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Abstract

Despite considerable progress in the understanding of its neuropathology, Alzheimer’s disease (AD) remains a complex
disorder with no effective treatment that counteracts the memory deficits and the underlying synaptic malfunction triggered
by the accumulation of amyloid beta (Af) and Tau protein. Mounting evidence supports a precipitating role for chronic
environmental stress and glutamatergic excitotoxicity in AD, suggesting that targeting of glutamate receptor signaling may
be a promising approach against both stress and AD pathologies. In light of the limited cognitive benefit of the direct
antagonism of NMDA receptors in AD, we here focus on an alternative way to modify glutamatergic signaling through
positive allosteric modulation of AMPA receptors, by the use of a PAM-AMPA compound. Using non-transgenic animal
model of AP oligomer injection as well as the combined stress and Af i.c.v. infusion, we demonstrate that positive allosteric
modulation of AMPA receptors by PAM-AMPA treatment reverted memory, but not mood, deficits. Furthermore, PAM-
AMPA treatment reverted stress/Ap-driven synaptic missorting of Tau and associated Fyn/GluN2B-driven excitotoxic
synaptic signaling accompanied by recovery of neurotransmitter levels in the hippocampus. Our findings suggest that
positive allosteric modulation of AMPA receptors restores synaptic integrity and cognitive performance in stress- and Ap-
evoked hippocampal pathology. As the prevalence of AD is increasing at an alarming rate, novel therapeutic targeting of
glutamatergic signaling should be further explored against the early stages of AD synaptic malfunction with the goal of
attenuating further synaptic damage before it becomes irreversible.

Introduction

Alzheimer’s disease (AD), the most prevalent form of
dementia, is characterized by progressive cognitive decline
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deposition of amyloid-p (AP) into plaques along with the
inclusions of neurofibrillary tangles, composed of
microtubule-associated Tau protein, are characteristic histo-
pathological hallmarks of the AD brain [2], accumulating
evidence suggests that synaptic malfunction and atrophy are
better correlated with cognitive decline in patients [3, 4].
Human studies suggest that A accumulation, synaptic
dysfunction, and hippocampal volume loss occur years
before the appearance of clinical symptoms of AD [5] with
synaptic malfunction being an early pathological manifes-
tation in AD [6]. Moreover, synaptic malfunction and atro-
phy are also found in conditions considered to be causally
related to AD such as depression and lifetime stressful
events [7, 8]. In line with clinical evidence that chronic stress
may contribute to AD pathology [9-11], animal studies have
shown that exposure to chronic stress induces AP over-
production and accumulation of pathological Tau, resulting
in synaptic malfunction and cognitive decline [12-15].

A large body of evidence supports a role for imbalanced
glutamatergic signaling in AD neuropathology [16-18]. For
instance, glutamate receptors (e.g., AMPA receptors;
AMPARS) are reported to be decreased in synapses of post-
mortem AD brain tissue [19] and A is known to impair
synaptic plasticity [20] by impacting on NMDA and
AMPA receptors, thereby damaging mechanisms of
synaptic plasticity that lead to memory deficits [21, 22].
Together with internalization of synaptic receptors, Ap-
driven altered calcium (Ca™?) dynamics is also suggested to
be involved in glutamate-related neuronal damage in AD;
further, Ca™? imbalances are implicated in destabilization of
the cytoskeleton of dendritic spines, leading to spine col-
lapse [23, 24]. Other studies indicate that the neuroexcito-
toxic effects of AP depend on the accumulation of Tau
protein and its synaptic missorting into synapses via the
mediation of GluN2B receptors [25]. Providing support for
the notion that stress-related diseases of the brain and AD
pathology share common neurobiological substrates [9, 26],
previous studies have implicated glutamate release and its
receptors in stress-driven neurotoxicity [18, 27, 28].
Moreover, our recent studies have demonstrated an essential
role of Tau and GIuN2B signaling in synaptic malfunction
caused by chronic stress through the mediation of gluco-
corticoids (GC) [29, 30]. In light of the limited benefit of
direct NMDA antagonism in AD, we here focused on an
alternative way to modify glutamatergic signaling, namely,
through positive allosteric modulation of AMPARSs. To this
end, we investigated the efficacy of a PAM-AMPA com-
pound against early stages of stress- and Ap-evoked
synaptic pathology in rats, using a multi-scale approach;
besides evaluating memory and mood, we also performed
neurochemical assays and molecular—cellular analyses of
hippocampal tissue with an emphasis on synaptic proteins.
The results of this work indicate that allosteric modulation

SPRINGER NATURE

of AMPARSs in stress- and Af-treated animals effectively
re-established synaptic integrity and attenuated downstream
cognitive deficits, although mood impairments persisted.

Methods and materials
Animals and treatments

Male Wistar rats (Charles River Laboratories, France) were
used in all studies. For modulation of AMPARs, we used
the positive allosteric modulator of AMPAR, PAM-AMPA
compound (S47445; Servier Laboratories, WO/2008/
085506, France; see also Supplementary Information). For
monitoring the short-term effect of AMPARs modulation
against Ap-driven pathology, we used 5 months old animals
that were bilaterally injected in hippocampi with AP 4
(Eurogentec; 2.5 pug/ul, 4 ul) [31] (see also Fig. la—c and
Supplementary Information). For monitoring the long-term
effect of AMPARs modulation on the combined stress/Af-
driven brain pathology, 12 months old animals were used,
where chronic unpredictable stress protocol (4 weeks—
see Supplementary Information) was combined with AP_49
i.c.v. infusion [32]. Animals that received combined stress/
Ap treatment also received i.p. injection of vehicle or PAM-
AMPA compound (3 or 10mg/Kg) for 4 weeks (see
Fig. 2g—c and Supplementary Information). Similar PAM-
AMPA administration to control (non-stressed/saline-
infused) animals induced no significant effect on behavioral
tests while absence of overall changes of hippocampal
neurotransmitter levels were also found—for more infor-
mation, see Supplementary Figs. 1 and 2.

Behavior testing

In the open field (OF) test, animals were allowed to freely
move for 5 min while, in the elevated plus maze (EPM) test,
animals explored the apparatus for 5 min. In the forced swim
test (FST), animals were placed in a transparent cylinder
filled with water for 5 min. For the Y maze test, animals
were allowed to explore the two arms of the apparatus
(15 min) while, 3 h later, animals were allowed to explore all
three arms of the apparatus (5 min); the ratio between the
distance spent in the novel arm and the total distance tra-
veled in the maze was used. In the novel place and object
recognition tests (NPR and NOR, respectively), animals
were allowed to freely explore two identical objects placed
in the test arena (10 min). For monitoring short-term mem-
ory, one object was placed in a novel position and animals
explored the arena for 10min. For long-term memory
assessment, one object was replaced by a new one (novel
object). The discrimination index was calculated based on
the formula: (a) for short-term memory [time of exploration
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Fig. 1 Allosteric modulation of AMPA receptors by PAM-AMPA
compound blocked the cognitive deficits induced by Af injection in
the hippocampus. a, b Schematic representation of the AP animal
model where AP oligomers were bilaterally injected in the dorsal rat
hippocampus (a); animals received daily intraperitoneal (i.p.) injection of
the allosteric modulator of AMPA receptors, the PAM-AMPA com-
pound, for 7 consecutive days. ¢ Experimental design of the experimental
set where Ap-injected animals received O, 1, 3, or 10 mg/kg of PAM-
AMPA; control animals received saline hippocampal injection and
vehicle i.p. injections for seven days. d—e In novel object recognition

of the displaced object—time of exploration of familial
object]/total time exploration; (b) for long-term memory
[time of exploration of the novel object—time of exploration
of familial object]/total time exploration. In the morris water
maze (MWM) test, animals were tested 4 consecutive days
(four trials per day) and the swum distance to reach the
platform was used. In addition, the swimming pattern fol-
lowed by each animal during the trials was classified as
previously described [33] and categorized into non-direct
and direct (hippocampus-dependent) strategies; the percen-
tage of direct strategies was calculated by the number of
trials that the animals chose a direct strategy to encounter the
platform [33]—see also Supplementary Information.

Mass spectrometry and HPLC analyses

The cerebrospinal fluid (CSF) was analyzed by mass spec-
trometry analysis (LC-MS/MS). The signal intensity obtained
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(NOR) test, Ap-injected animals presented a decreased discrimination
index when compared with the control (CON) group indicating deficits
of long-term recognition memory. In contrast to 1 mg/Kg dose, 3 mg/kg
and 10 mg/kg of PAM-AMPA ameliorated this reduction of the dis-
crimination index. f~g In Y-maze test, the A + 1 mg and the Ap 4+ 10 mg
groups exhibited increased preference index in comparison with the
Ap-injected animals while the AP + 3 mg group exhibited a tendency for
increase. h—j No significant difference of total distance traveled in the
open field (OF) arena was found among all groups. All numeric data are
represented as mean + SEM, *p <0.05, **p <0.01.

for each peptide was normalized to the BSA signal obtained
in each CSF sample—see also Supplementary Information.
Dorsal hippocampal levels of monoamines (NA, DA, and 5-
HT) and their metabolites [HVA (homovanillic acid),
DOPAC (3,4-dihydroxyphenylacetic acid), 5-HIAA (5-
hydroxyindoleacetic acid)] were measured using high-
performance liquid chromatography (HPLC) with electro-
chemical detection as previously described [29]—see
also Supplementary Information.

Subcellular fractionation and western blot analysis

Hippocampal tissue was fractionated using a protocol for
preparation of the cytosolic and postsynaptic density (PSD)-
enriched synaptossomal fraction as previously described
[29]. For western blot analysis, samples were analyzed as
previously described [29]—see also Supplementary
Information.

SPRINGER NATURE



D. Monteiro-Fernandes et al.

b c
S47445 treatment

V2200

Stress (CUS) ABi.cv STRIAB
week 0 4 8 ¢_l—¢

CON Omg/kg 3mg/kg 10mg/kg

chronic Stress

d e f
Novel place recognition Novel object recognition
X 06 5% x
() ()
day 1 day 2 E o kkk ko E
CR NI IRy 82 02 5%
Im| © < © X
£ 00 £i
ES EZ
S -02 S
2 7]
o .04 [a] 4
CON O 3 10 CON O 3 10
STR+Ap STR+AB
g h i
Morris water maze (MWM) MWM probe
2200~ -~ CON £ 50
20004 o
18004 - STR+AB T 40
g 1600: % -4~ STR+AB+3mg/kg g_ 30
© _ 1400 T
& 5 12004 -8 STR+AB+10mglkg o
2= 4000 2 2
o ©
800 £
600 0] 10
400 E
200 =
p = 5 2 CONO 3 10
Days STR+AB
J k
MWM strategies

thigmotaxis circling random searching scanning

D @ &

“Hippocampal dependent strategies”: Direct

[o}
o

7

D
o

% directed strategies
»
o

self orienting approaching target direct finding L 20
0 7
CON O 3 10
STR+AB
|
STR+AB
3mg/k 10mg/k
100 S 100 el
S S X a0 & 80
@ K] © 60 % 60
© ©
E £ Ew Ew
< < < <
0 0
12345678 910111213141516 1234567 8 910111213141516 1234567 8910111213141516 12345678 910111213141516
trials trials trials trials
Failure Random M Direct
Statistical analysis using One-way ANOVA and appropriate posthoc tests for pair

comparisons. For MWM analysis, repeated-measurement
Statistical analysis and graphic representation were performed ~ ANOVA was performed. Values were accepted as significant
by GraphPad Prisma 6.0 (GraphPad Software, La Jolla, USA)  if p<0.05 and all the results were expressed as mean + SEM.

SPRINGER NATURE



Allosteric modulation of AMPA receptors counteracts Tau-related excitotoxic synaptic signaling and...

Fig. 2 Prolong modulation of AMPA receptors attenuated the
hippocampal-dependent memory impairment of stress/Af-exposed
animals. a—c Representation of the combined stress/Af} animal model
used (a) where the animals were exposed to chronic unpredictable
stress protocol for 4 weeks followed by AP i.c.v. infusion by mini-
osmotic pump for the following two weeks. Intraperitoneal injections
of PAM-AMPA compound were daily performed during the next
4 weeks (b). Experimental groups included stress/Ap-exposed animals
treated with 0, 3, 10 mg/kg of PAM-AMPA for 4 weeks while control,
non-stressed animals (CON) received saline i.c.v. infusion for 4 weeks.
d-f In novel place recognition (NPR) task, the stress/Ap group pre-
sented a decrease in the discrimination index when compared with the
CON group while both stress/Ap+3mg and stress/Af+ 10 mg
exhibited higher discrimination index indicating that both PAM-
AMPA doses attenuated the stress/Af-driven deficits of short-term
recognition memory. In novel object recognition (NOR) task, stress/
AP group exhibited a decreased discrimination index in comparison
with the control group suggesting impairment of long-term recognition
memory. This decrease of discrimination index was mitigated in stress/
AP + 10 mg, but not stress/Ap + 3 mg, group indicating that only the
high dose reverted long-term memory deficits. In Morris water maze
(MWM) test, stress/Ap+ 3 mg and stress/Af + 10 mg groups pre-
sented a reduced distance swum to reach the target platform in the
second day of the task in comparison with the stress/Ap group (g); note
that in the MWM probe test, no significant difference was found
among groups while all the animal groups swum more than 25% in the
target quadrant (i). j Schematic representation of the division of the
spatial navigation strategies that animals swum during the MWM
learning phase into three categories: (1) failure, where animals never
find the platform, (2) random strategies, where the animals exhibit
non-hippocampal-dependent, random searching or circling strategies,
and (3) direct strategies, where the animals employ an hippocampal-
dependent strategy, very spatially directed swimming path towards the
escaping platform. k Stress/Ap + 3 mg and stress/Ap + 10 mg groups
employed significantly higher percentage of directed, hippocampus-
dependent strategies than stress/AP group. 1 Stacked area charts dis-
playing the percentage of failures (gray), random (yellow), and direct
(green) strategies across all trials of the learning period of the MWM
test for all groups where stress/Af + 10 mg animals followed higher
percentage of direct strategies accompanied by reduced random stra-
tegies and failures. All numeric data presented as mean + SEM, *p <
0.05, **p <0.01, ***p <0.001.

Results

Short-term allosteric modulation of AMPARs blocks
memory deficits driven by AB hippocampal injection

AD pathogenesis is widely believed to be driven by the
overproduction of the amyloid-beta peptide (Af), known to
cause synaptic malfunction and related memory deficits
[22]. As glutamatergic signaling imbalance is suggested to
be implicated in the Ap-driven neuronal and cognitive
deficits [16, 17], we first evaluated the efficacy of a positive
modulation of the AMPARs by a PAM-AMPA compound
against Ap-driven memory deficits using animals bilaterally
injected with AP oligomers in their hippocampus (Fig. 1a);
this model is suggested to mimic early phase of Af-driven
AD neuropathology [31]. We tested three different dosages
of the compound (1, 3, and 10 mg/Kg), which was delivered

intraperitoneally for 7 days (Fig. 1b, c). To assess the
impact of short-term treatment of PAM-AMPA on memory
performance, we used the novel object recognition (NOR)
test, monitoring the time that animals spent exploring the
novel and the familiar objects (Fig. 1d). As shown in
Fig. le, AP-injected animals presented a clear reduction in
the discrimination index (p = 0.006) compared with control
(vehicle-treated; CON) animals, indicating deficits
of recognition memory [One-way ANOVA; F4 54 = 4.550,
p = 0.007]. Furthermore, Af-injected animals that received
1 mg/Kg of PAM-AMPA compound (A + 1 mg) exhibited
no differences in the discrimination index compared with
the Af-injected animals, suggesting that this dose did not
alter cognitive performance. However, animals that received
3 or 10 mg/Kg of PAM-AMPA compound (AP + 3 mg and
AP + 10 mg, respectively) showed a significantly higher
discrimination index (p3mgkg = 0.048, pigmeke = 0.035)
compared with Ap-injected animals, indicating that these
doses of PAM-AMPA compound reverted the AP-driven
impairment of the recognition memory.

Next, we used the Y-maze test to evaluate short-term
memory based on the distance that animals traveled in the
different arms of the apparatus (Fig. 1f). One-way ANOVA
analysis revealed significant differences of the preference
index for the novel arm [Fy 20 = 3.039, p = 0.04]. Speci-
fically, AP + 1 mg group exhibited an increased preference
index in comparison with the Ap-injected group (p =
0.042), indicating cognition-improving effect of 1 mg/Kg
dose of PAM-AMPA compound. While Af + 3 mg group
presented a tendency for an increased preference index
compared with AP-injected group, the Af + 10 mg group
exhibited a significant elevation of its preference index (p =
0.04), suggestive of improvement of short-term memory
(Fig. 1g). Importantly, no differences in the total distance
traveled in the OF apparatus were detected among groups
[One-way ANOVA; Fi42;=0.153, p=0.959], indicating
that the tested doses of PAM-AMPA compound exerted no
effects in locomotor activity of the animals (Fig. 1lh, i).
Altogether, the above behavioral findings suggest that short-
term administration of PAM-AMPA compound attenuated
cognitive impairments induced by hippocampal injection of
AP oligomers.

Prolong modulation of AMPARs attenuates
cognitive, but not mood, deficits of stressed/Ap-
treated animals

Clinical and experimental studies suggest lifetime stressful
events and depression as precipitating factors of AD, while
emerging evidence suggests chronic stress as the linking
parameter between mood and cognitive deficits [9]. Thus,
we next monitored the potentially beneficial impact of
allosteric modulation of AMPARs against mood and

SPRINGER NATURE
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memory deficits present in a previously described animal
model that combines exposure to chronic stress and AP i.c.v
infusion [32]. In this experiment, prolonged treatment
(30 days) with the two higher doses of PAM-AMPA
compound (3 and 10 mg/Kg) was performed (Fig. 2a—c).
For assessing short- and long-term recognition memory, we
used the novel place and object recognition (NPR and
NOR, respectively) tasks (Fig. 2d). In the NPR task, the
group of animals exposed to chronic stress in combination
with AP i.c.v infusion (stress/Af) displayed a significant
reduction of discrimination index (p =0.0003) when com-
pared with CON animals (Fig. le) [One-way ANOVA;
F3300=9.053, p=0.0002]. Moreover, stress/Af} animals
that received either 3 or 10 mg/Kg of PAM-AMPA com-
pound (stress/AP+ 3 mg and stress/Ap 4 10 mg, respec-
tively) exhibited an increased discrimination index in
comparison with the stress/Ap group (p3 mgke = 0.003 and
Piomgkg = 0.002), suggesting that both doses of PAM-
AMPA reverted the stress/Ap-driven cognitive deficits. In
the NOR test (Fig. 2f), a similar pattern was found with the
stress/Ap group exhibiting a marked reduction of dis-
crimination index (p =0.024) when compared with CON
animals [One-way ANOVA; F330=4.538, p=0.009].
However, in contrast to stress/AP+ 3 mg, the group
treated with the higher dosage of PAM-AMPA compound
(stress/AP + 10 mg) presented an increase of the dis-
crimination index when compared with the stress/Af ani-
mals (p =0.016).

In addition, we also monitored spatial reference memory
using the morris water maze (MWM) test (Fig. 2g).
Repeated-measures ANOVA revealed an overall difference
in the distance swum to reach the escaping platform across
testing days [F3 116 = 3.956, p = 0.010] (Fig. 2h). Further
analysis showed that stress/Ap 4 3 mg and stress/Af + 10
mg groups exhibited a reduced distance swum to reach
the hidden platform in the second day of the MWM test (p;
mg/ke = 0.036 and pigmgke = 0.023) when compared with
stress/Ap group, indicating improvement of spatial refer-
ence memory upon PAM-AMPA treatment. No differences
in time swum in the target quadrant were found among
groups during the probe test (Fig. 2i). In addition, spatial
navigation swimming strategies in the MWM test were
analyzed as previously described [33], with particular focus
on the hippocampus-dependent direct strategies which
reflect spatially directed swimming path towards the
escaping platform (Fig. 2j). We found that both stress/Af +
3mg and stress/AP + 10 mg groups adopted more directed
(hippocampal-dependent) strategies when compared with
the stress/AB animals (p3mgke =0.020 and pigmeke =
0.007), another index of improved hippocampal function
evoked by the PAM-AMPA [One-way ANOVA F3 30 =
4.755, p=0.007] (Fig. 1k). Similar PAM-AMPA-induced
improvement was also found in stacked area charts, where

SPRINGER NATURE

the stress/AP+ 10mg and stress/Ap +3mg  groups
employed higher direct strategies accompanied by reduced
random strategies and failures when compared with stress/
AP animals (Fig. 11).

OF test showed no overall differences among groups in
the total distance traveled suggesting an absence of sig-
nificant effect of PAM-AMPA on locomotor activity
(Fig. 3a, b). Anxiety levels were assessed by the elevated
plus maze (EPM) test (Fig. 3c). As shown in Fig. 3d, e,
stress/Ap group exhibited decreased time and entries in the
open arms of the EPM apparatus in comparison with CON
group (p=0.023 and p =0.04, respectively), suggesting
increased anxiety levels [for time F[3 3,7 = 3.430, p = 0.028;
for entries F3317=3.768, p = 0.020]. Interestingly, stress/
AP + 3 mg and stress/AP + 10 mg groups exhibited similar
time and number of entries in open arms to stress/Afp group,
suggesting that PAM-AMPA had no anxiolytic properties in
this model. Finally, we evaluated the learned helplessness
parameter of the depressive symptomatology using the
forced swim test (FST) (Fig. 3f). As shown in Fig. 3g, h,
stress/AP group presented a significant increase in immo-
bility time when compared with CON group (p = 0.001),
indicating depressive-like behavior [F[330=9.103, p=
0.0002]. Furthermore, both stress/AP + 3 mg and stress/Ap
+ 10mg groups presented an increase in time spent
immobile during the test when compared with CON animals
(P3mgke = 0.0002 and pigmgre =0.012), indicating that
PAM-AMPA had no impact in depressive-like behavior
found in stress/Af group. Overall, the above behavioral
data provide the first in vivo evidence of the cognition-
enhancing properties of long-term PAM-AMPA treatment
against the combined stress/Ap-driven deficits. However,
PAM-AMPA had no anxiolytic or anti-depressive action in
these animals.

Sustained modulation of AMPARs reverts the
reduction in monoamine levels induced by stress/Ap
exposure

Hippocampal synaptic malfunction and reductions in
monoamine levels have been implicated in both stress and
AD pathologies [9, 29]. Thus, we next monitored the levels
of hippocampal neurotransmitters and their metabolites by
HPLC-ED analysis. As shown in Fig. 4, stress/Af group
presented a significant decrease in the levels of noradrena-
line (NA) [F3271=3.120, p = 0.042] when compared with
CON group (p =0.021) (Fig. 4b). Moreover, in contrast to
stress/Ap + 3 mg, the stress/Af + 10 mg group exhibited a
significant enhancement in the levels of NA when compared
with the stress/AP animals (p =0.029). In addition, the
stress/Ap animals exhibited decreased levels of serotonin
(SHT) when compared with the control ones (p =0.021)
[F3271=4.990, p = 0.007] (Fig. 4c) that was accompanied
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by reduced levels of the S5HT metabolite, 5-
hydroxyindoleacetic acid (5-HIAA) (p =0.005) [Fj327=
6.64, p =0.001] (Fig. 4d). Again, the dose of 10 mg/Kg of
PAM-AMPA in stress/Ap animals increased levels of SHT
and SHIAA when compared with the stress/Af animals (p <
0.05 in both). (Fig. 4c, d). Interestingly, no differences
among groups were found in levels of dopamine (DA),
DOPAC, or HVA (Fig. 4e—g). Altogether, these findings
suggest that the higher dose (10 mg/Kg) of PAM-AMPA
compound attenuated the reduced levels of NA and 5-HT
neurotransmitters in hippocampus of stress/Af animals. In
addition, given its direct interaction with the extracellular
space in the brain, the CSF may reflect the associated
pathological alterations of the brain. Thus, mass spectro-
metry analysis of the CSF of the animals showed that

stress/AB + 3 mg when compared with stress/Af group indicating that
AMPAR modulation exhibited no anxiolytic action in stress/Ap ani-
mals. In forced swim test (f), representative heatmap of animal
swimming and immobility behavior among groups in forced swim test
(h). Stress/Ap, stress/Ap+ 3 mg, and stress/AP+ 10 mg presented
increased immobility time when compared with the control groups
indicating that treatment with PAM-AMPA did not exhibit anti-
depressant action (g). All numeric data presented as mean + SEM,
*p<0.05, **p <0.01, ***p <0.001.

different proteins related to synaptic structure and integrity
exhibited a tendency for increase (but not significant) in
stress/Ap animals treated by the higher dose (10 mg/Kg) of
PAM-AMPA compound (see Supplementary Table 1).

Prolonged PAM-AMPA treatment reverts synaptic
missorting of Tau and GluN2B-related excitotoxic
signaling

Synaptic dysfunction in AD is suggested to involve Af-
driven imbalanced glutamatergic signaling related to
GIluN2B and thought to be an early pathological manifes-
tation in AD, preceding synapse and neuronal loss [25, 34].
Interestingly, missorting of soluble Tau to the synapse is
suggested to mediate this AP-driven synaptic malfunction
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[24, 25]. WB analysis revealed that stress/Ap group pre-  p<0.0001] (Fig. 4i, j). In contrast to stress/Ap + 3 mg

sented a significant increase in cytosolic levels of Tau in the
hippocampus compared with CON (p <0.0001) indicating
accumulation of Tau [One-way ANOVA: F3 49, = 16.020,
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animals, stress/Af 4+ 10 mg animals presented a significant
reduction in the Tau levels both in comparison
with the stress/Ap (p=0.021) and the stress/Ap + 3 mg
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Fig. 4 Prolong modulation of AMPA receptors attenuated stress/
Ap-driven Tau-related excitotoxic synaptic signaling and neuro-
transmitter reduction. a—g HPLC analysis of hippocampal neuro-
transmitter levels (a) showed that stress/Ap group exhibited a decrease
of noradrenaline (NA) levels that was reverted in stress/Af + 10 mg
group (b). Similar effects were detected in serotonin (SHT) and its
metabolite, SHIAA, where stress/Ap-driven decreases were attenuated
in stress/Af + 10 mg animals (¢, d). No differences were found in the
levels of DA (e), DOPAC (f), or HVA (g) among experimental groups.
h—i Protocol followed for obtaining PSD-enriched synaptossomal and
cytosolic fractions and representative blots of molecular analysis of
hippocampus. j-k Stress/Af group exhibited elevated Tau levels in
both cytosolic and synaptossomal fraction, suggesting its accumulation
and synaptic missorting of Tau. In contrast to stress/Ap + 3 mg group,
stress/AB 4+ 10 mg animals presented reduced Tau levels in both
fractions. l-m Further neurosynaptossomal analysis revealed an
increase in the levels of GluN2B and pTyr1472-GluN2b in stress/Ap
animals, which was reverted in stress/Ap+ 10 mg group. n-o A
decrease in the levels of p530-Fyn (inactive Fyn) was detected in
stress/Af group that was accompanied by elevated levels of Fyn.
Treatment with the 10 mg dose of PAM-AMPA (stress/Ap + 10 mg
group) attenuated these changes. p, ¢ Whereas no significant changes
of GIuN2A subunit levels were detected, exposure to stress/Af
induced a decrease in the GluA1 subunit levels that were mitigated by
the 10 mg PAM-AMPA treatment. All numeric data presented as
mean + SEM, *p <0.05, **p <0.01, ***p <0.001.

(p =0.0004) groups. Similarly, a stress/AfB-driven increase
of Tau was also found in the synaptossomal fraction of the
stress/Ap group, suggesting synaptic missorting and accu-
mulation of Tau (Fig. 4i, k). Furthermore, the stress/Af +
10 mg group presented a significant decrease in Tau levels,
suggesting that the higher dose of S47455 reverted cytosolic
accumulation and synaptic missorting of Tau found in the
stress/Ap animals.

Synaptic missorting of Tau has been suggested to play a
role in synaptic toxicity by enhancing the postsynaptic
targeting of the kinase Fyn, which subsequently leads to
phosphorylation and stabilization of GluN2B subunit in the
synapse, resulting in the over-activation of NMDA recep-
tors, and related excitotoxic signaling [35]. As shown in
Fig. 41, m, stress/Ap group presented increase levels of
pTyr1472-GluN2b in the synaptic fraction (p =0.001),
[F343=4.363, p=0.008], which was accompanied by
increased levels of GIuN2B (p = 0.004). Interestingly, both
increases were attenuated in stress/Ap + 10 mg animals (for
both cases, p <0.05), while the same was not true for stress/
AP + 3 mg animals. Next, we also measured the levels of
total Fyn and p530-Fyn (inactivated form) (Fig. 4n, o),
which were found to be increased (p=0.008) and
decreased (p =0.012), respectively, in the stress/Ap group
[F343=3.543, p=10.022]. Treatment with 10 mg dose of
PAM-AMPA (stress/Ap 4+ 10 mg group) reverted these
changes (for both cases, p < 0.05). No changes in the levels
of GluN2A were detected among experimental groups.
However, levels of GluAl subunit of AMPARs were
reduced in stress/Ap animals (p <0,05), a finding that is in
line with previous studies that show internalization of

AMPARs by AP [21] [F{341) = 3.414, p = 0.026]. Interest-
ingly, stress/AP+ 10mg group exhibited a significant
increase in GluAl levels when compared with the stress/Afp
animals (p = 0.032), indicating that PAM-AMPA treatment
counteracted stress/Ap-driven GluA1l decrease. Overall, the
above findings suggest that prolonged treatment with the
PAM-AMPA compound at the dose of 10 mg/Kg attenuated
Tau accumulation and excitotoxic synaptic signaling that
may underlie the cognitive improvement detected in stress/
Ap-exposed animals.

Discussion

Based on its increasing incidence and high societal impact,
dementia, and AD in particular, was recently declared by
the World Health Organization as a priority health problem,
highlighting the urgent need for better understanding of
disease etiopathogenesis and identification of novel ther-
apeutic targets [36]. Clinical studies suggest that stressful
life experiences and prolonged exposure to stress are likely
etiological factors in AD [10]. Consistent with this, animal
studies have shown that exposure to chronic stress or high
levels of GC, the main stress hormones, trigger APP mis-
processing and AP overproduction [13, 32] followed by
generation of different forms of pathological Tau that cul-
minate in memory deficits [12, 14, 15, 37, 38]. Moreover,
emerging evidence suggests that common neurobiological
substrates may be involved in synaptic malfunction and
atrophy in both stress-related and AD pathologies [9, 37],
with Tau protein, its synaptic missorting and related gluta-
matergic excitotoxic signaling having a central role [29, 30].
There is growing consensus that previous stressful experi-
ences may leave a trace of vulnerability that, together with
other risk factors (e.g., age, Ap), act cumulatively to pre-
cipitate AD pathology [26]. Thus, the usage of chronic
stress in the modeling of etiopathogenic conditions that
precipitate AD could be considered as an alternative
approach to study the early events of sporadic AD, the type
of AD that counts for 95-99% of all cases. Indeed, exclu-
sive reliance on transgenic models during early-phase
development of AD therapeutics may explain the failure
of test drugs in subsequent clinical trials [39].

As synaptic malfunction increasingly appears to be the
earliest pathological manifestation in AD, preceding
synaptic and/or neuronal loss [6, 34], modulation of
synaptic plasticity [39, 40] [e.g., behavioral-driven gamma
oscillations [40], environmental enrichment [41]] seems to
be a promising approach against AD neuropathology and
cognitive decline. Whereas dysregulation of glutamatergic
transmission may underpin AP-induced synaptic malfunc-
tion [22, 28], partial antagonists of the glutamate NMDA
receptor (e.g., memantine) have proven to have only
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transient effects on memory improvement in AD patients
[42]. Thus, more attention has recently focused on other
glutamate receptors, especially AMPARs because of their
crucial role in fast excitatory synaptic transmission and
long-term potentiation (LTP); the latter represents a form of
synaptic plasticity involved in memory formation [17].
Notably, AMPAR levels are downregulated in the AD brain
[21]. With respect to therapeutics, it is interesting that
positive allosteric modulators of AMPAR function have
been reported to slow AMPAR desensitization and/or
deactivation [43, 44], thus enhancing synaptic plasticity
[44, 45] and memory [46]. The PAM-AMPA compound
employed in the present work was previously shown to be
highly selective; it has no affinity for orthosteric binding sites
and, while it lacks inherent agonistic potency at AMPAR, its
activity requires agonist-activated AMPAR [47, 48]. Further,
this PAM-AMPA compound enhances glutamate-evoked
responses in vitro independently of other glutamate iono-
tropic (NMDA and kainate) receptors and is non-neurotoxic
in in vitro and in vivo settings [47]. However, the effect of
this PAM-AMPA compound against AD-related synaptic
malfunction was not previously monitored.

In the present systematic exploration of this PAM-
AMPA compound as a potential AD therapeutic agent, we
found that short-term (7 days) allosteric modulation of
AMPAR ameliorates cognitive deficits that become man-
ifest following AP injection into the rat hippocampus.
Furthermore, chronic (4 weeks) treatment with the drug was
also found to improve short- and long-term memory in
animals exposed to a double insult of chronic stress and AP
infusion. Interestingly, in light of the known reciprocal
regulatory relationships between cognition and emotion
[49], as well clinical reports of increased levels of anxiety
and depression in AD patients [50], the PAM-AMPA
compound did not dampen the anxiety- and depressive-like
behavior in stress/Afp-treated animals; this observation
suggests that AMPAR signaling does not play a central role
in the alleviation of affective symptomatology [51]. This
most likely reflects the engagement of distinct circuits and/
or signaling mechanisms between mood and cognitive
deficits in AD. Accordingly, although approved anti-
depressant treatments improve emotional and behavioral
symptoms, they exhibit a limited benefit on memory deficit
in AD patients [52] highlighting the need to devise com-
binatorial therapies that can help manage co-existing cog-
nitive and emotional deficits in AD subjects.

Previous reports suggest that the accumulation of the
soluble Tau, rather than the tangle-associated aggregated
form, is the main toxic element of synaptic malfunction in
AD [34, 53]. As before, we here found that combined
exposure to stress and A lead to accumulation of soluble
Tau in both cytosolic and synaptic compartments of the
hippocampus, an effect mitigated by the PAM-AMPA
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compound. This was accompanied by a reduction in
synaptic levels of Fyn, a kinase translocated to postsynaptic
sites by Tau where it contributes to glutamate-induced
synaptotoxicity [25, 28, 34]. This result was strengthened
by our observation that treatment with the PAM-AMPA
compound reduced synaptic levels of the NMDAR subunit
GIluN2B as well as of pY1472-GluN2B; the latter is crucial
for stabilizing NMDAR at the synaptic membrane, thus
increasing vulnerability to excitotoxicity [54]. Another
important finding in the present study was that the PAM-
AMPA compound led to upregulated GluAl-containing
AMPAR in stress/Ap-treated animals, thus potentially pro-
moting synaptic strength and memory formation. In this
context, it is pertinent to recall that AMPAR levels are
reduced in AD brains and that the removal of AMPARs
from synapses appears to be one of the earliest events
associated with elevated AP [55, 56]. Interestingly, it is
recently described that AP preferentially damage the
synaptic insertion of GluAl, but not GluA2, in the LTP
mechanism of synaptic plasticity [57, 58]. Also,
GluA3 subunit of AMPAR is shown to be important for the
synaptotoxic action of AP as deletion of GIuA3 block the
Ap-induced deficits on synaptic plasticity mechanisms [57—
59]. Future studies should further characterize the beneficial
action of this PAM-AMPA compound on different AMPAR
subunits as different AMPAR subunits may respond dif-
ferentially to AP [57, 58] while this PAM-AMPA com-
pound exhibits a greater amount of potentiation on
GluAlflop [47].

In addition to disrupted postsynaptic function, pre-
synaptic dysregulation may also contribute to the patho-
genesis of AD, with recent work indicating that Tau
accumulation in the presynaptic compartment may be an
underpinning mechanism [60] by impairing synaptic vesicle
dynamics and therefore, neurotransmission [61, 62]. Sup-
porting this idea, results presented here show that allosteric
modulation of AMPAR in stress/Ap-treated animals
restores hippocampal levels of NA and serotonin (5-HT) to
those found in control hippocampi. Both monoamines are
strongly implicated in cognitive functions [63, 64] and are
required for hippocampus-dependent memory [65], and
further, hypoactivity of the 5-HTergic system is associated
with accelerated cognitive decline and dementia severity
[66]. Altogether, the above data support a recovery of
synaptic integrity driven by AMPARSs modulation, a finding
that is in line with previous studies which have shown that
this PAM-AMPA compound displayed neurotropic and
connectivity-enhancing properties reverting neuronal atro-
phy of hippocampus in old mice [67, 68].

As pointed by human and animal studies, Af accumu-
lation, synaptic dysfunction and hippocampal volume loss
occur years before the appearance of AD clinical symptoms
[5] with synaptic malfunction being an early pathological
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manifestation in AD brain [6]. Thus, the absence of cog-
nitive benefit in many clinical studies targeting Af synaptic
malfunction in later (e.g., moderate or severe) stages of AD
could be attributed to the fact that neurodegeneration,
neuronal death and brain lesion(s) are too extensive to be
ameliorated [69]. For instance, a recent clinical study using
the same PAM-AMPA compound of the current study in a
mixed cohort of mild and moderate AD patients did not
show beneficial effects on memory [70]. Thus, new clinical
studies have started to treat patients when their memory loss
is mild or absent in order to block further synaptic damage
before it becomes irreversible [39].

Further support for the causal relationship between
imbalanced AMPAR-mediated glutamatergic signaling and
synaptic pathology in AD is provided by a recent study
which shows that deficits in AMPA signaling induces early
synaptic dysfunction in a transgenic model of AD [56].
Interestingly, treatment with an anti-Af serum restored
AMPA signaling and synaptic plasticity, reinforcing the
idea that existing therapies, if administered early enough,
can prevent or slow the progression of AD pathology [56].
The results of the present work are consistent with that
notion and specifically suggest that therapeutic targeting of
glutamatergic signaling deserves further exploration in the
quest to delay the onset and incidence of sporadic AD.
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