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Abstract

Moderate stress increases memory and facilitates adaptation. In contrast, intense stress can induce pathological memories as
observed in post-traumatic stress disorders (PTSD). A shift in the balance between the expression of tPA and PAI-1 proteins is
responsible for this transition. In conditions of moderate stress, glucocorticoid hormones increase the expression of the tPA protein
in the hippocampal brain region which by triggering the Erk1/2MAPX signaling cascade strengthens memory. When stress is
particularly intense, very high levels of glucocorticoid hormones then increase the production of PAI-1 protein, which by blocking
the activity of tPA induces PTSD-like memories. PAI-1 levels after trauma could be a predictive biomarker of the subsequent
appearance of PTSD and pharmacological inhibition of PAI-1 activity a new therapeutic approach to this debilitating condition.

Introduction

Stressful events trigger a set of biological responses which
generally increase adaptation to potentially harmful situations.
However, overly intense or chronic stress can have deleterious
effects leading to several behavioral disorders including sub-
stance use disorders, depressive-like and anxiety-like dis-
orders, in particular post-traumatic stress disorder (PTSD)
[1-4]. Memory performances are a prototypical example of
this dichotomy between the beneficial and pathological effects
of stress [5]. Moderate stress increases the memory of asso-
ciated events facilitating adaptation to future similar situations
[2, 3, 6]. In contrast, intense stress can alter memory con-
solidation leading to pathological conditions such as PTSD
[3, 4, 7, 8]. PTSD is a severe stress-related disorder with an
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estimated lifetime prevalence of about 8% in the general
population. Thirty percent of victims of traumatic events (e.g.,
rape, terrorist attacks, military combat, genocide) develop this
condition with this figure rising to 50% in the most severe
situations. Prevalence is also dependent on biological sex
differences [9—13]. PTSD is characterized by recurrent and
intrusive recollections of the trauma (i.e., emotional hyperm-
nesia) due to the inability of the individual to restrict fear to the
appropriate predictor of the threat [7, 9, 13]. Amygdalar
hyperactivation was shown to contribute to PTSD-related
emotional hypermnesia [9, 14—17]. However, PTSD was also
shown to be associated with a hippocampal dysfunction that
might contribute to the deficit of contextual memory of the
trauma, which in turn would cause the formation and persis-
tence of PTSD-related hypermnesia [18-21]. This progressive
shift from adaptive to deleterious consequences as a function
of stress intensity follows an inverted-U pattern and has been
known since the beginning of the twentieth century [22-24],
but the molecular mechanisms of this pathophysiological
process, and notably those underlying the shift from adaptive
to maladaptive (PTSD-like) fear memory, remain largely
unknown.

It has been suggested that glucocorticoid hormones (GC),
one of the major biological responses to stress, may be one
of the factors involved in the shift from beneficial to
pathological effects of stress [25]. The increase in GC induced
by moderate stressors enhances the memory of stress-
associated events [26-31] whilst a dysregulation of the
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hypothalamic-pituitary-adrenal (HPA) axis and functional
alterations of the glucocorticoid receptor (GR) have been
consistently related to PTSD-like memory impairments
[7, 32, 33]. Both effects of GC are mediated by the activation
in the brain of the GR, a hormone-activated transcription factor
belonging to the family of nuclear receptors [34]. We have
previously shown that in conditions of moderate stress, the
activation of the GR in the hippocampus, one of the major
brain structures involved in memory processing and in PTSD
pathophysiology [19, 21, 35, 36], induces a cascade of
molecular events referred to as the GMES signaling cascade
that increases memory formation. The first step is the increase
of tPA (tissue plasminogen activator)-activated plasmin which
cleaves the pro-BDNF to mature BDNF. Mature BDNF, by
activating the TrkB receptor, phosphorylates Erk1/2MAPK
which, increasing the expression of the downstream tran-
scription factor Egr-1, finally enhances the levels of memory-
enhancing effector proteins, such as synapsin Ia/Ib [26-28]. In
this report, combining complementary in vitro/in vivo mole-
cular and pharmacological approaches and the first mouse
model recapitulating the two memory components of PTSD
(i.e., emotional hypermnesia and contextual amnesia) [5], we
show that a deregulation of the GMES signaling cascade in the
dorsal hippocampus, triggered by an increase in GC-induced
type 1 plasminogen activator inhibitor (PAI-1) levels, under-
lies the transition from a normal memory to a PTSD-like fear
memory.

Materials and methods
Chemicals

In all the experiments, we used a preformed water-soluble
complex of corticosterone (Cort) and 2-hydroxypropyl-
B-cyclodextrin (#C174, Sigma, USA) [26-28]. In mice, Cort
(2 mg/kg in a volume of 0.1 ml/10 g body weight) or vehicle
(NaCl 0.9%) was administered i.p. immediately after the
acquisition of fear conditioning in order to mimic the effect of
intense trauma [7]. Cort was used at 100 and 1000 nM on rat
PC12 cells and at 10 and 1000 nM on rat hippocampal slices
[26-28]. Millipore (USA) provided the recombinant human
BDNF (CAS Nb 218441-99-7, #GF029, 100 ng/side) and tPA
inhibitor, stable recombinant mutant of human PAI-1 (CAS
Nb: 140208-23-7, #528208, ranging from 30 to 240 ng/side)
[28, 37]. The small-molecule inhibitor of PAI-1 activity
tiplaxtinin (PAI-039; CAS Nb: 393105-53-8, #1383, 5 ng/side)
was provided by Axon MEDCHEM (The Netherlands).

Cell culture

PC12 cell line (ATCC CRL-1721) derived from a trans-
plantable rat pheochromocytoma was used [26, 28]. PC12

cells were seeded on six-well plates coated with poly-D-
lysine at the appropriate concentration (10° cells/well) in
fresh, antibiotic-free medium (DMEM/F12 (#31330-038,
Gibco, USA)+ 10% fetal bovine serum (#10270106,
Fisher Scientific, USA)). Sixteen hours before Cort treat-
ment, the medium was changed for a steroid-free culture
medium (DMEM/F12 4 10% charcoal/dextran-treated FBS
(#SH30068-03, Hyclone, Fisher Scientific, USA). PC12
cells (n = 5—6/group) were treated with 100 and 1000 nM of
Cort-HBC (Sigma, USA), then harvested after 3 h and the
proteins and RNA extracted (Fig. 1 and Fig. S1).

Hippocampal slice preparations and Cort treatment

Hippocampal slice preparations have been described in
detail previously [38]. Briefly, adult male Sprague-Dawley
rats (2-3 months old, n =18, Charles River Laboratory,
France) were used. Rats were anesthetized with isoflurane
and transcardially perfused with nearly frozen modified
artificial cerebrospinal fluid (CSF) with 3 mM kynurenic
acid. The modified CSF for perfusion contained: (in mM)
87 NaCl, 75 sucrose, 25 glucose, 5 KCI, 21 MgCl,, 0.5
CaCl,, and 1.25 NaH,PO,. After perfusion, the brains were
quickly removed and sliced (300 um) in the coronal plane
using a vibratome (Campden Instruments, UK). Immedi-
ately after cutting, slices were stored for 40 min at 32 °C in
CSF ((in mM): 130 NaCl, 11 glucose, 2.5 KCl, 2.4 MgCl,,
1.2 CaCl,, 23 NaHCOs;, 1.2 NaH,PO,), equilibrated with
95% 0,/5% CO, then stored at room temperature for the
rest of the experiment. Each brain slice was then treated for
1h (60 min) and 3h (180 min) with 10 and 1000 nM of
Cort. To address the molecular mechanism of the bell-
shaped effects of Cort, we used 10nM of Cort shown to
promote the GMES signaling cascade [26-28] and 1000 nM
of Cort to reveal the harmful effects of Cort, corresponding
to the descending limb of the bell-shaped dose response
function of this hormone [39, 40]. One slice served as a
control reference and did not undergo any treatment. Dorsal
hippocampi were isolated, and proteins were extracted as
previously described [26, 28] (Fig. 1 and Fig. S1).

Protein extraction from brain tissues and
immunoblotting analysis

A detailed description of protein extraction and immuno-
blotting analysis has been reported previously [26-28, 41, 42].
Briefly, protein sample extracts from PC12 cells and
mouse and rat hippocampi were performed in RIPA buffer
containing protease and phosphatase inhibitors (#P8340
and #P0044, Sigma, USA) before being subjected to immu-
noblotting  experiments. SDS-PAGE-separated proteins
were then revealed with relevant antibodies. Rabbit polyclonal
anti-PAI-1 antibodies were from Lifespan Biosciences
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Fig. 1 PAI-1 expression is increased by corticosterone. PAI-1
mRNA, measured by qPCR (a), and protein expressions, measured by
western blot (b, ¢), in response to 100 and 1000 nM of Cort for 3h
(180 min) in PCI12 cells. PAI-1, tPA, P-TrkB, and P-Erk1/2MAPK
proteins measured by western blot (d, e) in dorsal hippocampal slices
of Sprague-Dawley rats incubated with 10 and 1000 nM of Cort for 1 h

(LSBio#C81062, 1/1000, WA, USA) and Epitomics
(#3917-1, 1/3000, CA, USA), anti-tPA (#T5600-05G; 1/5000)
was from US Biological (MA, USA), anti-Erk1/2MAPX (#06-
182; 1/50000) was from Millipore (MA, USA), and anti-
Phospho-Erk 1/2MAPK (#9101S; 1/1000) was from CST (MA,
USA). Rabbit monoclonal antibodies anti-Phospho-Erk1/
OMAPK #4370; 1/5000) was from CST (MA, USA), anti-
phospho-TrkB (#2149-1; 1/5000) was from Epitomics (CA,
USA) and anti-TrkB (#610101; 1/2000) was from BD Bios-
ciences (NJ, USA). Mouse monoclonal anti-neuronal class III
B-tubulin (TUJ1) (#MMS-435P; 1/20000) was from Euro-
gentec (Belgium) and anti-a-tubulin (#N356, 1/50000) was
from Amersham Life Sciences (Del, USA). CST provided
secondary antibodies: anti-rabbit IgG, HRP-linked antibody
(#7074, 1/5000), and anti-mouse IgG, HRP-linked antibody
(#7076, 1/20000). In all experiments, PIII-tubulin or a-tubulin
measures were used as a loading control. X-ray films (Kodak,
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(60 min) and 3 h (180 min). a-tubulin and BIII-tubulin were used as a
loading control. X-ray films were quantified by densitometry (OD).
Dunnett’s multiple comparisons post hoc test after ANOVA: *p <
0.05, **p <0.01, ***p < 0.005 compared to control conditions. Plotted
values are means * sem.

USA) were quantified by densitometry (optical density; OD)
using a GS-800 scanner coupled with Quantity One software
(Bio-Rad, CA, USA).

Quantitative PCR analysis

Samples of PC12 cells treated with Cort were homogenized
in Tri Reagent (Euromedex, France) and RNA was isolated
using a standard chloroform/isopropanol protocol [43].
RNA was processed and analyzed using an adapted version
of published methods [44]. cDNA was synthesized from
2ug of total RNA using RevertAid Premium Reverse
Transcriptase (Fermentas, Thermo Fisher Scientific, USA)
and primed with oligo-dT primers (Fermentas, Thermo
Fisher Scientific, USA) and random primers (Fermentas,
Thermo Fisher Scientific, USA). qPCR was performed
using a LightCycler’ 480 Real-Time PCR System (Roche,
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Meylan, France). qPCR reactions were done in duplicate for
each sample, using transcript-specific primers, cDNA
(4 ng), and LightCycler 480 SYBR Green I Master (Roche)
in a final volume of 10 pl. The PCR data were exported and
analyzed using a computer-based tool (Gene Expression
Analysis Software Environment) developed at the Neuro-
centre Magendie (France). The GeNorm method was used
to determine the reference gene. Relative expression ana-
lysis was corrected for PCR efficiency and normalized
against two reference genes. The ribosomal protein L13a
(Rpl13a) and non-POU-domain-containing (Nono) genes
were used as reference genes. The relative level of
expression was calculated using the comparative (2724€T)
method [45]. qPCR amplification used specific primers to
specifically amplify Serpinel gene encoding PAI-1 protein
and Nono and Rpli3a as reference genes (Fig. 1).

PAI-1 forward primer sequence (5'-3’): GGCACAATCC
AACAGAGACAATC and reverse primer sequence (5’-3):
AGGCTTCTCATCCCACTCTCAA.

Nono forward primer sequence (5’-3'): AACAGGGTTG
CTGTGTGTTGAA and reverse primer sequence (5'-3):
TGCACAGCGCAACTACCTAAGATA.

Rpl13a forward primer sequence (5'-3'): TGGAGAA-
GAAAATCTGCAAGTTCA and reverse primer sequence
(5’-3"): TCTTTATTGGGTTCACACCAAGAGT.

Restraint stress
Male C57BL/6J mice aged 2-3 months old (n = 30) (Fig. 2)

were obtained from Charles River Laboratory, France. Mice
were placed into 50 ml conical centrifuge tubes fitted with a
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central puncture so as to allow ventilation. The tubes were
placed in horizontal holders with strong light exposure, and the
animals were held in this way for a continuous period of
restraint. After 30 min, 1h (60 min), and 3h (180 min) of
restraint, the mice and those from an unstressed control group
were sacrificed by decapitation, then the hippocampi and blood
were collected and assayed for protein extraction [28, 42].

Blood collection for Cort assay

Blood was rapidly collected in heparin-EDTA-coated tubes
(Sarstedt, France) and centrifuged at 2000 rpm (4 °C,
20 min). Supernatant containing the blood plasma was
stored at —20 °C, and then processed for Cort assay. Plasma
Cort (Corticosterone EIA kit #K0O14-H1, Arbor Assays,
Michigan, USA) levels were quantified by ELISA following
the manufacturer’s instructions [28, 42].

Behavioral procedure
Surgical procedure

Male C57BL/6J mice [n=19 in experiment 1 (Fig. 3a—d),
n=70 in experiment 2 (Fig. 4), n=37 in experiment 3
(Fig. 5a—d), and n=47 in experiment 4 (Fig. S5e-h)]
3—4 months old (Charles River Laboratory, France) were used.
Mice were surgically implanted bilaterally 1 mm above the
dorsal hippocampus (A/P, —2mm; M/L, 1.3 mm; D/V,
0.9 mm; relative to dura and bregma) following Franklin and
Paxinos’s mouse brain atlas [46] then allowed to recover for
8 days before the behavioral experiments.

SPRINGER NATURE
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Fig. 3 The development of PTSD-like memory is associated with an increase in PAI-1 expression. Fear responses, expressed as percent of time
spent freezing, 24 h after conditioning in C57BL/6J mice exposed in a safe environment to the tone not predicting the threat (nonpredicting cue,
a and b) or to the environment in which the conditioning was performed (predicting context, ¢ and d). Expression of P-Erk1/2MAPX (e, f) and PAI-1
(g, h) proteins in the dorsal hippocampus at different times after the conditioning sessions (e, g) and expressed as area under the curve encompassing
the 24 h of analysis (f, h). Example of the western blot used for protein quantification by densitometry after normalization with the level of BIII-
tubulin (i). Immediately after the conditioning session animals received an injection of either vehicle (Veh; NaCl 0.9% i.p., white symbol) or Cort
(2 mg/kg i.p., black symbol). Gray symbol: control animals that were manipulated but not exposed to conditioning. Magnitude of tone conditioning
represented by a normalized ratio: (tone — ((pre + post)/2))/(tone + ((pre + post)/2)) (b). Student’s ¢ test and Sidak’s and Bonferroni/Dunn’s mul-
tiple comparisons post hoc test after ANOVA: *p <0.05, ¥*p <0.01, ***p <0.005 compared to Veh group. Plotted values are means + sem.

Adaptive vs maladaptive (PTSD-like) fear memory The
behavioral model based on a general fear conditioning
procedure has been fully described in a previous study [7].

(D

2

Pre-exposure: The day before fear conditioning, each
mouse was placed individually in an opaque PVC
chamber (30 x 24 x 22 cm) with an opaque PVC floor,
for 2 min, in a brightness of 10 lux. This pre-exposure
allowed the mice to acclimate and become familiar
with the chamber used for the cue alone test (“safe
context”).

Induction of adaptive vs PTSD-like fear memory:
Acquisition of fear conditioning was performed
in a different context, consisting in a Plexiglas

SPRINGER NATURE

conditioning chamber (30 x 24 x 22 cm) with the floor
connected to a shock generator, in a brightness of
110 1ux, giving access to the different visual-spatial
cues in the experimental room. Briefly, each animal
placed in the conditioning chamber for 4 min received
two footshocks (0.4 mA, 50 Hz, 1 s), which never co-
occurred with two tone deliveries (70dB, 1kHz,
15s). This tone-shock unpairing paradigm is known
to make the contextual cues the primary stimuli that
become associated with the footshock [7, 47]. Con-
sequently, the phasic tone, although salient, is not
predictive of the shock delivery, whereas the static
contextual cues constitute the main predictor of the
shock. Immediately after the acquisition of fear
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Fig. 4 Effects of different doses of PAI-1 on PTSD-like memory.
Fear responses, expressed as percent of time spent freezing, 24 h after
conditioning in C57BL/6J mice exposed in a safe environment to the
tone not predicting the threat (nonpredicting cue, a and c¢) or to the
environment in which the conditioning was performed (predicting
context, b and d). Immediately after the conditioning session animals
received one of the following treatments: an injection of vehicle (Veh;

conditioning, mice received a systemic injection of
either NaCl or Cort (see below for details). An
adaptive fear memory will therefore be attested in
control (NaCl injected) mice by the expression of
highly conditioned fear when re-exposed to the
conditioning context and no conditioned fear when
re-exposed to the irrelevant tone cue (in the safe
context). In contrast, Cort-injected mice will display a
maladaptive (PTSD-like) memory attested by an
abnormally high fear response to the irrelevant tone
(cue-based hypermnesia) together with a decreased
conditioned fear to the conditioning context (con-
textual amnesia) [7].

(3) Memory tests: After fear conditioning, each animal
was returned to its home cage and 24 h later, all mice
were submitted to two memory tests during which
freezing behavior, defined as a lack of any movement
except for respiratory-related movements, was mea-
sured and used as an index of conditioned fear.

NaCl 0.9% i.p., white symbol); an injection of Cort (2 mg/kg i.p.,
black symbol); an intrahippocampal infusion of PAI-1 (30, 90, or
240 ng/side, symbols with different shadows of blue). Magnitude of
tone conditioning represented by a normalized ratio: (tone — ((pre +
post)/2))/(tone + ((pre + post)/2)) (c). Bonferroni/Dunn’s multiple
comparisons post hoc test after ANOVA: *p<0.05, ***p<0.005
compared to Veh/Veh group. Plotted values are means + sem.

During these two memory tests, animals were
continuously recorded for off-line second-by-second
scoring of freezing by an observer blind to the
experimental groups. Mice were first re-exposed to the
tone within the “safe” context during which three
successive recording sessions of the behavioral
responses were performed: one before (first 2 min),
one during (next 2 min), and one after (last 2 min)
tone presentation. Conditioned response to the tone is
expressed by the percentage of freezing during the
tone presentation compared to the levels of freezing
expressed before and after tone presentation (repeated
measures on three blocks of freezing). The strength
and specificity of this conditioned fear is attested by a
ratio that represents the increase in the percentage of
freezing with the tone with respect to a baseline
freezing level [i.e., pre- and post-tone periods mean:
(tone — ((pre + post)/2))/(tone + ((pre + post)/2))].
Indeed, a conditioned fear specific to the discrete tone

SPRINGER NATURE
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Fig. 5 The increase in PAI-1 is a sufficient and necessary condition
for the induction of PTSD-like memory. Fear responses, expressed
as percent of time spent freezing, 24 h after conditioning in C57BL/6J
mice exposed in a safe environment to the tone not predicting the
threat (nonpredicting cue, a, b, e, and f) or to the environment in which
the conditioning was performed (predicting context, ¢, d, g, and h).
Immediately after the conditioning session animals received one of the
following treatments: an injection of (white symbol) vehicle (Veh;
NaCl 0.9% 1i.p.) alone or in combination with the intrahippocampal
infusion of either (blue symbol) PAI-1 (240 ng/side) or (orange

CS implies a lower level of freezing when the shock is
not expected (i.e., before and after the tone presenta-
tion) compared to the freezing level expressed during
the tone presentation (high ratio value). Two hours
later, mice were re-exposed to the conditioning
context alone for 6 min (without the tone cue).
Freezing to the context was calculated as the
percentage of the total time spent freezing during
the successive three blocks of 2-min periods of the
test. While the first block is the critical block attesting
difference between animals that are conditioned to the
conditioning context and those that are not or less
conditioned, the following two blocks are presented in
order to assess a gradual extinction of the fear
responses in the absence of shock.

Molecular analysis: In the experiment (Fig. 3e—i and
Fig. S2) measuring the modulation of GC-mediated
PAI-1 expression and Erk1/2MAPK gignaling pathway

“)
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symbol) PAI-1 (240 ng/side) + mature BDNF (100 ng/side); an injec-
tion of (black symbol) Cort alone (2 mg/kg i.p.) or in combination with
the intrahippocampal infusion of either the PAI-1 antagonist tiplaxtinin
(5 ng/side, green symbol) or the vehicle of tiplaxtinin (gray symbol).
Magnitude of tone conditioning represented by a normalized ratio:
(tone — ((pre + post)/2))/(tone + ((pre + post)/2)) (b and f). Bonfer-
roni/Dunn’s multiple comparisons post hoc test after ANOVA: **p <
0.001 and ***p <0.005 vs Veh/Veh group, *p <0.05 and *#p < 0.005
compared to Veh/PAI-1 and Cort groups. Plotted values are means +
sem.

after the acquisition of fear conditioning, separate
groups (n=6-7 per group) of C57/BL6J mice were
sacrificed 1, 2, 3, 6, and 24 h after the acquisition of fear
conditioning and Cort or vehicle (NaCl 0.9%) injection.
Naive C57/BL6J mice (n = 15) were used to quantify
basal protein expression levels. Dorsal hippocampi were
then collected and assayed for immunoblotting analysis.

Drug injections Immediately after the acquisition of fear
conditioning, mice were randomly divided into groups
firstly according to first their systemic injection of Cort and
secondly their specific intrahippocampal infusion. Cort
(2 mg/kg in a volume of 0.1 ml/10 g body weight) or vehicle
(NaCl 0.9%) was administered i.p [7], while PAI-1, mature
BDNF and tiplaxtinin were intrahippocampally infused.

Experiment 1 (Fig. 3a—d): (1) Vehicle (NaCl 0.9%, n = 8).
(2) Cort (2mg/kg, n=11).
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Experiment 2 (Fig. 4): (1) Vehicles (artificial CSF
(aCSF)+NaCl 0.9%, n=15). (2) Cort (2mgkg+
aCSF, n=14), PAI-1 (30ng/side 4+ NaCl 0.9%, n= 14),
PAI-1 (90 ng/side + NaCl 0.9%, n=13), and PAI-1
(240 ng/side + NaCl 0.9%, n = 14).

Experiment 3 (Fig. 5a—d): (1) Vehicles (aCSF + NaCl
0.9%, n=06). (2) Cort (2mg/kg+ aCSF, n=38), PAI-1
(240 ng/side + NaCl 0.9%, n=12), and PAI-1 + mature
BDNF (240 ng/side + 100 ng/side, respectively, + NaCl
0.9%, n=11).

Experiment 4 (Fig. 5e-h): (1) Vehicles (aCSF + dimethyl
sulfoxide (DMSO), n=12). (2) Cort (2 mg/kg+ DMSO,
n=12), tiplaxtinin (5ng/side + NaCl 0.9%, n=11), and
tiplaxtinin + Cort (5 ng/side 4 2 mg/kg, respectively, n = 12).

PAI-1 and BDNF were diluted in aCSF and tiplaxtinin in
1.6% DMSO and then diluted in aCSF. Bilateral infusions
of 0.3 ul/side were administered into the dorsal hippocam-
pus immediately after acquisition of fear conditioning at a
constant rate (0.1 ul/min).

Histology A detailed description of the histological pro-
tocol was reported previously [26, 27]. Briefly, after com-
pletion of the behavioral study, animals were sacrificed in
order to evaluate the cannulae placements.

Data analysis

All experiments involving mice and rats were performed
according to the protocols approved by the Aquitaine-
Poitou Charentes local ethics committee (authorization
number APAFIS#7397-20161 02814453778 v2) in strict
compliance with the French Ministry of Agriculture and
Fisheries (authorization number D33-063-096) and Eur-
opean Union Council Directive (2010/63/EU). All efforts
were made to minimize animal suffering and to reduce the
number of rodents used, while maintaining reliable statis-
tics. All experiments were conducted with experimenters
blind to drug treatment conditions; no randomization
method for the constitution of the experimental groups was
applied. The sample size was chosen to ensure adequate
statistical power for all experiments. Differences in the areas
under the curve were analyzed using two-tailed unpaired
Student’s ¢ test. For the qPCR and western blot experiments
on PCI12 cells, dorsal hippocampal slices of Sprague-
Dawley rats and stressed C57BL/6] mice, data were ana-
lyzed by one-way analysis of variance (ANOVA) followed,
when results were significant, by Dunnett’s multiple com-
parisons post hoc test. For the western blot experiments on
“PTSD” C57BL/6J mice, data were analyzed by two-way
ANOVA followed, when results were significant, by
Sidak’s multiple comparisons post hoc test using treatment
(Veh vs Cort) and time as main factors. For the behavioral
experiments, statistical analyses were performed using

ANOVA followed by Bonferroni/Dunn post hoc test for
pairwise comparisons. All values were expressed as mean +
s.e.m. A significance level of p<0.05 was used for all
statistical analyses. Statistical significance was expressed as
*p <0.05; **p <0.01; ***p <0.005 vs Veh group or basal
conditions and *p <0.05; *p <0.005 vs Cort or PAI-1
groups.

Results

Cort and stress stimulated the expression of PAI-1
protein

Our previous reports demonstrated that the tPA/plasmin sys-
tem induced by GC-activated GR is a core effector in the
regulation of the pro-BDNF/BDNF balance allowing, through
the activation of the TrkB/Erk 1/2MAPX signaling cascade, the
formation of normal fear memory [26-28]. Interestingly, the
major potential physiological inhibitor of this pro-memory
cascade, the tPA inhibitor PAI-1, also displays glucocorticoid
responsive elements (GRE) in the regulatory sequences of its
gene [48]. Since the effects of GC and stress on PAI-1 are
unknown, in a first experiment we treated PC12 cells, which
expresses both endogenous GR and PAI-1 [26, 49], with Cort
the major GC in rodents. After 3 h of treatment, Cort (100 and
1000 nM) strongly increased the expression of PAI-1 mRNA
(Fig. la; F,;5=100.7, p<0.0001) and protein (Fig. 1b, c;
F>13=19.03, p=0.0001 and Fig. Sla, b). In a second
experiment, we then assessed the expression of PAI-1 in the
hippocampus [50], the major target of the GC effect on
memory (Fig. 1d, e and Fig. Slc, d). In hippocampal slices,
concentrations of Cort (10 nM), mimicking moderate stress
conditions, first induced an increase in tPA (F, 5 =4.942,
p =0.0224), P-TikB (F, 14 = 11.41, p = 0.0011), and P-Erk1/
oMAPK (F, 14 =4.663, p=0.0281) (1h after treatment) fol-
lowed (3 h after treatment) by an increase in PAI-1 (F, 3=
7.612, p =0.0065). The increase in PAI-1 at 3h was asso-
ciated with the return of tPA, P-TrkB, and P-Erk1/2MAPK 4t
basal levels (Fig. 1d, e). In contrast, high concentrations of
Cort (1000 nM) induced an early increase in PAI-1 (F, 3=
5497, p=0.0186) (1h after treatment) which was also
accompanied by the suppression of the increase in memory-
promoting proteins tPA (F,;5=15.599, p=0.0153; Veh vs
Cort p=0.5450), P-TtkB (F; 4= 0.100, p =0.9050), and
P-Erk1/2MAPK (F, 1, = 0.5634, p = 0.5817) after 3 h treatment
(Fig. 1d, e). Combining in vitro and ex vivo approaches, GR-
expressing cell lines and hippocampal slices, respectively, we
identified PAI-1 as a plausible upstream molecular effector
activated by increasing amounts of GC. Since the secretion of
Cort increases systemically in response to stress [41], in a
third experiment we studied the effects of different stress
intensities on the expression of tPA and PAI-1 in the
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hippocampus of C57BL/6J mice. We compared 30 min, 1 h,
and 3 h of restraint stress which induces progressively higher
plasma levels of Cort (Fig. 2a; = 13.26, df =10 and F, ;5 =
159.1, p<0.0001). Strikingly after 30 min of moderate stress
only the memory-promoting proteins tPA (F3 14 =4.988,
p=0.0147; base vs 30 min p =0.0052) and P-Erk1/2MAPK
(F3.14=21.05, p<0.0001; base vs 30 min p =0.0118) were
increased (Fig. 2b, c and Fig. Sle, f). In contrast, in more
intense stress conditions (1 and 3h) there was a strong
increase in PAI-1 (F5 14 =4.973, p = 0.0148; base vs 60 min
p =0.0423 and base vs 180 min p = 0.0223) associated with
the inhibition of P-Erk1/2MAPX (F; 4, =21.05, p<0.0001;
base vs 60 min p = 0.0421 and base vs 180 min p = 0.0054)
which gradually went below basal levels (Fig. 2b, c¢). The
results of this first series of experiments suggest that a mod-
erate increase in GC concentrations during stress first triggers
the activation of the adaptive memory-promoting tPA/TrkB/
Erk1/2MAPK gjonaling cascade and subsequently of its inhi-
bitor PAI-1. However, during intense stress a high level of
GC induces early activation of PAI-1 which inhibits the
adaptive memory-promoting tPA/TrkB/Erk 1/2MAPK signaling
cascade.

Increased expression of PAI-1 protein is a sufficient
condition to induce PTSD-like memories

In a second series of experiments, we investigated whether
changes in the expression of PAI-1 could determine the
appearance of PTSD-like memories, which were evaluated
using a previously described mouse model [7]. Mice were
submitted to a threatening situation—the delivery of an
electric footshock—when exposed to a specific context
(conditioning cage). A discrete cue (a tone) was also repeat-
edly presented during conditioning but was never paired with
shock delivery. In these conditions, the context is the correct
predictor of the threat (predicting context), whilst the cue
although present with the threat does not predict it (non-
predicting cue). Twenty-four hours after this conditioning
procedure, animals were re-exposed first to the cue alone in a
familiar and safe environment and then to the conditioning
context without the cue [7]. As previously observed [7],
vehicle-injected mice (n =8) showed no fear response (no
freezing) to the irrelevant (nonpredictive) tone (Fig. 3a, b) and
high fear response to the context, predictive of the shock
(Fig. 3c, d). However, if mice were injected with Cort (2 mg/
kg) immediately after conditioning, PTSD-like memory
impairments appeared. PTSD-like memory in Cort-injected
mice (n=11) was attested by an abnormally high fear
response to the tone (treatmentx block during the tone
test: Fp34 =4.278; p=0.022; treatment effect in tone ratio:
p=0.0452), and a decreased fear to the context [treatment
effect (three blocks) during the context test: Fj 34 =4.599;
p =0.0467], which was specifically observed during the first
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2-min block (p = 0.0055). Like PTSD patients, mice injected
with Cort lost the ability to restrict fear to the appropriate
situation or cue [13]. In addition, we showed previously that
postconditioning restraint stress mimics the effects of exo-
genous administration of Cort on fear memory, producing
PTSD-like memory after a relatively high stressful situation
[7]. Using this behavioral model, we first compared the
expression of P-Erk1/2MAPX and PAI-1 in the dorsal hippo-
campus (Fig. 3e-i and Fig. S2). In control mice, showing
normal fear memory, the concentrations of the adaptive
memory-promoting  proteins P-Erk1/2MAPK  progressively
increased after the conditioning session, whilst it decreased to
below basal levels in animals that developed PTSD-like
memories (Fig. 3e, i; interaction time X treatment: Fy 49 =
1.375, p = 0.2598; time: F, 49 = 2.988, p = 0.0300; treatment:
F110=14.96, p=0.0031) as shown by the analysis of the
area under the curve (Fig. 3f; r=5.362, df = 10, p = 0.0003).
The opposite pattern was observed for PAI-1 which reached
much higher concentrations in animals showing PTSD-like
memories than in control mice (Fig. 3g, i; interaction time x
treatment: Fy 43 = 2.648, p = 0.0446; time: Fy43 = 8.863, p<
0.0001; treatment: F j» =25.89, p =0.0003) as also shown
by the analysis of the area under the curve (Fig. 3h; t = 6.835,
df =12, p<0.0001). In a second experiment, we assessed
whether this increase in PAI-1 expression was a sufficient
condition for inducing PTSD-like memories. For this purpose,
after conditioning, we injected different concentrations of
PAI-1 into the dorsal hippocampus (Fig. 4). Similarly to what
was observed after Cort, intrahippocampal injection of PAI-1
at the highest dose (240 ng/side) induced PTSD-like memory
impairments. Indeed, compared to vehicle-injected mice (n =
15), PAI-1-injected mice (n = 14) displayed PTSD-like fear
memory with an abnormally high fear response to the salient,
but irrelevant, tone (Fig. 4a, c—treatment X block during the
tone test: [, 54 =20.709; p <0.0001; treatment effect in tone
ratio: p <0.0001), and a decreased fear response to the pre-
dictive context (Fig. 4b, d—treatment effect (three blocks)
during the context test: F; 54 = 5.006; p = 0.0337), which was
mainly observed during the first 2-min block (p = 0.0202).
When lower doses were used (30 and 90 ng), PAI-1-injected
mice did not differ from vehicle-injected mice whatever the
memory test considered (tone test: all P<0.541, p=ns;
context test: all F<2.66, p=ns). The results of this second
series of experiments indicate that the increase in PAI-1
expression triggered by GC is a sufficient condition to induce
PTSD-like memories.

Increased expression of PAI-1 protein is a necessary
condition to induce PTSD-like memories

In the third series of experiments, we wanted to establish
whether it was possible to block the development of PTSD-
like memory. To address this issue, we first assessed the
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hypothesis whether PTSD-like memory induced by injection
of PAI-1 (Fig. 4) is blocked by infusion of mature BDNF in
the dorsal hippocampus. Mature BDNF should be sufficient
to bypass the PAI-1 inhibitory effect on the tPA/plasmin
system to allow normal fear memory. We found that PAI-1-
induced PTSD-like memory formation was completely
blocked by the concomitant injection of mature BDNF that
normalized fear memory (Fig. 5a—d). While PAI-1-injected
mice (n=12), like Cort-injected mice (n = 8), displayed an
abnormally high fear response to the tone (treatment x block
in tone test for PAI-1 vs Veh: F; 3, = 15.946; p <0.0001 and
for Cort vs Veh: F;y6=25.331; p<0.0001; tone ratio: both
p<0.0001), PAI-1/BDNF-injected mice (n=11) did not
display any fear response to the irrelevant tone (treatment x
block for PAI-1/BDNF vs PAI-1: F;, 4, = 26.391; p <0.0001;
tone ratio: p <0.0001), and thus did not differ from control
(Veh-injected) mice (Fig. 5a, b). In parallel, while PAI-1-
injected mice, like Cort-injected mice, displayed a decreased
fear response to the context when compared to control
(treatment effect in context test for PAI-1 vs Veh: F 3, =
11.269; p =0.0040, and for Cort vs Veh: Fj 55 = 19.848; p =
0.0006; first 2-min block: both p <0.0003), PAI-1/BDNF-
injected mice displayed a normally high fear response to the
predictive context [treatment effect for PAI-1/BDNF vs PAI-
I: F14,=15.703; p=0.0264], which was mainly observed
during the first 2-min block (p =0.0019) and did not differ
from vehicle-injected mice (Fig. 5c, d). These data indicate
that PAI-1 likely induces PTSD-like memory by blocking the
tPA-mediated proteolytic processing of pro-BDNF to mature
BDNF [51, 52]. This evidence suggests that inhibiting hip-
pocampal PAI-1 could be a valuable therapeutic strategy for
the treatment of PTSD-like memory. Among the several PAI-
1 inhibitors, tiplaxtinin (PAI-039) has been well characterized
in several animal models, showing promise as a PAI-1
antagonist [53-55]. In this experiment, we assessed whether
an increase in PAI-1 expression was a necessary condition for
the appearance of PTSD-like memories. We demonstrated
that intrahippocampal inhibition of PAI-1 by the injection of
its antagonist tiplaxtinin (PAI-039) immediately after the
conditioning session prevented PTSD-like memory formation
in Cort-treated animals (Fig. 5e-h). Indeed, tiplaxtinin injec-
tion prevented both the Cort-induced increased fear response
to the irrelevant tone (Fig. Se, f—treatment x block in tone
test for Cort vs Veh: F; 44 = 21.693; p <0.0001, and for Cort/
tiplaxtinin vs Cort: F 44 =24.719; p<0.0001; tone ratio:
both p<0.0001), and the Cort-induced decreased fear
response to the predictive context (Fig. 5g, h—treatment
effect in context test for Cort vs Veh: Fj g =8.946;
p=0.0067, and for Cort/tiplaxtinin vs Cort: F} 44 =5.293;
p=0.0313), which was mainly observed during the first
2-min block (p = 0.0425).

Taken together, the findings of these experiments indi-
cated that an increase in PAI-1 levels in the hippocampus

triggered by high levels of GC is a sufficient and necessary
condition to induce PTSD-like memories.

Discussion

Uncovering the molecular mechanisms of the shift from
beneficial to harmful effects of stress and GC is a key ques-
tion particularly relevant to understand the pathophysiological
mechanism through which life events can induce psychiatric
disorders. While previous studies have demonstrated differ-
ential, and even opposite, effects of stress on cognitive pro-
cesses [24, 56-59], the present findings identify a key
molecular signaling pathway, which in the dorsal hippo-
campus, underlies such dissociation (i.e., beneficial vs harm-
ful effects of stress and GC) notably in the formation of
normal (adaptive) vs maladaptive (PTSD-like) fear memory.

We have previously shown that in moderate stress con-
ditions, GC hormones induce the expression of the tPA
protein which by increasing the production of mature
BDNEF triggers the activation of the TrkB/Erk1/2MAPK cas-
cade which strengthens the memory trace of the stress-
related event [26-28]. Here, we showed that the activity of
the tPA/BDNF/TrkB/Erk1/2MAPX cascade is then inhibited
by the delayed production of the tPA inhibitor PAI-1.
However, in the case of particularly stressful conditions and
very high levels of GC, the production of PAI-1 is triggered
early on. PAI-1 then blocks the activity of tPA and inhibits
the promnesic BDNF/TrkB/Erk1/2MAPK signaling cascade,
inducing PTSD-like memory. By lowering hippocampal
PAI-1 activity, tiplaxtinin [53-55] restored the formation of
a hippocampal-dependent adaptive (“contextualized”) fear
memory and thus normalizes traumatic memory (Fig. 6).

Several lines of evidence support the involvement of
impairment of BDNF processing mediated by PAI-1 in the
pathophysiology of stress-related diseases. Firstly, impaired
BDNF function has been associated with PTSD both in
rodents and human [60]. Secondly, PTSD patients have a
higher risk of cardiovascular pathophysiologies and notably
atherothrombosis [61], for which high levels of PAI-1 is a
known risk factor [62]. Thirdly, elevated PAI-1 levels have
also been observed in patients with major depressive dis-
orders, another stress-induced condition [63-65].

An increase in PAI-1 could mediate the pathological
effects of stress not only by decreasing the production of
mature BDNF but also by promoting the accumulation of
pro-BDNF that is no longer cleaved into mature BDNF by
the tPA-activated plasmin. Indeed, although long con-
sidered to be inactive, pro-BDNF forms are able to form a
ternary complex with the p75™'® and sortilin receptors, to
induce neuronal cell death by apoptosis [66]. In addition,
pro-BDNF/p75N™R signaling has been shown to have the
opposite effect on synaptic plasticity, inducing LTD, whilst
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Fig. 6 Schematic model of
glucocorticoid (GC)-induced
molecular mechanism
mediating the shift from
adaptive to PTSD-like
memory. Under traumatic
conditions, high levels of GC [1]
induce the expression of PAI-1
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BDNF/TrkB signaling induces LTP [67]. These results are
consistent with brain imaging findings showing hippo-
campal atrophy reported in PTSD subjects [19, 35].
Although not systematically observed in PTSD subjects
[36], hippocampal atrophy could be both a consequence of
an extreme stress-induced PTSD and a risk factor for this
pathology [35]. In addition, the present data identifying a
key molecular mechanism in the dorsal hippocampus
involved in the formation of normal vs pathological (PTSD-
like) fear memory are in full compliance with our recent
findings showing that inhibiting dorsal CAl (dCA1) neu-
rons during stress produces PTSD-like fear memory,
whereas activating dCA1 neurons in traumatic conditions
prevents PTSD-like memory formation [21].

Although the biphasic effects of activated GR have been
described before in other contexts [68, 69], the exact
mechanism through which the dose-dependent effects of GC
regulate the transcription of the PAI-1 encoding gene
deserves further discussion. Thus, GC effectiveness is
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determined by several selective tissue- and/or cell-specific
components such as GC bioavailability dependent on
metabolizing enzymes notably expression of 11beta-
hydroxysteroid dehydrogenase, GR splice variants, con-
tents in GR interacting proteins, and chromatin accessibility
[24]. The PAI-1 promoter is known to have, in addition to
GRE, response elements for the AP-1 transcription factor
complex (Fos:Jun) [70]. A plausible explanation of the
observed dose-dependent effects is that when moderate
levels of activated GR are produced, GR/AP-1 heterodimers,
which are known to promote reciprocal transcriptional
interference, are mostly formed and prevent PAI-1 tran-
scription through a protein—protein interaction mediated-
sequestration process [71, 72]. In contrast, when high levels
of activated GR are produced, for example, after intense
stress, GR/GR homodimers are now formed which are able
to activate the transcription of the PAI-1 encoding gene.
Another hypothesis is the presence of a canonical E-Box
motif within the mouse PAI-1 promoter responsive to
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dexamethasone that showed to drive rhythmic mouse PAI-1
transcription in vitro [73]. This E-Box motif could act as a
low affinity binding site activated only by high levels of GC-
activated GR, through direct or indirect mechanisms, acting
as a “rheostat” to modify the intensity of the GC response.

The PTSD-like phenotype relies on the systemic injec-
tion of Cort combined to fear conditioning [7, 21]. Never-
theless it has to be taken into account that the exogenous
Cort in the blood may impact the endogenous negative
feedback loop by attenuating the increase in circulating free
baseline Cort endogenous levels over total plasma levels,
which may modify the subsequent behavioral effect of Cort.
Therefore, amount of exogenous over endogenous Cort is
worth considering although we showed previously that
postconditioning restraint stress was able to mimick the
effects of an exogenous administration of Cort, producing
PTSD-like memory impairments [7].

Our data confirm that the systemic injection of Cort
immediately after fear conditioning is sufficient to induce
PTSD-like memory impairments [7, 21]. However, GC
hormones as the end product of the HPA axis activity are
not the only biological components of the stress response
[74]. In addition to neuroendocrine response, the release of
catecholamines, in particular norepinephrine (NE), by the
locus coeruleus (LC) was shown to play a meaningful role
in the pathophysiology of PTSD [75, 76]. Interestingly,
corticotropin-releasing hormone (CRH), as a major inte-
grator of the stress response, was also shown to activate the
NE-LC system [77, 78] and to promote tPA activity in the
amygdala to elicit subsequent anxiety-related behavioral
effects [79, 80]. Therefore, these interconnected systems
through an increase of CRH bidirectional signaling in NE-
LC and amygdalar neurons and a decrease of GC-mediated
hippocampal signaling could act synergistically to coordi-
nate the expression of PTSD symptoms.

In conclusion, our data show that the transition from
adaptive to maladaptive stress-related hippocampal-depen-
dent memories is mediated by a shift in balance between
tPA and PAI-1 proteins, with an adaptive increase in
memory appearing when the ratio is in favor of tPA [28]
and PTSD-like memory when it shifts in favor of PAI-1. As
a consequence, PAI-1 levels after a traumatic event could be
a predictive biomarker of the appearance of PTSD and
pharmacological inhibition of PAI-1 activity a new ther-
apeutic approach to this debilitating condition.
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