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Stress represents a main risk factor for psychiatric disorders. Whereas it is known that even a single trauma may induce psychiatric
disorders in humans, the mechanisms of vulnerability to acute stressors have been little investigated. In this study, we generated a
new animal model of resilience/vulnerability to acute footshock (FS) stress in rats and analyzed early functional, molecular, and
morphological determinants of stress vulnerability at tripartite glutamate synapses in the prefrontal cortex (PFC). We found that
adult male rats subjected to FS can be deemed resilient (FS-R) or vulnerable (FS-V), based on their anhedonic phenotype 24 h after
stress exposure, and that these two populations are phenotypically distinguishable up to two weeks afterwards. Basal presynaptic
glutamate release was increased in the PFC of FS-V rats, while depolarization-evoked glutamate release and synapsin |
phosphorylation at Ser® were increased in both FS-R and FS-V. In FS-R and FS-V rats the synaptic expression of GIuUN2A and apical
dendritic length of prelimbic PFC layers II-Ill pyramidal neurons were decreased, while BDNF expression was selectively reduced in
FS-V. Depolarization-evoked (carrier-mediated) glutamate release from astroglia perisynaptic processes (gliosomes) was selectively
increased in the PFC of FS-V rats, while GLT1 and xCt levels were higher and GS expression reduced in purified PFC gliosomes from
FS-R. Overall, we show for the first time that the application of the sucrose intake test to rats exposed to acute FS led to the
generation of a novel animal model of resilience/vulnerability to acute stress, which we used to identify early determinants of
maladaptive response related to behavioral vulnerability to stress.

Translational Psychiatry (2023)13:62; https://doi.org/10.1038/s41398-023-02366-w

INTRODUCTION

Stress is considered a primary risk factor for neuropsychiatric
disorders [1, 2]. Accordingly, many animal models of psycho-
pathology are largely based on exposure to validated chronic
stress protocols. However, a number of studies have investigated
the long-term consequences of acute stress, finding structural and
functional changes that often resemble those induced by chronic
stress [3-9]. Using a standard protocol of acute inescapable
footshock (FS) stress [10, 11], we have previously shown that
traumatic stress can induce both rapid and long-lasting structural
and functional alterations in rat prefrontal cortex (PFC). The
changes include: (a) corticosterone-dependent rapid enhance-
ment of glutamate release and excitatory synaptic transmission,
accounted for by increased trafficking of glutamate synaptic
vesicles into the readily releasable pool (RRP), in turn mediated by

phosphorylation of synapsin | at Ser®, and sustained for at least
24h [10, 12, 13]; (b) a remarkable increase of the total number of
excitatory nonperforated and axoshaft synapses in prelimbic PFC
in only 40 min [8, 14]; (c) a shortening and simplification of apical
dendrites in prelimbic PFC layers II-Ill pyramidal neurons, which
were measurable already after 24h and sustained for up to
2 weeks after stress [8, 15]; (d) a rapid increase of synaptic energy
metabolism [16]; (e) an impairment in working memory and
induction of anhedonic behavior, anxious phenotype, and fear
conditioning [15, 16]. Nevertheless, in the previous studies, we
have considered stressed animals as one single population, while
individual animals may respond differently to stress exposure, as
consistently reported for several chronic stress models [17-19]
and only recently demonstrated also after acute stress [9].
Accordingly, stressed animals can be distinguished as resilient
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and vulnerable based on different behavioral, cellular, and
molecular changes in the long-term stress response. Importantly,
the study of the acute stress response may identify critical early
determinants of maladaptive trajectories diverging from the pro-
adaptive (resilient) physiological stress response [2, 20, 21].

Astrocytes have increasingly gained attention as major players
in shaping neuronal synaptic function, strength, and plasticity,
thus regulating brain functions [22]. Indeed, astrocytes do not only
support neurons in maintaining optimal neuronal activity, but also
dynamically interact with synapses modulating information
processing [23-25] in a well-structured anatomic and functional
assembly formed by perisynaptic astrocytes, presynaptic term-
inals, and the post-synaptic moiety, leading to the widely
accepted concept of a tripartite synapse [26-28].

Alterations of astrocytic function have been implicated in
mental disorders [29-31], and in the maladaptive response to
acute stress [32, 33].

In the present study, we introduce a new rodent stress model
based on acute inescapable FS stress, which may identify early
determinants of resilient vs. vulnerable trajectories of the stress
response [2, 20]. The rats were deemed resilient/vulnerable based
on their behavior in the sucrose intake test for anhedonia
performed 24 h after acute stress. Synaptic and perisynaptic
structural/functional alterations at PFC glutamatergic synapses
were measured in resilient/vulnerable rats 24 h after stress. We
report distinct changes in resilient/vulnerable rats for synaptic and
perisynaptic glutamate release, glutamate receptors, dendritic
development, neurotrophins, and astrocytic proteins.

MATERIALS AND METHODS
Detailed information is reported in the Supplementary Material.

Animals

All experimental procedures involving animals were performed following
the European Community Council Directive 2010/63/UE and were
approved by the Italian legislation on animal experimentation (Decreto
Legislativo 26/2014, animal experimentation licenses N 521/2015-PR and
140/2014-B—DGSAF24898). Experiments were performed with male
Sprague-Dawley rats (175-200g in weight at the beginning of the
protocol, 350-450g at the end). All the animals were sacrificed by
beheading.

Sucrose intake test and classification of resilient and
vulnerable animals

Sucrose intake was evaluated as in [15], twice a week for 4 weeks. The
average sucrose solution volume drunk by each animal was calculated and
defined as baseline sucrose intake. After 4 weeks, animals were randomly
assigned to FS (see below) or left undisturbed in their home cages
(control). The sucrose intake test was repeated the day after, and the
percent sucrose intake vs. baseline was calculated for each animal (Fig. 1A).
Animals showing at least a 25% within-subject decrease in sucrose intake
were considered anhedonic and classified as vulnerable (FS-V); all the
others were defined as resilient (FS-R).

Footshock stress procedure
Animals were subjected to a single session of acute inescapable FS stress
as previously reported [15].

Serum corticosterone assay

Blood Serum corticosterone levels were measured using a commercial kit
(Corticosterone EIA kit, Enzo Life Sciences Inc, Farmingdale, NY) as
previously reported [16].

Preparation of subcellular fractions

Immediately after sacrifice, the PFC was rapidly collected in ice,
homogenized in 10 volumes of Tris-buffered 0.32M sucrose, and
centrifuged at 1000 g for 5 min to obtain the nuclear fraction [34]. Purified
synaptic terminals (synaptosomes) and glial perisynaptic processes
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(gliosomes) were purified on a discontinuous Percoll’ gradients in Tris-
buffered 0.32M sucrose as previously described [15, 35-37]. Synaptic
membranes were prepared as in [12].

Measurement of neurotransmitter release from purified
synaptosomes and gliosomes

Synaptosomes and gliosomes were labeled with 0.05 pM [*H]D-Aspartate
(PHID-Asp; a non-metabolizable analogous of glutamate used to label
glutamate releasing pools; [38, 39]). Aliquots were distributed on
microporous filters placed at the bottom of a set of 24 parallel superfusion
chambers maintained at 37 °C (Superfusion System, Ugo Basile, Comerio,
Varese, Italy) and processed as previously described [36, 40, 41].

Western blotting

Protein concentration was calculated by Bradford or BCA assays (Sigma-
Aldrich, Milano, Italy and Thermo Fisher Scientific, Milano, Italy, respec-
tively) and 10-30 micrograms were loaded on acrylamide SDS-PAGE gels.
Western blotting was performed as previously described [42, 43].

Golgi-Cox staining and dendritic analysis

Golgi-Cox staining was performed using the Rapid Golgi Stain Kit (FD
NeuroTechnologies, Inc., Columbia, MD, United States) on a dedicated set
of animals as previously reported [15]. Dendritic length and branching, and
Sholl analysis of pyramidal neurons within prelimbic PFC layers II-Ill were
evaluated.

Real time-quantitative polymerase chain reaction (RT-qPCR)
RT-gPCR was performed as previously described [44, 45]. Primer
sequences used were: Bdnf: forward primer (fwd) 5’- GGGACTCTGGAGAG
CGTGAA - 3’; reverse primer (rev) 5- GTCAGACCTCTCGAACCTGC - 3;
Gdnf: fwd 5’- CACCAGATAAACAAGCGGCG - 3/; rev 5/- TCGTAGCCCAAAC
CCAAGTC - 3'; Hprt: fwd 5’- TCCCAGCGTCGTGATTAGTGA - 3/; rev 5/- CCT
TCATGACATCTCGAGCAAG - 3/; Tbhp: fwd 5’- TGGGATTGTACCACAGCTCCA
- 3/; rev 5- CTCATGATGACTGCAGCAAACC - 3'.

Statistical analysis

Statistical data analysis was carried out using GraphPad Prism 9 (GraphPad
Software Inc., USA). Results are presented as means * standard error of the
mean (SEM).

Normal distribution was verified using Kolmogorov-Smirnov test. For
normally distributed data, statistical analyses were performed with
unpaired Student’s t-test, one or two-way analysis of variance (ANOVA),
and mixed-effects model when appropriate, followed by post-hoc multiple
comparison tests as indicated in the figure legends. For non-normally
distributed data, statistical analyses were performed with the Mann
Whitney test (when 2 groups were compared) or Kruskal-Wallis test,
followed by Dunn'’s multiple comparison test.

The number of animals used in each experiment is indicated in the
figure legends.

RESULTS
Acute footshock stress induces anhedonic behavior in
vulnerable animals that is preserved for up to two weeks
As previously reported [15], we found a significant reduction of
sucrose intake in stressed animals (Mann Whitney test, p < 0.05),
suggesting anhedonic behavior (Fig. 1B). However, looking at the
distribution of single values, we observed that not all the rats
displayed a reduction of sucrose intake compared to pre-stress
condition. Thus, setting up an arbitrary cut-off of 75% of sucrose
intake compared to baseline, we divided the animals into two
groups: FS-vulnerable (FS-V), in which sucrose intake decreased by
at least 25% from baseline, and FS-resilient (FS-R) (all the others)
(Fig. 1Q). Sucrose intake measured 24 h after FS remarkably
decreased in FS-V rats compared to both control (CNT) and FS-R
animals (Kruskal-Wallis p <0.001; Dunn’s test: FS-V vs CNT
p <0.0001, FS-V vs FS-R p <0.0001).

To assess whether different behavioral phenotypes were
associated with changes in the stress response driven by the
hypothalamic-pituitary-adrenal (HPA) axis at 24 h, we measured
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Generation of a rat model of resilience and vulnerability to acute footshock stress. A Experimental plan timeline. Basal

(spontaneous) sucrose intake was established exposing the rats to the sucrose intake test twice a week for 4 weeks. Animals were then
subjected to a single session of FS and sucrose intake test was performed again 24 h after FS. B Sucrose intake measured 24 h after FS. Mann
Whitney test, *p < 0.05; N =21 (CNT), 41 (FS). C Sucrose intake measured 24 h after FS with separation of resilient (FS-R) and vulnerable (FS-V)
rats applying a 75% of sucrose intake cut-off. Kruskal-Wallis test, Dunn’s post-hoc test: ****p <0.0001; N=21 (CNT), 22 (FS-R), 19 (FS-V).
D Corticosterone (CORT) serum levels. One-way ANOVA; N =5 (CNT), 8 (FS-R), 7 (FS-V). E Mineralocorticoid receptor (MR) protein expression
levels in PFC nuclear fraction. One-way ANOVA; N= 10 (CNT), 11 (FS-R), 8 (FS-V). F Glucocorticoid receptor (GR) protein expression levels in
PFC nuclear fraction. One-way ANOVA; N =9 (CNT), 11 (FS-R), 8 (FS-V). G phospho-Ser’*>-GR/GR protein expression levels in PFC nuclear

fraction. One-way ANOVA; N =10 (CNT), 11 (FS-R), 8 (FS-V).

corticosterone serum levels (Fig. 1D), expression levels of
mineralocorticoid (Fig. 1E) and glucocorticoid receptors (Fig. 1F),
and phosphorylation of glucocorticoid receptors (Fig. 1G) in
nuclear fractions of PFC from CNT, FS-R and FS-V rats sacrificed
24 h after stress. We found no significant changes among the
three experimental groups (one-way ANOVA: MR F(2,26) = 0.4706,
GR F(2,26) = 1.656, pGR F(2,26) = 1.679).

We also investigated how long after stress exposure FS-R and
FS-V animals maintained a difference in behavioral phenotype. We
measured sucrose intake at different time-points after stress
exposure in a dedicated set of animals (Fig. 2A). Taking all the
stressed rats as a single group, mixed-effects model revealed only
a significant effect of time (F(4,85)=4.228), but not of stress
(F(1,23) = 1.770) or time x stress interaction (F(4,85) = 1.643) (Fig.
2B). However, when FS-R and FS-V animals were segregated 24 h
after stress as above, we observed that FS-V rats showed a trend
for reduced sucrose intake compared to both CNT and FS-R
animals already 6 h after stress while the reduction was significant
24h and 72 h after FS (significant effect of time F(4,81) =6.762
and stress F(2,22) =10.54; Tukey's test: 6h: FS-V vs CNT
p =0.0592, FS-V vs FS-R p =0.0727; 24 h: FS-V vs CNT p<0.01,
FS-V vs FS-R p<0.01; 72h: FS-V vs CNT p<0.05, FS-V vs FS-R

Translational Psychiatry (2023)13:62

p<0.05) (Fig. 2C). Moreover, FS-V animals still displayed a
reduction of sucrose intake compared to FS-R animals 1 and
2 weeks after stress (Tukey's test, 1 week: FS-V vs FS-R p < 0.05;
2 weeks: FS-V vs FS-R p < 0.05).

Acute footshock stress induces selective changes of
presynaptic glutamate release in the prefrontal cortex of FS-R
and FS-V rats

We have previously demonstrated that acute FS induces a rapid
enhancement of depolarization-dependent (but not basal) pre-
synaptic glutamate release in the PFC of rats, which lasts for up to
24 h after stress [10, 12, 13, 15]. Here we asked whether resilience
or vulnerability to the effects of acute stress is associated with
alterations of glutamate release 24 h after stress. We selected this
time point for further experiments for two main reasons: (1) we
were interested in early determinants of acute stress resilience/
vulnerability; (2) 24 h was the timepoint when FS-V rats were in
the larger number (58% of stressed rats). The spontaneous
glutamate release, here referred as basal release, selectively
increased in the PFC of FS-V rats compared to controls (one-way
ANOVA F(2,41) = 3.379 p < 0.05; Tukey's test: FS-V vs. CNT p < 0.05)
(Fig. 3A). Instead, 15mM KCl depolarization-evoked glutamate

SPRINGER NATURE
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Fig. 3 Glutamate release from PFC synaptosomes and protein expression and phosphorylatlon of AMPA and NMDA receptor subunits in
PFC syn 3ptosomes A Basal [*H]-Asp release. One-way ANOVA, Tukeys post-hoc test: *p < 0.05; N =16 (CNT) 16 (FS-R), 12 (FS-V). B 15 mM KCI-
evoked [°H]- Asp release. One-way ANOVA, Tukey’s post-hoc test: *p < 0.05, ***p < 0.001; N=13 (CNT), 11 (FS-R), 10 (FS- V) C Total synapsin-I
protein expression levels in PFC synaptic membranes. One-way ANOVA; N = 12 (CNT), 13 (FS-R), 11 (FS-V). D Phospho-Ser® synapsin-I protein
expression levels in PFC synaptic membranes. One-way ANOVA, Tukey’s post-hoc test: *p < 0.05; N= 11 (CNT), 13 (FS-R), 11 (FS-V). E GIuN1, (F)
GIuN2A (G) GIuN2B protein expression levels, and (H) GIuN2A/2B ratio in PFC synaptic membranes. E, H One-way ANOVA, Tukey’s post-hoc
test: ***p < 0.001, ****p < 0.0001. F, G Kruskal-Wallis, Dunn’s post-hoc test: **p <0.01, N=6/7 (CNT), 6/7 (FS-R), 6/7 (FS-V).

release increased similarly in both FS-R and FS-V (one-way ANOVA
F(2,31) =9.882 p < 0.001; Tukey's test: FS-R vs CNT p < 0.001, FS-V
vs CNT p < 0.05) (Fig. 3B).

The measurement of synapsin | expression and phosphorylation
at Ser® in PFC synaptic membranes confirmed our previous
evidence showing that Ser® phosphorylation is a key mechanism

SPRINGER NATURE

for increasing depolarization-evoked glutamate release after acute
FS exposure [12, 13]. Indeed, while total synapsin | expression was
unchanged (one-way ANOVA F(2,33) =0.1543 p > 0.05) (Fig. 30),
the levels of phospho-Ser®-synapsin | increased in both FS-R and
FS-V at 24 h (one-way ANOVA F(2,32) = 5.354 p < 0.01; Tukey's test:
FS-R vs CNT p < 0.05, FS-V vs. CNT p < 0.05) (Fig. 3D).

Translational Psychiatry (2023)13:62
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Table 1. Protein expression and phosphorylation of AMPA and NMDA receptor subunits in PFC homogenates.
CNT FS-R FS-V Statistics

GluN1 100 £ 12.49 63.86+ 10.32 71.78 £ 11.09 ANOVA, F(,, 23 =2.77, p=0.084
GIuN2A 100+ 11.65 66.09 +4.12 92.14+£13.95 Kruskal-Wallis, p = 0.128
GIuN2B 100+ 15.87 80.16 + 8.81 87.80+13.75 ANOVA, F(5, 21y =0.59, p = 0.564
GIUN2A/GIuN2B 100 +9.46 77.68 +5.42 84.68 + 8.80 ANOVA, F(5, 25 =1.98, p=0.162
GluA1 100+ 12.34 75.64+2.94 88.98 + 5.65 ANOVA, F(5, 55 =2.09, p=0.148
pSer®'-GluA1 100 + 10.08 99.90 + 14.30 92.01 +6.59 ANOVA, F(;, 25 =0.18, p = 0.838
pSer®*>-GluA1 100+ 16.22 86.94+6.93 7042+7.73 Kruskal-Wallis, p = 0.262

GluA2 100+ 7.33 86.81+9.56 110.2+9.58 ANOVA, F(5, 24 = 1.69, p = 0.206
pSer®®-GluA2 100 + 10.84 91.16 + 5.85 97.31+7.32 ANOVA, F(5, 24=0.55, p = 0.581

Data are reported as percentage compared to control (expression level of control sample is equal to 100) and as means + SEM (N = 8-10). One-Way ANOVA or

Kruskal-Wallis test.

Table 2. Protein expression and phosphorylation of AMPA receptor subunits in PFC synaptic membranes.
CNT FS-R FS-V Statistics
GluA1 100 + 16.78 101.7 £18.75 7525+ 16.61 ANOVA, F;, 15 =0.72, p =0.498
pSer®'-GluA1 100 +9.38 114.6 +20.29 90.78 + 14.07 ANOVA, F(5, 17)=0.61, p=0.556
pSer®*°-GluA1 100 £ 12.01 108.6 + 18.70 92.98 + 18.40 ANOVA, F(5, 17)=0.22, p = 0.806
GluA2 100 + 16.06 54.79+7.29 93.43 +10.27 Kruskal-Wallis, p = 0.042
pSer®®-GluA2 100 + 13.67 98.47 +17.97 72.79+15.75 ANOVA, F(,, 17=0.87, p = 0.438

Data are reported as percentage compared to control (expression level of control sample is equal to 100) and as means + SEM (N = 8-10). Statistics: One-Way

ANOVA or Kruskal-Wallis test.

Acute footshock stress induces changes in the expression of
synaptic AMPA and NMDA receptors in the prefrontal cortex
of FS-R and FS-V rats

To evaluate whether changes in presynaptic glutamate release
were accompanied by postsynaptic alterations in AMPA and
NMDA receptor levels and regulation, we measured protein
expression and phosphorylation of main a-Ammino-3-idrossi-5-
Metil-4-isossazol-Propionic Acid (AMPA) and N-Methyl-D-Aspartate
(NMDA) receptor subunits in PFC from CNT, FS-R and FS-V animals
24h after stress. We observed no differences in the total
homogenate (Table 1). In synaptic membranes, we found no
changes in GluA1 expression, phosphorylation at Ser®*> and
Ser®', GIuA2 expression (Kruskal-Wallis p < 0.05 but no significant
post-hoc tests) and phosphorylation at Ser®® (Table 2). On the
other hand, while the expression levels of GIuN1 (Fig. 3E) and
GIuN2B (Fig. 3G) were also unchanged (GIuN1: one-way ANOVA
F(2,18) = 1.695, p > 0.05; GIuN2B: Kruskal-Wallis p > 0.05), GIuN2A
expression (Fig. 3F) and GIuN2A/GIuN2B ratio (Fig. 3H) were
remarkably reduced in both FS-R and FS-V rats (GIuNA2: one-way
ANOVA F(2,16) = 9.008, p < 0.01; Tukey's test: FS-R vs CNT p < 0.01,
FS-V vs CNT p<0.01; GIuNA2/2B ratio: one-way ANOVA
F(2,14) = 23.94, p <0.0001; Tukey’s test: FS-R vs CNT p < 0.001,
FS-V vs CNT p < 0.0001).

Acute footshock stress induces changes in layers II/lll dendrite
morphology and neurotrophin levels in the prefrontal cortex
of FS-R and FS-V rats

We have previously shown that acute FS induces a rapid retraction
and simplification of prelimbic PFC layers II-lll pyramidal neurons
apical dendrites, which was measurable already after 24 h and
sustained up to 14 days after stress [8, 15]. Here we found the total
apical dendrite length (Fig. 4A) and number of dendritic branches
(Fig. 4B) decreased in PFC layers II-lll of both FS-R and FS-V rats
(dendritic length: one-way ANOVA F(2,12) =5.759, p < 0.05; Holm-
Sidak test: FS-R vs CNT p<0.05, FS-V vs CNT p<0.05; N of
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branches: one-way ANOVA F(2,14) = 3.900, p < 0.05; Holm-Sidak
test: FS-R vs CNT p < 0.05, FS-V vs CNT p < 0.05). However, Sholl
analysis revealed a significant reduction in the number of
intersections between 120 and 180 pm from soma only in FS-V
animals compared to CNT (mixed-effects model, significant effect
of distance F(14,189) = 20.58; Dunnett’s test: 120, 140, 160, 180 pm
FS-V vs CNT p < 0.05) (Fig. 4C).

Local expression of neurotrophins has been linked to changes
in dendrite development related to environmental factors,
including exposure to stress [46-48]. Therefore, we measured
the mRNA expression of the two main neurotrophins, Brain-
Derived Neurotrophic Factor (BDNF) and Glial-Derived Neuro-
trophic Factor (GDNF). We found a significant reduction of total
BDNF mRNA levels in the PFC of FS-V rats compared to CNT
(Kruskal-Wallis p < 0.05; Dunn'’s test: FS-V vs CNT p < 0.05) (Fig. 4D)
and no changes of GDNF mRNA levels (Kruskal-Wallis p > 0.05)
(Fig. 4E).

Acute footshock stress induces changes in glutamate release
from glial perisynaptic processes in the prefrontal cortex of
FS-R and FS-V rats

An increasing number of studies suggest that synapses require
astrocyte signals for optimal performances [26]. Indeed, gliotrans-
mitters released by astrocytes modulate presynaptic efficacy and
postsynaptic responses [49, 50]. Although this neuron-astrocyte
crosstalk mainly bases on glutamate signaling [51], possible
changes in glutamate release from perisynaptic astrocytic
processes after FS were never assessed before.

Here, for the first time we measured glutamate release from PFC
glial perisynaptic processes (gliosomes) at different time points
after acute FS. We did not find any difference in basal and 15 mM
KCl depolarization-evoked glutamate release between control and
FS animals immediately after stress (Student’s t-test; basal release:
t=0.5060, p>0.05; depolarization-evoked release: t=0.1749,
p>0.05) (Fig. 5A, B), as well as 6 h after stress (Student’s t-test;
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basal release: t =0.9130, p > 0.05; depolarization evoked release:
t=0.5830, p>0.05) (Fig. 5C, D) or 24 h after the start of stress
(Student’s t-test; basal release: t = 0.07739, p > 0.05; depolarization
evoked glutamate release: t = 1.501, p > 0.05) (Fig. 5E, F). However,
when we separated rats into FS-R and FS-V, 24 h after stress, basal
glutamate release from PFC gliosomes was unchanged (one-way
ANOVA, F(2,37) =0.5652, p > 0.05) (Fig. 5G) while depolarization-
evoked glutamate release was significantly increased only in FS-V
compared to both FS-R and control rats (one-way ANOVA,
F(2,38) =5.519, p < 0.05; Tukey's test: FS-V vs CNT p <0.05, FS-V
vs FS-R p <0.05) (Fig. 5H).

To understand the mechanisms underlying the increased
glutamate release in PFC gliosomes of FS-V animals, we tested
the involvement of calcium (Ca®") and glutamate transporters. We
found the basal glutamate release significantly increased in the
absence of Ca®™. Still, it was strongly reduced by 10 uM DL-Tboa, a
blocker of glutamate transporters [52], and unchanged in the
presence of 10uM KB-R7943, a blocker of the Na'/Ca*"
exchangers [53], when working in a reverse mode, in both control
and FS-V rats (two-way ANOVA, significant effect of treatment
F(3,32) =58.72, p<0.0001 and of stress x treatment interaction
F(3,32) = 3.750, p < 0.05; Tukey’s test: CNT: Ca*"-free vs physiolo-
gical medium (PM) p < 0.01, DL-Tboa vs. PM p < 0.001; FS-V: Ca®'-
free vs PM p<0.001, DL-Tboa vs PM p<0.01) (Fig. 5I). These
experiments showed that spontaneous glutamate release from
PFC gliosomes is mediated by glutamate transporters.

Notably, 10 uM DL-Tboa also abolished the depolarization-evoked
glutamate release in both control and FS-V animals (in which
glutamate release was confirmed to be higher compared to controls),
suggesting a complete dependence on glutamate transporters (two-
way ANOVA, significant effect of treatment F(3,32)=27.22,
p<0.0001 and of stress x treatment interaction F(3,32) =3.041,
p <0.05; Tukey’s test: FS-V vs PM p <0.05; CNT: DL-Tboa vs PM
p<0.05; FS-V: DL-Tboa vs PM p<0.0001). At the same time, no
effects of Ca®"-free medium or KB-R7943 were measured (Fig. 5J).
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(FS-R), 5 (FS-V), 3-6 pyramidal neurons/animal. D BDNF and (E)

(FS-R), 5 (FS-V).

Acute footshock stress induces changes in astrocyte proteins
related to glutamate homeostasis in the prefrontal cortex of
FS-R and FS-V rats

Protein expression levels of glutamate transporter 1 (GLT1),
glutamine synthetase (GS), and cysteine-glutamate exchanger
(xCt) were unchanged in PFC total homogenates (Table 3). In
gliosomes from FS-R rats, GLT1 expression was increased
compared to both CNT and FS-V rats (one-way ANOVA
F(2,18) =4.181 p <0.05; Holm-Sidak test: FS-R vs CNT p < 0.05,
FS-V vs FS-R p < 0.05) (Fig. 6A) and GS was reduced compared to
CNT (Kruskal-Wallis p <0.01; Dunn’s test: FS-R vs CNT p < 0.05)
(Fig. 6B). xCt was increased compared to both CNT and FS-V
animals (one-way ANOVA F(2,15)=7.216 p<0.01; Holm-Sidak
test: FS-R vs CNT p < 0.05, FS-V vs FS-R p < 0.01) (Fig. 6C).

DISCUSSION

In the present study, we report the first results obtained with a
new rodent model of acute stress, envisaged to identify early
determinants of resilient vs. vulnerable trajectories of the stress
response [2, 20]. The model is based on a standard protocol of
acute FS stress, which has previously allowed us a thorough
dissection of both early and long-term consequences of acute
inescapable stress exposure [8, 10, 12-16]. Here, for the first time,
by measuring structural, functional, and molecular readouts 24 h
after stress exposure, we identified changes that we interpreted as
early determinants of resilient vs. vulnerable stress responses.

The results can be summarized as follows:

24 h after exposure to acute FS, rats can be deemed FS-R or FS-
V based on their anhedonic phenotype in the sucrose
intake test;

FS-R and FS-V rats are phenotypically distinguishable up to two
weeks after stress exposure;

basal neuronal glutamate release increased in the PFC of FS-V

Translational Psychiatry (2023)13:62
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Fig. 5 Glutamate release from PFC gliosomes. A Basal and (B) 15 mM KCl-evoked [*H]-Asp release measured immediately after FS (40 min
from the beginning of stress). Unpaired student’s t-test; N =5 (CNT), 6 (FS). C Basal and (D) 15 mM KCl-evoked [>H]-Asp release measured 6 h
after the beginning of FS. Unpaired student’s t-test; N = 8 (CNT), 6 (FS). E Basal and (F) 15 mM KCl-evoked [>H]-Asp release measured 24 h after
the beginning of FS. Unpaired student’s t-test; N = 11 (CNT), 30 (FS). G Basal and (H) 15 mM KCl-evoked [*H]-Asp release measured 24 h after
the beginning of FS with separation in FS-R and FS-V. One-way ANOVA, Tukey’s post-hoc test: p <0.05. N=11 (CNT), 11 (FS-R), 19 (FS-V),
*p < 0.05. | Basal and (J) 15 mM KCl-evoked [H]-Asp release measured in physiological conditions (physiological medium, PM) or in presence
of calcium free medium, 10 uM DL-TBOA or 10 uM KB-R7943 24 h after the beginning of FS in CNT and FS-V. Two-way ANOVA, Tukey’s post-hoc
test: p<0.05. N=5 (CNT), 5 (FS-V), *p <0.05, **p < 0.01, ***p <0.001 and ****p < 0.0001.

subunit in the PFC and reduced apical dendritic length and
complexity of prelimbic PFC layers Il-lll pyramidal neurons
(both FS-R and FS-V);

BDNF expression selectively diminished in the PFC of FS-V rats;

rats, while depolarization-evoked glutamate release and
synapsin | phosphorylation at Ser® increased in both FS-R and
FS-V animals;

FS decreased the synaptic expression levels of the GIUN2A
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Table 3. Expression of astrocytic proteins related to glutamate homeostasis in PFC homogenates.
CNT FS-R

GLT1 100 +7.84 105.79+12.14

GS 100+ 3.52 117.04+9.34

xCt 100+ 10.91 110.24 £6.52

FS-V Statistics
84.38 + 4.68 ANOVA, F(, 13 = 1.536, p=0.251
98.28 +5.10 ANOVA, F(o, 13 =2.621, p=0.110
113.52+6.46 Kruskal-Wallis, p = 0.396

Data are reported as percentage compared to control (expression level of control sample is equal to 100) and as means + SEM (N = 4-6). One way ANOVA or

Kruskal-Wallis test.
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Fig. 6 Expression of astrocytic proteins related to glutamate homeostasis in PFC gliosomes. A Glutamate transporter-1 (GLT1), (B)
glutamine synthetase (GS), and (C) cystine/glutamate antiporter (xCt) protein expression in PFC gliosomes. A one-way ANOVA, Holm-Sidak
test: *p <0.05; N=7 (CNT), 7 (FS-R), 3 (FS-V). B Kruskal-Wallis test, Dunn’s post-hoc test: *p <0.05; N=3 (CNT), 4 (FS-R), 3 (FS-V). C one-way
ANOVA, Holm-Sidak test: *p < 0.05, **p < 0.01; N=6 (CNT), 6 (FS-R), 6 (FS-V).

Depolarization-evoked (carrier-mediated) glutamate release
from astroglia perisynaptic processes (gliosomes) selectively
augmented in the PFC of FS-V rats;

GLT1 and xCt levels increased while GS expression diminished
in purified gliosomes from the PFC of FS-R rats.

Table 4 summarizes the main functional and molecular
differences highlighted between FS-R and FS-V animals.

Sucrose intake test allows deeming rats resilient or vulnerable
to acute footshock stress

Anhedonia, the disruption of anticipation, motivation, and
decision-making processes involved in obtaining a reward, is a
core symptom of depression and other neuropsychiatric disorders
[54, 55]. Typically, the sucrose intake test is used to assess the
development of anhedonic phenotype induced by chronic stress
[56, 571. Here, we set up a novel paradigm based on differences in
sucrose intake in acutely stressed rats, revealing the development
of an anhedonic phenotype in about half of the stressed rats. We
found no significant changes at the level of HPA axis activation
24 h after stress exposure, in line with previous evidence [1].

We demonstrated that FS-V animals remained anhedonic for
72 h after stress while, interestingly, FS-R and FS-V animals showed
different behavioral phenotypes at least up to 2 weeks after acute
FS exposure. These duration differences suggest that this
paradigm generates different trajectories of resilient versus
vulnerable stress response, thus allowing the dissection of the
response and its readouts [2, 20]. Future studies are needed to
draw a comprehensive time-dependent behavioral characteriza-
tion of FS-R and FS-V animals in the days and weeks following
stress exposure, thus analyzing specific behavioral phenotypes
which could clarify the translational relevance of the model.

Advantages in studying functional changes at glutamatergic
tripartite synapses using purified synaptosomes and
gliosomes in superfusion

The anatomic and functional assembly of astrocytes with the
presynaptic and post-synaptic neuronal domains led to the widely
accepted concept of the tripartite synapse [25, 26, 28]. As for
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Table 4. Summary of functional, molecular, and structural differences
between FS-R and FS-V animals in PFC synaptosomes, gliosomes, and
whole tissue.

PFC SYNAPTOSOMES
Basal glutamate release =
Depolarization-evoked glutamate release
pSer®-synapsin | protein levels (synaptic
membranes)

GIuN2A protein levels and GIUN2A/GIuN2B l l
ratio (synaptic membranes)

PFC GLIOSOMES

Basal glutamate release = =
Depolarization-evoked glutamate release = )
GLT1 protein levels
GS protein levels
XCt protein levels
TOTAL PFC

Dendritic length and branching (prelimbic | |
PFC layers lI-lll pyramidal neurons)

BDNF mRNA levels = |
GDNF mRNA levels = =
Arrows/equals represent the comparison vs control animals.

The parameters which were found different between FS-R and FS-V rats are
highlighted in bold.

functional characterization, we focused on glutamatergic synapses
and dissected neuronal and glial determinants in response to
acute stress by studying glutamate release from synaptosomes
and gliosomes. Synaptosomes derive from synaptic boutons and
varicosities of the axonal processes, maintain the complexity of
the presynaptic nerve terminals, and represent the site of
neurotransmitter release [58-60]. Gliosomes are a subcellular
preparation originating from the perisynaptic astrocytes’ regions

Translational Psychiatry (2023)13:62



[35, 61]. They express proteins involved in the release machinery,
and contain vesicles competent for exocytosis, neurotransmitter
receptors, and transporters [62, 63].

Synaptosomes and gliosomes have several advantages: (i) they
can be rapidly and easily prepared; (i) they originate from mature
neurons and astrocytes; (iii) they retain the functional modifications
induced in vivo by environmental or pharmacological stimulation.

Moreover, we measured glutamate release under superfusion
conditions, a technique avoiding cellular consequences up- or
downstream neurotransmitter release [27, 41]1. During superfusion,
released transmitters are immediately removed before they are
taken up by transporters or interact with receptors expressed at
the presynaptic level. Consequently, superfusion conditions allow
us to measure the actual glutamate release, not influenced by
reuptake processes. During superfusion, indirect effects due to
released compounds from adjacent structures also appear
minimized. Therefore, the modification of glutamate release
observed after exposure to stress can be ascribed to plastic
changes induced by stress selectively at glutamate releasing
synaptosomes or gliosomes [64-66].

Neuronal glutamate homeostasis is altered in the prefrontal

cortex of rats vulnerable to acute stress

We previously characterized the PFC time-dependent functional
alterations induced by acute FS stress. While revealing a rapid and
sustained increase of depolarization-evoked glutamate release up
to 24 h after stress with a mechanism dependent on synapsin | Ser®
phosphorylation, as confirmed here, we reported no effects on the
spontaneous glutamate release [8, 10, 12-16]. Conversely, the
present study, deeming rats FS-R or FS-V, highlighted a selective
increase of basal neuronal glutamate release in FS-V animals.

Basal synaptosomal glutamate release is a measure of resting
glutamate release in-situ, dependent on spontaneous synaptic
vesicle fusion at synapses [67, 68]. The spontaneous release of
glutamate plays a central role in the maturation and stability of
synaptic networks, controlling spike timing, maintaining synaptic
strength, and regulating postsynaptic responsiveness [69-71].
Interestingly, the spontaneous release has been proposed to
inhibit dendritic protein translation [72, 73]. Although further
studies are needed to understand the functional consequences of
increased basal glutamate release in the PFC of FS-V rats, our
findings suggest that in these animals the mechanisms that
regulate glutamate homeostasis fail to properly restore glutama-
tergic activity after exposure to stress, with possible impact on the
level of dendritic protein synthesis.

On the other hand, the reduction of GIuUN2A expression and
GIuN2A/B ratio in PFC synaptic membranes of stressed rats is
suggestive of an adaptation to excessive stimulation, with a
relative increase of extrasynaptic GIuN2B-containing NMDA
receptors and reduced postsynaptic activity [74]. Although
electrophysiological measurements are needed to confirm these
data, this finding seems in line with a switch between synaptic
and extrasynaptic NMDA receptors after stress [75].

Dendritic simplification and reduced BDNF expression in the
prefrontal cortex may contribute to acute stress vulnerability
We confirmed here that acute FS stress induces a shortening
and simplification of apical dendrites in prelimbic PFC layers
II-1Il pyramidal neurons as early as 24 h after stress exposure [8].
Although total dendritic length and number of branches were
similar in FS-R and FS-V rats, Sholl analysis highlighted a
significant reduction in the number of intersections between
120 and 180pum from soma exclusively in FS-V animals,
suggesting subtle differences in dendritic remodeling between
the two groups.

Observing dendritic retraction and simplification in FS-R rats is not
surprising. Indeed, neuroarchitecture changes in response to stress
are a physiological mechanism in the adult brain required for
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adaptation and learning [1, 20]. Accordingly, we could hypothesize
that dendritic retraction early after stress represents an adaptive
mechanism to protect neurons from glutamate release induced by
stress, while in the long-term, resilience implies the recovery from
stress-induced changes in neuronal architecture [1, 2]. It will be
interesting to study morphological alterations in the two phenotypes
at additional time points after FS stress exposure to confirm this
hypothesis since we have previously shown that dendritic retraction
induced by acute stress lasts up to 14 days [8].

Moreover, we measured a significant reduction of BDNF mRNA
expression in the PFC of FS-V rats but not in FS-R. BDNF plays a
crucial role in the activity-dependent regulation of synaptic
homeostasis and its expression has been consistently reported
to be reduced in corticolimbic areas after chronic stress, while
proadaptive treatments rescue this reduction [2, 76]. Recent
evidence suggests that BDNF plays a role in fear memory
consolidation and extinction learning, orchestrating sensitivity to
stress, trauma, and risk of stress-related psychiatric disorders [77].
Furthermore, BDNF/trkB signaling has been critically involved in
stress-induced depressive-like behavioral abnormalities, including
anhedonic behavior [78]. Thus, a reduction of BDNF expression in
acute stress vulnerable animals may participate in maladaptive
stress response mechanisms. However, further studies are
required to understand the possible functional consequences of
reduced BDNF mRNA levels measured in FS-V and to test the
effects of treatment strategies able to normalize BDNF levels. In
this context, it would be interesting to consider not only
traditional antidepressants, but also acute subanesthetic keta-
mine, which we have shown can restore long-term glutamatergic
alterations and dendritic atrophy induced by FS in PFC [10, 14, 15].

Perisynaptic astrocyte dysfunction is involved in the
maladaptive response to acute stress

In the present study, we found that, differently from synaptosomes,
basal gliosome glutamate release was unchanged, while
depolarization-evoked glutamate release was significantly increased
in FS-V (but not in FS-R rats) exclusively 24 h after stress. Overall, our
release experiments revealed that the activity-dependent glutamate
release from presynaptic nerve terminals in the PFC immediately
and persistently increased after acute stress exposure. In contrast,
the perisynaptic astrocytic depolarization-evoked glutamate release
increased in FS-V rats, and it was temporally delayed and perhaps
subordinate to the neuronal counterpart.

Looking at the mechanisms of glutamate release from
gliosomes, we observed that the absence of external
Ca®Tsignificantly increased basal release in both FS-R and FS-V
rats. We hypothesize that this condition can alter the transmem-
brane gradient, forcing Na*/Ca®" exchangers to extrude Ca>" in
exchange for Na', favoring membrane depolarization and
glutamate release. On the other hand, the depolarization-evoked
glutamate release was entirely dependent on glutamate trans-
porters. Glutamate release from astrocytes may occur either from
vesicular stores or by transporter reversal [79]. In our case, the
reversal of transporters can be provoked by the increase of
cytoplasmic Na™ concentration and the decrease of Na*-gradient
[80-82]. Blocking glutamate transporters also partly but signifi-
cantly reduced basal gliosome glutamate release, suggesting a
direct role of the metabolic pool of cytoplasmic glutamate [79].

We also obtained evidence of expression changes of astrocyte
proteins related to glutamate homeostasis. In gliosomes of FS-R
animals, the expression of GLT1, the principal astrocyte transpor-
ter responsible for glutamate removal [83], was significantly
increased. This increase is in line with previous evidence showing
an increase in GLT1 upon acute stress exposure [84, 85]. On the
other hand, the lack of GLT1 increase in FS-V rats is suggestive of
lack of efficiency in facing stress insults. Moreover, the finding that
depolarization-evoked glutamate release increases in gliosomes
from FS-V rats by the reversal of glutamate transporters working in
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the in-out direction may suggest changes in the function of
quantitatively unmodified GLT1 transporters.

The expression of GS, the astrocyte glutamate-degrading
enzyme [83], decreased selectively in gliosomes from FS-R rats.
This result was unexpected because the increase or maintenance
of GS function has been shown to promote protective effects
against excessive glutamate release [86].

Also, the expression of xCT, an antiporter that astrocytes use to
extrude glutamate [83], was increased in gliosomes of FS-R but not
in gliosomes of FS-V rats. In line with the present results, increased
xCT activity, contributing to priming glutamate homeostasis, is
implicated in mechanisms of stress resilience and antidepressant-
like response [87].

CONCLUSION

In the present study, we show for the first time that the application of
the sucrose intake test to rats exposed to acute inescapable FS stress
allows the generation of a novel animal model of resilience/
vulnerability to acute stress. The purification of synaptosomes and
gliosomes allowed for studying functional and molecular changes of
the synaptic and perisynaptic moieties of the tripartite glutamatergic
synapse in the PFC of vulnerable and resilient animals. Our structural,
functional, and molecular studies revealed an excess of the basal
presynaptic and depolarization-dependent perisynaptic glutamate
release in the PFC of FS-V rats, supported by changes in the
expression of BDNF and astrocyte homeostasis-related proteins,
contributing to the glutamatergic dysfunction in these animals. The
PFC has been selected here essentially because in our previous
studies we found rapid functional, structural, and molecular changes
in this brain area, which is known to play key roles in executive
function and extinction of fear learning [8, 10-14, 16]. Nevertheless,
we can't exclude that other brain areas could contribute to the
development of resilient or vulnerable phenotypes.

Noteworthy, this study has been conducted on male rats only,
even though it is known that women are more susceptible to stress-
related adverse outcomes [88-91]. Sex differences may be expected
in the adaptive/maladaptive response to acute traumatic stress and
recent evidence highlighted sex differences in fear extinction in
rodents [92-94]. More studies are required to investigate sex-specific
pathophysiological mechanisms in the stress response.

Despite these limitations, in the present study, we found that
PFC synaptosomes and gliosomes from male rats vulnerable and
resilient to acute FS displayed a different response to stress,
suggesting that neurons undergo early modifications after FS,
with astroglia entering the play later, thus suggesting that the
observed astroglia modification may be primed by neuronal
modification. Alternatively, the molecular changes occurring in
PFC gliosomes might be responsible for adaptation, thus assigning
astrocytes a central role in avoiding a maladaptive response
progression in FS-R rats. To detect why this astrocytic attempt
failed in FS-V rats could reveal new mechanisms involved in PTSD
and deserves further investigation. Overall, we could identify early
determinants of a maladaptive response leading to behavioral
vulnerability to stress. The study of these mechanisms promises to
help in the identification of key mediators of pro-adaptive versus
maladaptive trajectories.

REFERENCES

1. McEwen BS, Bowles NP, Gray JD, Hill MN, Hunter RG, Karatsoreos IN, et al.
Mechanisms of stress in the brain. Nat Neurosci. 2015;18:1353-63.

2. Sanacora G, Yan Z, Popoli M. The stressed synapse 2.0: pathophysiological
mechanisms in stress-related neuropsychiatric disorders. Nat Rev Neurosci.
2022;23:86-103.

3. Izquierdo A, Wellman CL, Holmes A. Brief uncontrollable stress causes dendritic
retraction in infralimbic cortex and resistance to fear extinction in mice. J Neu-
rosci. 2006;26:5733-8.

SPRINGER NATURE

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

. Armario A, Escorihuela RM, Nadal R. Long-term neuroendocrine and behavioural

effects of a single exposure to stress in adult animals. Neurosci Biobehav Rev.
2008;32:1121-35.

. Hajszan T, Dow A, Warner-Schmidt JL, Szigeti-Buck K, Sallam NL, Parducz A, et al.

Remodeling of hippocampal spine synapses in the rat learned helplessness
model of depression. Biol Psychiatry. 2009;65:392-400.

. Chen Y, Molet J, Lauterborn JC, Trieu BH, Bolton JL, Patterson KP, et al. Conver-

ging, synergistic actions of multiple stress hormones mediate enduring memory
impairments after acute simultaneous stresses. J Neurosci. 2016;36:11295-307.

. Chenani A, Weston G, Ulivi AF, Castello-Waldow TP, Huettl RE, Chen A, et al.

Repeated stress exposure leads to structural synaptic instability prior to dis-
organization of hippocampal coding and impairments in learning. Transl Psy-
chiatry. 2022;12:381.

. Nava N, Treccani G, Alabsi A, Mueller HK, Elfving B, Popoli M, et al. Temporal

dynamics of acute stress-induced dendritic remodeling in medial prefrontal
cortex and the protective effect of desipramine. Cereb Cortex.
2017;27:694-705.

. Torrisi SA, Lavanco G, Maurel OM, Gulisano W, Laudani S, Geraci F, et al. A novel

arousal-based individual screening reveals susceptibility and resilience to PTSD-
like phenotypes in mice. Neurobiol Stress. 2020;14:100286.

. Musazzi L, Milanese M, Farisello P, Zappettini S, Tardito D, Barbiero VS, et al. Acute

stress increases depolarization-evoked glutamate release in the rat prefrontal/frontal
cortex: The dampening action of antidepressants. PLoS One. 2010;5:e8566.

. Vollmayr B, Henn FA. Learned helplessness in the rat: improvements in validity

and reliability. Brain Res Brain Res Protoc. 2001;8:1-7.

. Treccani G, Musazzi L, Perego C, Milanese M, Nava N, Bonifacino T, et al. Stress and

corticosterone increase the readily releasable pool of glutamate vesicles in synaptic
terminals of prefrontal and frontal cortex. Mol Psychiatry. 2014;19:433-43.

. Musazzi L, Tornese P, Sala N, Popoli M. Acute stress is not acute: Sustained

enhancement of glutamate release after acute stress involves readily releasable
pool size and synapsin i activation. Mol Psychiatry. 2017;22:1226-7.

. Nava N, Treccani G, Liebenberg N, Chen F, Popoli M, Wegener G, et al. Chronic

desipramine prevents acute stress-induced reorganization of medial prefrontal
cortex architecture by blocking glutamate vesicle accumulation and excitatory
synapse increase. Int J Neuropsychopharmacol. 2015;18:1-11.

. Sala N, Paoli C, Bonifacino T, Mingardi J, Schiavon E, la Via L, et al. Acute ketamine

facilitates fear memory extinction in a rat model of PTSD along with restoring
glutamatergic alterations and dendritic atrophy in the prefrontal cortex. Front
Pharm. 2022;13:759626.

. Musazzi L, Sala N, Tornese P, Gallivanone F, Belloli S, Conte A, et al. Acute ines-

capable stress rapidly increases synaptic energy metabolism in prefrontal cortex
and alters working memory performance. Cereb Cortex. 2019;29:4948-57.

. Willner P, Mitchell PJ. The validity of animal models of predisposition to

depression. Behav Pharmacol. 2002;13:169-88.

. Han MH, Nestler EJ. Neural substrates of depression and resilience. Neurother-

apeutics 2017;14:677-86.

. Nasca C, Bigio B, Zelli D, Nicoletti F, McEwen BS. Mind the gap: glucocorticoids

modulate hippocampal glutamate tone underlying individual differences in
stress susceptibility. Mol Psychiatry. 2015;20:755-63.

Musazzi L, Tornese P, Sala N, Popoli M. Acute or chronic? A stressful question.
Trends Neurosci. 2017;40:525-35.

Musazzi L, Tornese P, Sala N, Popoli M. What acute stress protocols can tell us about
PTSD and stress-related neuropsychiatric disorders. Front Pharm. 2018;9:758.
Verkhratsky A, Nedergaard M. Physiology of astroglia. Physiol Rev.
2018;98:239-389.

Kruyer A, Kalivas PW, Scofield MD. Astrocyte regulation of synaptic signaling in
psychiatric disorders. Neuropsychopharmacology. 2022. 2022. https://doi.org/
10.1038/541386-022-01338-W.

Saint-Martin M, Goda Y. Astrocyte-synapse interactions and cell adhesion mole-
cules. FEBS J. 2022. 2022 https://doi.org/10.1111/FEBS.16540.

Semyanov A, Verkhratsky A. Astrocytic processes: from tripartite synapses to the
active milieu. Trends Neurosci. 2021;44:781-92.

Perea G, Navarrete M, Araque A. Tripartite synapses: astrocytes process and
control synaptic information. Trends Neurosci. 2009;32:421-31.

Popoli M, Yan Z, McEwen BS, Sanacora G. The stressed synapse: the impact of
stress and glucocorticoids on glutamate transmission. Nat Rev Neurosci.
2013;13:22-37.

Papouin T, Dunphy J, Tolman M, Foley JC, Haydon PG. Astrocytic control of
synaptic function. Philos Trans R Soc Lond B Biol Sci. 2017;372:20160154.
Zhang X, Alnafisah RS, Hamoud ARA, Shukla R, McCullumsmith RE, O'Donovan
SM. Astrocytes in neuropsychiatric disorders: a review of postmortem evidence.
Adv Neurobiol. 2021;26:153-72.

Li B, Zhang D, Verkhratsky A. Astrocytes in post-traumatic stress disorder. Neu-
rosci Bull. 2022;38:953-65.

Translational Psychiatry (2023)13:62


https://doi.org/10.1038/S41386-022-01338-W
https://doi.org/10.1038/S41386-022-01338-W
https://doi.org/10.1111/FEBS.16540

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49,

50.

51.

52.

53.

54.

55.

56.

57.

Scuderi C, Verkhratsky A, Parpura V, Li B. Neuroglia in psychiatric disorders. Adv
Neurobiol. 2021;26:3-19.

Saur L, Baptista PPA, Bagatini PB, Neves LT, de Oliveira RM, Vaz SP, et al.
Experimental post-traumatic stress disorder decreases astrocyte density and
changes astrocytic polarity in the CA1 Hippocampus of male rats. Neurochem
Res. 2016;41:892-904.

Han F, Xiao B, Wen L. Loss of glial cells of the hippocampus in a rat model of post-
traumatic stress disorder. Neurochem Res. 2015;40:942-51.

Musazzi L, Seguini M, Mallei A, Treccani G, Pelizzari M, Tornese P, et al. Time-
dependent activation of MAPK/Erk1/2 and Akt/GSK3 cascades: modulation by
agomelatine. BMC Neurosci. 2014;15:119.

Stigliani S, Zappettini S, Raiteri L, Passalacqua M, Melloni E, Venturi C, et al. Glia re-
sealed particles freshly prepared from adult rat brain are competent for exocy-
totic release of glutamate. J Neurochem. 2006;96:656-68.

Milanese M, Zappettini S, Jacchetti E, Bonifacino T, Cervetto C, Usai C, et al. In
vitro activation of GAT1 transporters expressed in spinal cord gliosomes stimu-
lates glutamate release that is abnormally elevated in the SOD1/G93A(+) mouse
model of amyotrophic lateral sclerosis. J Neurochem. 2010;113:489-501.

Ravera S, Torazza C, Bonifacino T, Provenzano F, Rebosio C, Milanese M, et al.
Altered glucose catabolism in the presynaptic and perisynaptic compartments of
SOD1 G93A mouse spinal cord and motor cortex indicates that mitochondria are
the site of bioenergetic imbalance in ALS. J Neurochem. 2019;151:336-50.
Fleck MW, Barrionuevo G, Palmer AM. Synaptosomal and vesicular accumulation
of L-glutamate, L-aspartate and D-aspartate. Neurochem Int. 2001;39:217-25.
Raiteri L, Zappettini S, Milanese M, Fedele E, Raiteri M, Bonanno G. Mechanisms of
glutamate release elicited in rat cerebrocortical nerve endings by ‘pathologically’
elevated extraterminal K+ concentrations. J Neurochem. 2007;103:952-61.
Bonifacino T, Musazzi L, Milanese M, Seguini M, Marte A, Gallia E, et al. Altered
mechanisms underlying the abnormal glutamate release in amyotrophic lateral
sclerosis at a pre-symptomatic stage of the disease. Neurobiol Dis. 2016;95:122-33.
Raiteri M, Angelini F, Levi G. A simple apparatus for studying the release of
neurotransmitters from synaptosomes. Eur J Pharm. 1974;25:411-4.

Bonini D, Mora C, Tornese P, Sala N, Filippini A, la Via L, et al. Acute footshock
stress induces time-dependent modifications of AMPA/NMDA protein expression
and AMPA phosphorylation. Neural Plast. 2016;2016:7267865.

Cassano T, Magini A, Giovagnoli S, Polchi A, Calcagnini S, Pace L, et al. Early
intrathecal infusion of everolimus restores cognitive function and mood in a
murine model of Alzheimer’s disease. Exp Neurol. 2019;311:88-105.

Facchinetti R, Valenza M, Bronzuoli MR, Menegoni G, Ratano P, Steardo L, et al.
Looking for a treatment for the early stage of alzheimer's disease: preclinical
evidence with co-ultramicronized palmitoylethanolamide and luteolin. Int J Mol
Sci. 2020;21:3802.

Facchinetti R, Valenza M, Gomiero C, Mancini GF, Steardo L, Campolongo P, et al.
Co-ultramicronized palmitoylethanolamide/luteolin restores oligodendrocyte
homeostasis via peroxisome proliferator-activated receptor-a in an in vitro model
of Alzheimer’s Disease. Biomedicines. 2022;10:1236.

Leal G, Comprido D, Duarte CB. BDNF-induced local protein synthesis and
synaptic plasticity. Neuropharmacology. 2014;76:639-56.

Duman CH, Duman RS. Spine synapse remodeling in the pathophysiology and
treatment of depression. Neurosci Lett. 2015;601:20-9.

Cortés D, Carballo-Molina OA, Castellanos-Montiel MJ, Velasco I. The non-survival
effects of glial cell line-derived neurotrophic factor on neural cells. Front Mol
Neurosci. 2017;10:258.

ben Achour S, Pascual O. Glia: the many ways to modulate synaptic plasticity.
Neurochem Int. 2010;57:440-5.

Bonansco C, Couve A, Perea G, Ferradas CA, Roncagliolo M, Fuenzalida M. Glu-
tamate released spontaneously from astrocytes sets the threshold for synaptic
plasticity. Eur J Neurosci. 2011;33:1483-92.

Bezzi P, Domercqg M, Vesce S, Volterra A. Neuron-astrocyte cross-talk during
synaptic transmission: physiological and neuropathological implications. Prog
Brain Res. 2001;132:255-65.

Shimamoto K, LeBrun B, Yasuda-Kamatani Y, Sakaitani M, Shigeri Y, Yumoto N,
et al. DL-threo-beta-benzyloxyaspartate, a potent blocker of excitatory amino
acid transporters. Mol Pharm. 1998;53:195-201.

Amran MS, Homma N, Hashimoto K. Pharmacology of KB-R7943: a Na+-Ca2+
exchange inhibitor. Cardiovasc Drug Rev. 2003;21:255-76.

Russo SJ, Nestler EJ. The brain reward circuitry in mood disorders. Nat Rev
Neurosci. 2013;14:609-25.

Der-Avakian A, Markou A. The neurobiology of anhedonia and other reward-
related deficits. Trends Neurosci. 2012;35:68-77.

Slattery DA, Cryan JF. Modelling depression in animals: at the interface of reward
and stress pathways. Psychopharmacol (Berl). 2017;234:1451-65.

Strekalova T, Couch Y, Kholod N, Boyks M, Malin D, Leprince P, et al. Update in the
methodology of the chronic stress paradigm: internal control matters. Behav
Brain Funct. 2011;7-9.

Translational Psychiatry (2023)13:62

T. Bonifacino et al.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.
68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Raiteri M. Synaptosomes as a tool in the development of new neuroactive drugs.
Rev Pure Appl Pharm Sci. 1983;4:65-109.

Whittaker VP. Thirty years of synaptosome research. J Neurocytol. 1993;22:735-42.
Ghijsen WEJM, Leenders AGM, Lopes da Silva FH. Regulation of vesicle traffic and
neurotransmitter release in isolated nerve terminals. Neurochem Res.
2003;28:1443-52.

Carney KE, Milanese M, van Nierop P, Li KW, Oliet SHR, Smit AB, et al. Proteomic
analysis of gliosomes from mouse brain: identification and investigation of glial
membrane proteins. J Proteome Res. 2014;13:5918-27.

Nakamura Y, Iga K, Shibata T, Shudo M, Kataoka K. Glial plasmalemmal vesicles: a
subcellular fraction from rat hippocampal homogenate distinct from synapto-
somes. Glia. 1993;9:48-56.

Paluzzi S, Alloisio S, Zappettini S, Milanese M, Raiteri L, Nobile M, et al. Adult
astroglia is competent for Na+/Ca2+ exchanger-operated exocytotic glutamate
release triggered by mild depolarization. J Neurochem. 2007;103:1196-207.
Raiteri M, Bonanno G, Marchi M, Maura G. Is there a functional linkage between
neurotransmitter uptake mechanisms and presynaptic receptors? J Pharm Exp
Ther. 1984;231:671-7.

Bonanno G, Raiteri M. Release-regulating presynaptic heterocarriers. Prog Neu-
robiol. 1994;44:451-62.

Milanese M, Bonifacino T, Fedele E, Rebosio C, Cattaneo L, Benfenati F, et al.
Exocytosis regulates trafficking of GABA and glycine heterotransporters in spinal
cord glutamatergic synapses: a mechanism for the excessive heterotransporter-
induced release of glutamate in experimental amyotrophic lateral sclerosis.
Neurobiol Dis. 2015;74:314-24.

Zucker RS. Minis: whence and wherefore? Neuron. 2005;45:482-4.

Atasoy D, Ertunc M, Moulder KL, Blackwell J, Chung C, Su J, et al. Spontaneous
and evoked glutamate release activates two populations of NMDA receptors with
limited overlap. J Neurosci. 2008;28:10151-66.

Kavalali ET, Chung CH, Khvotchev M, Leitz J, Nosyreva E, Raingo J, et al. Spon-
taneous neurotransmission: an independent pathway for neuronal signaling?
Physiol (Bethesda). 2011;26:45-53.

Vyleta NP, Smith SM. Spontaneous glutamate release is independent of calcium
influx and tonically activated by the calcium-sensing receptor. J Neurosci.
2011;31:4593-606.

Walter AM, Groffen AJ, Serensen Jakob BJB, Verhage M. Multiple Ca2+ sensors in
secretion: teammates, competitors or autocrats? Trends Neurosci. 2011;34:487-97.
Sutton MA, Wall NR, Aakalu GN, Schuman EM. Regulation of dendritic protein
synthesis by miniature synaptic events. Science. 2004;304:1979-83.

Sutton MA, Ito HT, Cressy P, Kempf C, Woo JC, Schuman EM. Miniature neuro-
transmission stabilizes synaptic function via tonic suppression of local dendritic
protein synthesis. Cell. 2006;125:785-99.

Bellone C, Nicoll RA. Rapid bidirectional switching of synaptic NMDA receptors.
Neuron. 2007;55:779-85.

Tse YC, Nath M, Larosa A, Wong TP. Opposing changes in synaptic and extra-
synaptic n-methyl-d-aspartate receptor function in response to acute and chronic
restraint stress. Front Mol Neurosci. 2021;14:716675.

Duman RS, Deyama S, Fogaca MV. Role of BDNF in the pathophysiology and
treatment of depression: activity-dependent effects distinguish rapid-acting
antidepressants. Eur J Neurosci. 2021;53:126-39.

Notaras M, van den Buuse M. Neurobiology of BDNF in fear memory, sensitivity to
stress, and stress-related disorders. Mol Psychiatry. 2020;25:2251-74.

Koo JW, Chaudhury D, Han MH, Nestler EJ. Role of mesolimbic brain-derived
neurotrophic factor in depression. Biol Psychiatry. 2019;86:738-48.

Volterra A, Meldolesi J. Astrocytes, from brain glue to communication elements:
the revolution continues. Nat Rev Neurosci. 2005;6:626-40.

Szatkowski M, Barbour B, Attwell D. Non-vesicular release of glutamate from glial
cells by reversed electrogenic glutamate uptake. Nature. 1990;348:443-6.
Malarkey EB, Parpura V. Mechanisms of glutamate release from astrocytes.
Neurochem Int. 2008;52:142-54.

Mahmoud S, Gharagozloo M, Simard C, Gris D. Astrocytes maintain glutamate
homeostasis in the CNS by controlling the balance between glutamate uptake
and release. Cells. 2019;8:184.

Lalo U, Koh W, Lee CJ, Pankratov Y. The tripartite glutamatergic synapse. Neu-
ropharmacology. 2021;199:108758.

Franklin TB, Saab BJ, Mansuy IM. Neural mechanisms of stress resilience and
vulnerability. Neuron. 2012;75:747-61.

Ménard C, Pfau ML, Hodes GE, Russo SJ. Immune and neuroendocrine
mechanisms of stress vulnerability and resilience. Neuropsychopharmacology.
2017;42:62-80.

Hayashi MK. Structure-function relationship of transporters in the glutamate-
glutamine cycle of the central nervous system. Int J Mol Sci. 2018;19:1177.
Nasca C, Bigio B, Zelli D, de Angelis P, Lau T, Okamoto M, et al. Role of the
astroglial glutamate exchanger xCT in ventral hippocampus in resilience to stress.
Neuron. 2017;96:402-413.e5.

SPRINGER NATURE

11



T. Bonifacino et al.

12

88. Kessler RC. Epidemiology of women and depression. J Affect Disord.
2003;74:5-13.

89. Kessler RC, Berglund P, Demler O, Jin R, Merikangas KR, Walters EE. Lifetime
prevalence and age-of-onset distributions of DSM-IV disorders in the National
Comorbidity Survey Replication. Arch Gen Psychiatry. 2005;62:593-602.

90. Hantsoo L, Epperson CN. Anxiety disorders among women: a female lifespan
approach. Focus (Am Psychiatr Publ). 2017;15:162-72.

91. Kuehner C. Why is depression more common among women than among men?
Lancet Psychiatry. 2017;4:146-58.

92. Clark JW, Drummond SPA, Hoyer D, Jacobson LH. Sex differences in mouse
models of fear inhibition: Fear extinction, safety learning, and fear-safety dis-
crimination. Br J Pharm. 2019;176:4149-58.

93. Shanazz K, Dixon-Melvin R, Nalloor R, Thumar R, Vazdarjanova Al. Sex differences
in avoidance extinction after contextual fear conditioning: anxioescapic behavior
in female rats. Neuroscience. 2022;497:146-56.

94. Perry CJ, Ganella DE, Nguyen LD, Du X, Drummond KD, Whittle S, et al. Assess-
ment of conditioned fear extinction in male and female adolescent rats. Psy-
choneuroendocrinology. 2020;116:104670.

ACKNOWLEDGEMENTS

This work was supported by research grants from the Italian Ministry of University
(PRIN Project No. 2015HRE757) and from the Cariplo Foundation (biomedical science
Prog. 2017-0620 and Prog. 2019-3357).

AUTHOR CONTRIBUTIONS

Conceptualization: LM, TB, CS, AB, MM, MP, GB, LS; funding acquisition: MP, GB, LS,
AB, CS, LM; performing experiments: TB, JM, RF, NS, GF, EN, MV, CP, Al, CT, MB, MG,
NM; supervision: MP, GB, LS, IR; writing and editing: LM, MP, GB, TB, JM, RF, MM, CS,
AB. All authors have read and agreed to the published version of the manuscript.

SPRINGER NATURE

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541398-023-02366-w.

Correspondence and requests for materials should be addressed to Maurizio Popoli
or Laura Musazzi.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Translational Psychiatry (2023)13:62


https://doi.org/10.1038/s41398-023-02366-w
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Changes at glutamate tripartite synapses in the prefrontal cortex of a new animal model of resilience/vulnerability to acute stress
	Introduction
	Materials and methods
	Animals
	Sucrose intake test and classification of resilient and vulnerable animals
	Footshock stress procedure
	Serum corticosterone assay
	Preparation of subcellular fractions
	Measurement of neurotransmitter release from purified synaptosomes and gliosomes
	Western blotting
	Golgi-Cox staining and dendritic analysis
	Real time-quantitative polymerase chain reaction (RT-qPCR)
	Statistical analysis

	Results
	Acute footshock stress induces anhedonic behavior in vulnerable animals that is preserved for up to two weeks
	Acute footshock stress induces selective changes of presynaptic glutamate release in the prefrontal cortex of FS-R and FS-V rats
	Acute footshock stress induces changes in the expression of synaptic AMPA and NMDA receptors in the prefrontal cortex of FS-R and FS-V rats
	Acute footshock stress induces changes in layers II/III dendrite morphology and neurotrophin levels in the prefrontal cortex of FS-R and FS-V rats
	Acute footshock stress induces changes in glutamate release from glial perisynaptic processes in the prefrontal cortex of FS-R and FS-V rats
	Acute footshock stress induces changes in astrocyte proteins related to glutamate homeostasis in the prefrontal cortex of FS-R and FS-V rats

	Discussion
	Sucrose intake test allows deeming rats resilient or vulnerable to acute footshock stress
	Advantages in studying functional changes at glutamatergic tripartite synapses using purified synaptosomes and gliosomes in superfusion
	Neuronal glutamate homeostasis is altered in the prefrontal cortex of rats vulnerable to acute stress
	Dendritic simplification and reduced BDNF expression in the prefrontal cortex may contribute to acute stress vulnerability
	Perisynaptic astrocyte dysfunction is involved in the maladaptive response to acute stress

	Conclusion
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




