi.org/10.1016/j.nbd.2020.104831
https://doi.org/10.1016/j.nbd.2020.104831
https://doi.org/10.1016/j.nbd.2020.104831
https://doi.org/10.1016/j.nbd.2020.104831
https://doi.org/10.1016/j.nbd.2020.104831
https://doi.org/10.1016/j.nbd.2020.104831
https://doi.org/10.1126/scisignal.286re5
https://doi.org/10.1126/scisignal.286re5
https://doi.org/10.1126/scisignal.286re5
https://doi.org/10.1016/j.ijdevneu.2014.05.011
https://doi.org/10.1016/j.ijdevneu.2014.05.011
https://doi.org/10.1016/j.ijdevneu.2014.05.011
https://doi.org/10.1016/j.ijdevneu.2014.05.011
https://doi.org/10.1016/j.ijdevneu.2014.05.011
https://doi.org/10.1016/j.ijdevneu.2014.05.011
https://doi.org/10.1523/JNEUROSCI.16-16-05233.1996
https://doi.org/10.1523/JNEUROSCI.16-16-05233.1996
https://doi.org/10.1523/JNEUROSCI.16-16-05233.1996
https://doi.org/10.1523/JNEUROSCI.16-16-05233.1996
https://doi.org/10.1523/JNEUROSCI.16-16-05233.1996
https://doi.org/10.1073/pnas.0337480100
https://doi.org/10.1073/pnas.0337480100
https://doi.org/10.1073/pnas.0337480100
https://doi.org/10.1073/pnas.0337480100


81(2), 150–154. https://doi.org/10.1016/j.nlm.2003
.10.001

Sandi, C. (2011). Glucocorticoids act on glutamatergic
pathways to affect memory processes. Trends in
Neurosciences, 34(4), 165–176. https://doi.org/10
.1016/j.tins.2011.01.006

Sebastian, V., Estil, J. B., Chen, D., Schrott, L. M., &
Serrano, P. A. (2013). Acute physiological stress
promotes clustering of synaptic markers and alters
spine morphology in the hippocampus. PLOS ONE,
8(10), Article e79077. https://doi.org/10.1371/
journal.pone.0079077

Snihur, A. W., Hampson, E., & Cain, D. P. (2008).
Estradiol and corticosterone independently impair
spatial navigation in the Morris water maze in adult
female rats. Behavioural Brain Research, 187(1),
56–66. https://doi.org/10.1016/j.bbr.2007.08.023
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