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Glial cell reactivity and oxidative
stress prevention in Alzheimer’s
disease mice model

by an optimized NMDA receptor
antagonist

Julia Companys-Alemany?, Andreea L. Turcu?, Santiago Vazquez?, Mercé Pallas'™ &
Christian Grifian-Ferré!™

In Alzheimer’s disease pathology, several neuronal processes are dysregulated by excitotoxicity
including neuroinflammation and oxidative stress (OS). New therapeutic agents capable of
modulating such processes are needed to foster neuroprotection. Here, the effect of an optimised
NMDA receptor antagonist, UB-ALT-EV and memantine, as a gold standard, have been evaluated in
5XFAD mice. Following treatment with UB-ALT-EV, nor memantine, changes in the calcineurin (CaN)/
NFAT pathway were detected. UB-ALT-EV increased neurotropic factors (Bdnf, Vgf and Ngf) gene
expression. Treatments reduced astrocytic and microglial reactivity as revealed by glial fibrillary acidic
protein (GFAP) and ionized calcium-binding adapter molecule 1 (Iba-1) quantification. Interestingly,
only UB-ALT-EV was able to reduce gene expression of Trem2, a marker of microglial activation and
NF-kB. Pro-inflammatory cytokines /[-18, Ifn-y, Ccl2 and Ccl3 were down-regulated in UB-ALT-EV-
treated mice but not in memantine-treated mice. Interestingly, the anti-inflammatory markers of

the M2-migroglial phenotype, chitinase-like 3 (Ym1) and Arginase-1 (Arg1), were up-regulated after
treatment with UB-ALT-EV. Since iNOS gene expression decreased after UB-ALT-EV treatment, a
gPCR array containing 84 OS-related genes was performed. We found changes in /l-19, Il-22, Gpx6,
Ncf1, Aox1 and Vim gene expression after UB-ALT-EV. Hence, our results reveal a robust effect on
neuroinflammation and OS processes after UB-ALT-EV treatment, surpassing the memantine effect in
5XFAD.

N-Methyl-D-Aspartate receptors (NMDARs) and aberrant post-synaptic calcium signalling have been impli-
cated in neurodegenerative conditions, including Alzheimer’s Disease (AD). However, the physiological activity
of NMDARs is necessary to mediate some aspects of development, synaptic transmission and normal neu-
ronal function??. In AD, high levels of glutamate can be released from glial cells favouring excitotoxicity and
leading to a massive influx of Ca?* mediated by NMDARs*, promoting cell death®, oxidative stress (OS), and
neuroinflammation’. Thus, the activation of several inflammatory signalling pathways promotes the synthesis
of many proinflammatory mediators, including cytokines as well as other immune mediators such as reac-
tive oxygen species (ROS), fostering a chronic neuroinflammatory state triggered by glial reactivity (especially
microglia and astrocytes)”®.

Considering these facts, it is important to note that inflammatory response, glial activation and OS are three
associated mechanisms that emerge as main factors for AD progression’. Pursuing this vicious cycle between
ROS and glial activation, the inflammatory regulatory signalling molecules, which are directly activated by cal-
cineurin (CaN), nuclear factor of activated T-cells (NFAT) and the nuclear factor kappa-light-chain-enhancer
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of activated B cell (NF-kB), can be modulated by ROS increase'*-'2. Thus, in AD, both signalling pathways can
feed a forward cycle in which cytokine production increases amyloid-p (Ap) and neurofibrillary tangles (NFTs)
production that mediates the release of more cytokines and maintain a continuous environment of inflammation
and gliosis'®. Moreover, a balance between ROS production and the antioxidant defence is essential for neuronal
synaptic functionality'*; when this equilibrium is inadequate, the accumulation of ROS triggers a deleterious
response in the brain'®. In AD, there is an unbalanced activity of the antioxidant enzymatic machinery'®. Indeed,
alink between ROS and neuroinflammation has been widely described via nitric oxide synthase (iNOS)". iNOS
activity and expression are tightly regulated by cytokines. Therefore, inflammatory process control directly
impacts OS, resulting in a deleterious effect on neuronal functionality®.

For decades AD treatment has included memantine, a non-competitive NMDAR antagonist, combined with
acetylcholinesterase inhibitors'®. Although these drugs’ effectiveness has been seriously questioned in Alzheimer’s
patients in advanced stages®®?!, they are the only clinical option available, as the efficacy of the recently amyloid
B-directed monoclonal antibody aducanumab is still controversial®*?. It is well-known that memantine reduces
neuronal damage and ameliorates memory and learning dysfunction***. All these beneficial effects could induce
a reduction in neuroinflammation and consequently a cerebral function improvement. Furthermore, several
pathways modulated by NMDAR blockade have been implicated in neuroprotection against excitotoxicity, in
addition to those directly activated by calcium dysregulation®. All these beneficial effects could induce a reduc-
tion of neuroinflammation and OS, and consequently a cerebral function improvement, reinforcing the idea of
targeting NMDARSs to reduce neuroinflammation in AD. Nevertheless, as mentioned, clinical trials have shown
that memantine displays a lack of effectivity in severe AD?. Therefore, new NMDAR antagonists with a higher
capability to modulate glutamate signalling are needed.

We have developed an optimized NMDAR antagonist, UB-ALT-EV, with an excellent compromise between
potency as an NMDAR channel blocker and druggable properties®. Strikingly, the compound UB-ALT-EV exhib-
its better neuroprotective effects than memantine in 5XFAD mice?. The 5XFAD transgenic mouse model is well-
established for describing the molecular alterations in AD associated with AB accumulation, co-expressing five
familial AD mutations®. Importantly, 5XFAD also showed an association between cognitive impairment, chronic
neuroinflammation and OS markers suggesting the contribution of glial activation and OS in AD pathology®.

In the present study, we delved into the modulation of signalling pathways exerted by UB-ALT-EV com-
pared to memantine, focusing on glial reactivity, neuroinflammatory response, and OS by using the 5XFAD
mouse model. Therefore, we evaluated several inflammatory pathways, including their cytokines, as well as we
determined changes in gene expression of OS markers related to the triggering of neuroinflammation following
memantine and UB-ALT-EV treatments in 5XFAD mice.

Results

NMDAR antagonist treatments modified CaN/NFATcl signaling pathway in 5XFAD
mice. Alterations in CaN/NFAT activity have been associated with glial activation and excitotoxity in
5XFAD. In this regard, it would be interesting to evaluate the ability of NMDAR antagonists to modulate exci-
totoxicity. Strikingly, we found that the phosphorylated NFATc1 was significantly reduced in 5XFAD mice com-
pared to the WT group. Intriguingly, we found that UB-ALT-EV, but not memantine, increased phosphorylated
NFATcllevels, thereby preventing nuclear translocation (Fig. 1a,b). Considering these results, CaN, a calcium-
dependent protein with phosphatase activity, revealed higher protein levels in the 5XFAD group compared to
the WT group. Conversely, in both treated groups, CaN protein levels were decreased compared to the 5XFAD
control group (Fig. 1a,c). Collectively, these results suggest a role of both NMDAR antagonists in modulating
CaN/NFAT signaling pathway, by reducing Ca?* entry and its downstream mediators.

UB-ALT-EV and memantine treatments reduced hippocampal astrogliosis in 5XFAD
mice. Next, we assessed the impact of NMDAR antagonists on astrogliosis performing an immunofluores-
cence assay against glial fibrillary acidic protein (GFAP) (Fig. 1d). The results revealed significantly higher GFAP
immunostaining in 5XFAD mice compared to WT mice in the dentate gyrus, CAl and CA3 regions. UB-ALT-
EV and memantine treatments reduced astrogliosis in the dentate gyrus but not in CA1 and CA3 brain regions
(Fig. 1d,e). Besides, total GFAP protein expression was evaluated by western blot analysis. As expected, 5XFAD
showed significantly higher total protein levels when compared to WT and UB-ALT-EV, but not memantine,
treatment reduced significantly GFAP protein levels compared to the 5XFAD control group (Fig. 1f).

Differential expression levels of microglial markers after UB-ALT-EV or memantine treatment
in 5XFAD mice. Signs of microglial activation have been established in the AD brains, indicating a promi-
nent role of neuroinflammation in the pathogenesis of AD'. 5XFAD microglial reactivity was evaluated by
immunofluorescence analysis of ionized calcium-binding adapter molecule 1 (Iba-1) and Trem2 gene expres-
sion. Higher levels of Iba-1 protein were determined in 5XFAD mice compared to WT mice in CAl, CA3
regions and dentate gyrus (Fig. 2a). NMDAR antagonist treatments reduced Iba-1 immunostaining in den-
tate gyrus and CA3 regions, but not in CA1 (Fig. 2a,b). Accordingly, Trem2 gene expression analysis revealed
increased expression in 5XFAD mice when compared to WT mice. Interestingly, only UB-ALT-EV treatment
was able to significantly reduce gene expression of Trem2 in 5XFAD mice (Fig. 2c). In this line, the microglial
activation marker CD68 was evaluated. Western Blot analysis revealed that NMDA receptor antagonists induced
a significant reduction of the protein levels of this microglial marker (Supplementary Fig. 1) in 5XFAD mice.
These results demonstrated that UB-ALT-EV reduced microglial markers better than memantine.
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Figure 1. Treatment with UB-ALT-EV changed the protein expression of inflammatory and astrocytic
activation markers and in 5XFAD mice. Representative Western Blot (a) and quantifications for ratio phospho-
NFATc1 vs. NFATcl (b) and CaN (c). Values in bar graphs are adjusted to 100% for protein levels of the wild
type (WT). Representative GFAP (Red) and Hoechst (Blue) positive staining in dentate gyrus, CA1 and CA3
hippocampal areas (d). Scale bars: 200 um. Mean intensity of GFAP staining in dentate gyrus, CA1 region, and
CA3 region (e). Representative Western Blot and quantification for GFAP (f). Values are the mean + Standard
error of the mean (SEM); (n=3 for WT and Control groups and n=4 for Mem and UB-ALT-EV groups. For
WT vs. 5XFAD Control groups data was analyzed using a two-tail Student’s t-test, and for 5XFAD groups a
standard one-way ANOVA followed by Tukey post-hoc analysis was performed. *p <0.05; **p <0.01 for WT vs.
Control. p <0.05; *p<0.01 for Mem or UB-ALT-EV vs. Control.
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Figure 2. Treatment-induced changes in the expression of microglial activation markers with NMDA receptor
antagonists in 5XFAD of 6 months of age. Representative Iba-1 (Red) and Hoechst (Blue) positive staining

in dentate gyrus, CA1 and CA3 hippocampal areas (a). Scale bars: 200 um. Mean intensity of Iba-1 staining

in dentate gyrus, CA1 region, and CA3 region (b). Representative gene expression for Trem?2 (c). Values are

the mean * Standard error of the mean (SEM); (n=3 for WT and Control groups and n=4 for Mem and
UB-ALT-Ev groups. For WT vs. 5XFAD Control groups data was analyzed using a two-tail Student’s t-test, and
for 5XFAD groups a standard one-way ANOVA followed by Tukey post-hoc analysis was performed. **p <0.01;
4p <0.001 for WT vs. Control. “p <0.05; #p <0.01 for Mem or UB-ALT-EV vs. Control.

UB-ALT-EV treatment changed the expression of proinflammatory (M1) phenotype microglial
markers in 5XFAD mice. Microglial cells can show a damaging "M1 proinflammatory" phenotype or an
"M2 anti-inflammatory", neuroprotective phenotype depending on the released mediators. The transcription
factor NF-kB promotes the release of inflammatory cytokines/chemokines®'. Assessment of NF-kB protein levels
revealed significantly higher levels in the 5XFAD group compared to WT. Interestingly, while the memantine
group significantly increased NF-«B protein levels, UB-ALT-EV treatment in 5XFAD mice significantly reduced
protein levels of this transcription factor, compared to the 5XFAD control group (Fig. 3a). To decipher the pre-
cise role of NMDARs on inflammation, we carried out an exhaustive gene expression evaluation of proinflam-
matory markers that are associated with M1-phenotype. Then, we evaluated Interleukin-6 (1I-6), interleukin-13
(1I-1B), Interferon-gamma (Ifn-y), tumor necrosis factor o (Tnf-at), monocyte chemoattractant protein-1 (Ccl2),
C-C chemokine ligand 3 (Ccl3) and C-C Chemokine ligand 12 (Ccl12). All the proinflammatory markers evalu-
ated revealed significantly higher expression in 5XFAD mice compared to WT mice (Fig. 3b,c,d,e;h). Inter-
estingly, memantine treatment produced no change compared to 5XFAD control group, but the UB-ALT-EV
group showed a significant diminution in II-1f, Ifn-y, Ccl2 and Ccl3 gene expression compared to 5XFAD Con-
trol group (Fig. 3¢,d,e,f,g). Taken together, these data suggest that UB-ALT-EV treatment reduces microgliosis,
unlike memantine treatment, by reducing the NF-«B signaling pathway.

UB-ALT-EV treatment increased gene expression of microglial markers (M2 phenotype)
together with neurotrophins and reduced iNOS gene expression in 5XFAD mice. To further
assess microglial activation, we measured anti-inflammatory (M2) markers of the microglial phenotype such as
chitinase-like 3 (Ym1), Arginase-1 (Argl), and neurotrophins gene expression. Interestingly, 5XFAD mice showed
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Figure 3. Differential effect of UB-ALT-EV treatment over memantine treatment on gene expression of pro-
inflammatory and anti-inflammatory microglial markers in 5XFAD mice. Representative Western Blot and
quantification for NF-kB (a). Values in bar graphs are adjusted to 100% for protein levels of the wild type (WT).
Representative gene expression for II-6 (b), II-1f (c), Ifn-y (d), Tnf-« (e), Cci2 (f), Ccl3 (g), Ccli2 (h), YmI (i),
Argl (j), Bdnf (k) Ngf (1), Vgf (m) and iNOS (n). Values are the mean + Standard error of the mean (SEM); (n=3
for WT and Control groups and n =4 for Mem and UB-ALT-EV groups. For WT vs. 5XFAD Control groups
data was analyzed using a two-tail Students t-test, and for 5XFAD groups a standard one-way ANOVA followed
by Tukey post-hoc analysis was performed. *p <0.05; **p <0.01; ***p <0.001; ****p <0.0001 for WT vs. Control.
*p<0.05; #*p <0.001 for Mem or UB-ALT-EV vs. Control.
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«Figure 4. qPCR analysis of 84 OS-related gene expression after a treatment with NMDA receptor antagonists
in 6-month-old 5XFAD mice. Hierarchical clustering of the qPCR array in WT and 5XFAD mice treated
with UB-ALT-EV (a). The predicted protein—protein interactions analysis are shown (b, e, h). Validation of
representative subset of genes. Gene expression of AoxI (a), Gpx6 (b), NcfI (f), Vim (g), II-19 (i), and II-22
(j) in the hippocampus of WT and 5XFAD mice groups. Gene expression were determined by qPCR. Values
are the mean + Standard error of the mean (SEM); (n=3 for WT and Control groups and n=4 for Mem and
UB-ALT-EV groups. For WT vs. 5XFAD Control groups data was analyzed using a two-tail Student’s t-test, and
for 5XFAD groups a standard one-way ANOVA followed by Tukey post-hoc analysis was performed. *p <0.05;
**p<0.01; **p <0.001; ¥**p <0.0001 for WT vs. Control. *p <0.05; **p <0.001 for Mem or UB-ALT-EV vs.
Control.

higher expression levels of Y1 compared to WT mice, which may indicate a possible compensatory mechanism
(Fig. 31). Besides, results revealed a significant anti-inflammatory effect after UB-ALT-EV treatment in 5XFAD
mice, whereas memantine treatment did not induce changes (Fig. 31,j). Furthermore, microglial cells could affect
neuronal plasticity by releasing neurotrophic factors®. Thus, we found that after UB-ALT-EV administration,
Bdnf, Ngf and Vgf gene expression in 5XFAD increased significantly, similar to the levels exhibited by WT
mice, whereas for memantine, only Bdnf gene expression was increased (Fig. 3k,],m). These results revealed the
robust neuroprotective efficacy of UB-ALT-EV compared to memantine. Finally, we investigated the association
between neuroinflammaiton and OS through iNOS gene expression. Interestingly, we observed that only the
UB-ALT-EV treated group could reduce iNOS gene expression (Fig. 3n).

UB-ALT-EV treatment regulates genes associated with OS response in 5XFAD mice. We then
sought further to investigate the OS response following treatment with UB-ALT-EV. First, we determined the
expression profile of OS-associated genes in the UB-ALT-EV-treated 5XFAD mice, whereby we carried out a
qPCR array containing 84 OS-related genes. Clustering analysis revealed three gene clusters (Fig. 4a). After
function and process pathway analysis by using the GO database, we found that cluster 1 functional enrich-
ment is mainly associated with superoxide activity (GO:0016175), and oxidoreductase activity (GO:0016491)
(Table 1, and Supplementary Fig. 1). Likewise, the process enrichment is associated with superoxide processes
and response to OS (Supplementary Fig. 1). The changes in Aox1 and Gpx6 gene expression found were also
validated for UB-ALT-EV group but nor for memantine (Fig. 4b,c,d). Cluster 2 is functional associated with
antioxidant (GO:0016209), oxidoreductase (GO:0016491) and peroxidase (GO:0004601) activities (Table 2,
and Supplementary Fig. 1), partially validated through Ncfl and Vim for both NMDAR antagonist treat-
ments (Fig. 4e,f,g). Besides, the GO enrichment process showed modulation associated with response to OS,
stress and ROS metabolic process (Supplementary Fig. 1). Finally, cluster 3 is associated with cytokine activity
(GO:0005125) in functional enrichment analysis and mainly associated with ROS metabolic as well as IL-6
production in process enrichment (Table 3, and Supplementary Fig. 1), and it was only validated through II-19
and II-22 in UB-ALT-EV treated mice group (Fig. 4h,i,j). Additionally, KEGG analysis for cluster 1 demonstrated
alterations in the phagosome, and AD pathways, among others. Regarding KEGG analysis for cluster 2, we
found enrichment associated with tyrosine and glutathione metabolisms, longevity regulating pathway, among
others (Supplementary Fig. 1). By last, KEGG analysis for cluster 3 demonstrated the association with cytokine-
cytokine receptor interaction and some inflammatory pathways (Supplementary Fig. 1).

On the other hand, using the TRRUST database, we found that some genes present in cluster 1, 2 and 3 can
be regulated by NF-kB and REL (Supplementary Table 2), two subunits of the transcription factor NF-kB, sug-
gesting that NF-kB modulates the neuroinflammatory process in the 5XFAD model after UB-ALT-EV treatment.
Therefore, these results suggest that treatment with UB-ALT-EV in 5XFAD reverses the OS process, affecting the
neuroinflammation and vice versa in a better way than memantine treatment.

Discussion

Based on our previous studies demonstrating the promising role of UB-ALT-EV, an NMDA antagonist, against
neurodegeneration®®, we hypothesized that this new compound could have an additional therapeutic role in
neuroinflammation. As a relevant key mechanism in the onset of AD, apart from the canonical calcium signaling
regulation mediated by NMDA antagonists. We found that UB-ALT-EV promoted neuroprotection by modify-
ing neuroinflammation, reducing glial activation via microglial response modulation. Moreover, UB-ALT-EV
exhibited a relevant role in the reduction of the OS state, due to the up-regulation of anti-inflammatory mediators
in an AD mouse model (5XFAD).

Brain inflammation is a defense mechanism with a neuroprotective effect against injury and infection, and
in early degenerative stages, there is a balance between proinflammatory and anti-inflammatory responses®.
However, there appears to be a shift from resting microglia to classically activated microglia in AD, impairing
the cytokine balance that ultimately leads to a chronic neuroinflammatory environment*. Otherwise, there are
several pathways by which Ca®* dysregulation can be linked to releasing cytokines that promote neuroinflam-
mation. In particular, the CaN/NFAT pathway has been associated with Ca?* dysregulation and glial activation®.
The increase in the dephosphorylated form of the transcription factor NFATc1 reflects an increase in its nuclear
translocation and fosters a chronic inflammatory state, synapse dysfunction and glutamate dysregulation®. CaN,
as a phosphatase, can dephosphorylate NFAT allowing its nuclear translocation and the activation of cytokines
transcription. These observations are consistent with several published reports showing high CaN and NFAT
protein levels in 5XFAD*. However, to our knowledge, the effect of NMDAR blockage on CaN/NFAT pathway
remains unknown. In our study, we found that both NMDAR antagonists tested, memantine and UB-ALT-EV

Scientific Reports |

(2022) 12:17908 | https://doi.org/10.1038/s41598-022-22963-x nature portfolio



www.nature.com/scientificreports/

#Term ID

Description

Observed gene
count

Background gene
count

Strength

False discovery rate

Matching proteins in your
network (IDs)

Matching proteins in your
network (labels)

GO:0016175

Superoxide-generat-
ing nad(p)h oxidase
activity

2.96

4.04e-05

10090.ENS-

MUSP00000016094, 10090.

ENSMUSP00000032781,
10090.ENS-
MUSP00000033610

Ncf1,Nox4,Nox1

GO:0016176

Superoxide-gener-
ating nadph oxidase
activator activity

0.0070

10090.ENS-

MUSP00000016094, 10090.

ENSMUSP00000037423

Ncf1,Noxal

GO:0016491

Oxidoreductase
activity

710

0.0070

10090.ENS-

MUSP00000016094, 10090.

ENSMUSP00000020779,
10090.ENS-
MUSP00000032781,
10090.ENS-
MUSP00000033610,10090.
ENSMUSP00000059977

Ncf1,Mpo,Nox4,Nox1,Ptgs1

GO:0016174

NAD(P)H oxidase
H202-forming
activity

2.74

0.0071

10090.ENS-

MUSP00000032781, 10090.

ENSMUSP00000033610

Nox4,Nox1

GO:0006801

Superoxide metabolic
process

33

2.57

2.53e-08

10090.ENS-

MUSP00000016094, 10090.

ENSMUSP00000020779,
10090.ENS-
MUSP00000032781,
10090.ENS-
MUSP00000033610,10090.
ENSMUSP00000037423

Nef1,Mpo,Nox4,Nox1,Noxal

GO:0042554

Superoxide anion
generation

2.66e-07

10090.ENS-
MUSP00000016094, 10090.
ENSMUSP00000032781,
10090.ENS-
MUSP00000033610, 10090.
ENSMUSP00000037423

Ncf1,Nox4,Nox1,Noxal

GO:0006952

Defense response

1133

1.18

0.00014

10090.ENS-
MUSP00000016094, 10090.
ENSMUSP00000020779,
10090.ENS-
MUSP00000023790, 10090.
ENSMUSP00000028062,
10090.ENS-
MUSP00000032781, 10090.
ENSMUSP00000033610,
10090.ENS-
MUSP00000059977

Ncf1,Mpo,Krt1,Vim,Nox4,N
ox1,Ptgs1

GO:0042743

Hydrogen peroxide
metabolic process

33

2.35

0.0012

10090.ENS-
MUSP00000016094, 10090.
ENSMUSP00000020779,
10090.ENS-
MUSP00000033610

Ncf1,Mpo,Nox1

GO:0002679

Respiratory burst
involved in defense
response

2.99

0.0091

10090.ENS-
MUSP00000016094, 10090.
ENSMUSP00000020779

Nef1,Mpo

GO:0006979

Response to oxida-
tive stress

395

1.39

0.0309

10090.ENS-
MUSP00000016094, 10090.
ENSMUSP00000020779,
10090.ENS-
MUSP00000033610, 10090.
ENSMUSP00000059977

Ncf1,Mpo,Nox1,Ptgs1

GO:0001878

Response to yeast

2.54

0.0310

10090.ENS-
MUSP00000016094, 10090.
ENSMUSP00000020779

Nef1,Mpo

GO:1903409

Reactive oxygen
species biosynthetic
process

2.41

0.0452

10090.ENS-
MUSP00000016094, 10090.
ENSMUSP00000020779

Ncf1,Mpo

Table 1. Function and process pathway analysis by using the GO data base of cluster 1.

reduced CaN protein levels but only UB-ALT-EV significantly increased p-NFATc1/NFAT protein level ratio.
Therefore, these results suggest the implication of UB-ALT-EV in preventing the production of several proinflam-
matory cytokines regulated by CaN/NFAT signaling pathway, and likewise a diminution in gliosis phenomena.

In the light of our findings, we further explored astrocyte activation by evaluating GFAP protein levels in
the hippocampus. As expected, an up-regulation of GFAP protein was observed in the hippocampus of 5XFAD
mice**’. Memantine significantly reduced GFAP protein levels in the dentate gyrus, while UB-ALT-EV deliv-
ered similar results. In addition, UB-ALT-EV treatment significantly reduced total GFAP protein content, prob-
ably because the reduction in global astroglial activation was greater after UB-ALT-EV treatment than with

memantine.
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#Term ID

Background gene Matching proteins in | Matching proteins in
Term description Observed gene count | count Strength | False discovery rate | your network (IDs) your network (labels)

GO:0016209

10090.ENS-
MUSP00000004453,
10090.ENS-
MUSP00000021005,
10090.ENS-
MUSP00000023707,
10090.ENS-
MUSP00000026328

Antioxidant activity 4 70 2.06 0.00020 Gpx6,Tpo,Sod1,Prdx4

GO:0016491

10090.ENS-
MUSP00000001027,
10090.ENS-
MUSP00000004453,
10090.ENS-
MUSP00000021005, Aox1,Gpx6, Tpo,Sod],Pr
10090.ENS- dx4,Scdl
MUSP00000023707,
10090.ENS-
MUSP00000026328,
10090.ENS-
MUSP00000036936

Oxidoreductase activity | 6 710 1.23 0.0012

GO:0004601

10090.ENS-
MUSP00000004453,
. . 10090.ENS-
Peroxidase activity 3 40 2.18 0.0020 MUSP00000021005, Gpx6,Tpo,Prdx4
10090.ENS-

MUSP00000026328

GO:0006979

10090.ENS-
MUSP00000004453,
10090.ENS-
MUSP00000021005,
10090.ENS-
Response to oxidative MUSP00000023707, Gpx6,Tpo,Sod1,Prdx4,G
stress 6 395 1.48 0.00026 10090.ENS- clm, Txnip
MUSP00000026328,
10090.ENS-
MUSP00000029769,
10090.ENS-
MUSP00000102710

GO:0006950

10090.ENS-
MUSP00000004453,
10090.ENS-
MUSP00000021005,
10090.ENS-
MUSP00000023707,
10090.ENS-

MUSP00000026328,
10090.ENS- Gpx6,Tpo,Sod1,Prdx4,

Response to stress 9 3045 0.77 0.0023 MUSP00000029769, ?;l]rf;igll,Recql{Hspa

10090.ENS-
MUSP00000036936,
10090.ENS-
MUSP00000044363,
10090.ENS-
MUSP00000084586,
10090.ENS-
MUSP00000102710

GO:0072593

10090.ENS-
MUSP00000021005,
Reactive oxygen species 10090.ENS-
metabolic process 101 177 0.0318 MUSP00000023707,
10090.ENS-
MUSP00000026328

w

Tpo,Sod1,Prdx4

Table 2. Function and process pathway analysis by using the GO data base of cluster 2.

Microglial activation is known to be divided into two phenotypic profiles: the proinflammatory (M1) and
the anti-inflammatory (M2)*. In AD, there is an altered homeostasis between the two microglial phenotypes,
and a cytokine-dominated inflammatory landscape occurs, enhancing the shift to the M1 phenotype over M2*!.
Therefore, to pursue the inflammatory process accounting in 5XFAD mice model, the microglial status was
evaluated through Iba-1, Trem2 and CD68. According to the literature, increases in Iba-1 were found in 5XFAD
mice”. Strikingly, we observed a reduction in Iba-1 staining in 5XFAD hippocampus treated with NMDAR
antagonists, specifically in the CA3 region?*%. TREM2, a cell surface receptor that is mainly expressed in micro-
glial cells*, is relevant in the phagocytic role of microglia, constituting a key mediator against AP deposition*.
As a consequence of glial reactivity in 5XFAD mice, an up-regulation of the Trem2 gene expression accounted?’.
Interestingly, we found that UB-ALT-EV but not memantine induced changes in Trem2 gene expression, sug-
gesting a novel anti-inflammatory effect of UB-ALT-EV by preventing microglial activation. In line with our
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#Term ID

Term description

Observed gene count

Background gene
count

Strength

False discovery rate

Matching proteins in
your network (IDs)

Matching proteins in
your network (labels)

GO:0005125

Cytokine activity

215

1.79

0.0491

10090.ENS-
MUSP00000039600,
10090.ENS-
MUSP00000094449,

Ccl5,1122,1119

10090.ENS-
MUSP00000108084

GO0:0072593

Reactive oxygen spe-
cies metabolic process

10090.ENS-
MUSP00000018610,
10090.ENS-
MUSP00000050497,
10090.ENS-
MUSP00000094449,
10090.ENS-
MUSP00000108084

2.24 4.23e-05 Nos2,Epx,1122,1119

GO0:0032635

Interleukin-6 produc-
tion

10090.ENS-
MUSP00000018610,
10090.ENS-
MUSP00000108084

2.87 0.0327 Nos2,1119

GO0:0072677

Eosinophil migration

10090.ENS-
MUSP00000039600,
10090.ENS-
MUSP00000050497

0.0455 Ccl5,Epx

Table 3. Function and process pathway analysis by using the GO data base of cluster 3.

results, a recent study in microglial cells demonstrated that TREM2 levels were unchanged after memantine
pretreatment®. This phagocytosis-reducing effect was also demonstrated by the evaluation of the CD68 marker*®.

NF-kB is also a CaN-sensitive transcription factor implicated in the proinflammatory phenotype (M1) of
glial activation. Recent studies reported the NF-«kB inhibition by memantine indicating that NF-kB signal-
ing can be regulated after NMDARs**°. Here, we found an unexpected up-regulation of NF-kB in the 5XFAD
memantine-treated group, being downregulated in the case of UB-ALT-EV treatment, accordingly with arrays
results by the TRRUST analysis. Thus, these results indicated a different modulation of the inflammatory process
by the two NMDARs antagonist tested.

To delve further into these findings, several proinflammatory cytokines associated not only with M1 micro-
glial phenotype, but also with astrocytic activation, were evaluated. Interestingly, Ifn-y, II-1f, Ccl2 and Ccl3 gene
expression was reduced only by UB-ALT-EV in the 5XFAD group correlating with reduced NF-«B protein levels.
Of note, the anti-inflammatory activated microglia (M2) phenotype can contribute to neuronal plasticity by also
expressing neurotrophic factors*®*¥7. Here, when M2 microglial state was assessed in 5XFAD mice, UB-ALT-EV
treatment induced not only up-regulation of Ym1 and Argl gene expression but also the up-regulation of several
neurotrophins such as Bdnf, Ngfand Vgf, involved in neuroprotection®’, whereas memantine only induced the
expression of Bdnf, indicating the improved capacity of UB-ALT-EV to promote neuroprotective effects. Consist-
ent with these findings, we previously demonstrated improvements in the reduction of AP deposition, tau hyper-
phosphorylation, and autophagic processes after UB-ALT-EV treatment compared to the memantine group?.

Lastly, we found that iNOS gene expression was modulated in a significant way by UB-ALT-EV, and weakly
by memantine. iNOS is an enzyme implicated both in the control of inflammatory mediators’ release, but also in
the generation of ROS that contributes to neuronal damage and AD progression'”. Besides, it is well-established
that neuroinflammation can induce OS, and vice versa, by activating multiple pathways. Then, we evaluated the
implication of OS modulation in the neuroprotective effects of UB-ALT-EV by using a qPCR array determination
of the 84 genes associated with OS signaling pathways. After analysis, we found that UB-ALT-EV changed the
gene expression of 24 genes in 5XFAD, generating three hierarchical clusters based on the enrichment heatmap.
Remarkably, our results showed alterations in GO enrichment analysis in processes associated with superoxide-
generating NADPH oxidase activity (Cluster 1), cytokine activity (Cluster 2), and antioxidant activity (Cluster
3), among others. KEGG pathways are also related to OS and inflammation, among others. Furthermore, we
were able to validate that the gene expression of Il-19, II-22, Gpx6, and NcfI were significantly reduced in 5XFAD
treated mice, and a clear tendency was observed for AoxI and Vim. Gene array validation indicated a better
modulation of UB-ALT-EV than memantine, for both OS and inflammatory pathways, thus demonstrating
optimization of the efficacy of the NMDAR antagonist.

The use of AD transgenic animals is a useful tool to evaluate AD pathology, but it must be kept in mind
that they do not represent the disease in all its aspects and are by themselves a limitation in the research. This
limitation has to be present also in the present work in which one of the most widely used animal model in
AD research was used: the 5XFAD. 5XFAD develop amyloid pathology along with cognitive impairment but
the NFTs formation is not characteristic of this model®**2. Overall, our results highlighted that the treatment
with UB-ALT-EV changes the inflammatory landscape in 5XFAD mice. Besides, anti-inflammatory effects were
accompanied by OS changes. These beneficial effects were not so clear in 5XFAD treated with memantine, indi-
cating additional pharmacological activities of UB-ALT-EV, which were also found in previous studies?®. Thus,
the optimized NMDARs antagonist, UB-ALT-EV, offers a new opportunity for the treatment of AD, showing
novel neuroprotective mechanisms including the reduction of proinflammatory microglial markers and the
amelioration of astrocyte activation, additionally to calcium entry blockage (Fig. 5).
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Figure 5. Illustrative cartoon of effects of UB-ALT-EV in 6-month-old 5XFAD mice in oxidative and
neuroinflammatory pathology. This figure was generated with Keynote for macOS (ver. 12.1).

Methods

Animals and treatment. Six-month-old female 5XFAD mice (n=29) and wild type (WT) (n=14) mice
were randomly allocated to experimental groups and divided into four groups: WT control and 5XFAD control,
administrated with vehicle ((2-hydroxypropyl)-B-cyclodextrin 1.8%) and 5XFAD treated with memantine, or
UB-ALT-EV (5 mg/kg/day) dissolved in vehicle. The sample size for the intervention was chosen following pre-
vious studies in our laboratory and using one of the available interactive tools (http://www.biomath.info/power/
index.html) that is designed to estimate the required sample size to achieve adequate power. Compounds were
administered through drinking water for 4 weeks and the doses of each cage were weekly re-calculated taking
into account the daily water consumption in each cage and monitoring the body weight of the animals. Animals
had free access to food and water and were maintained under standard temperature conditions (22+2 °C) and
12 h: 12 h light-dark cycles (300 1x/0 Ix). Water consumption was monitored weekly, and both NMDAR antago-
nist concentrations were adjusted in the tap water bottle to achieve the precise dose®.

Research was conducted in accordance with the Institutional Guidelines for the Care and Use of Laboratory
Animals established by (European Communities Council Directive 2010/63/EU and Guidelines for the Care and
Use of Mammals in Neuroscience and Behavioural Research, National Research Council 2003) and approved
by the Ethics Committee for Animal Experimentation (CEEA) of the University of Barcelona. All experimental
procedures with mice followed the recommendations in the ARRIVE guidelines®. All possible efforts were taken
to reduce the number of animals and their suffering.

RNA extraction and gene expression determination. Mice were euthanized by cervical dislocation
after the treatment period. The brains were immediately removed from the skulls, and the hippocampus were
dissected, frozen and maintained at —80 °C. Total RNA isolation from hippocampal samples was performed
using the TRIzol reagent according to the manufacturer’ instructions (Bioline Reagent). The yield, purity and
quality of RNA were determined spectrophotometrically with a NanoDrop ND-1000 apparatus (Thermo Scien-
tific) and an Agilent 2100B Bioanalyzer (Agilent Technologies). RNA samples with 260/280 ratios higher than
1.9 were selected. Reverse Transcription-Polymerase Chain Reaction (RT-PCR) was performed. Briefly, 1 yug and
2 pg of messenger RNA (mRNA) was reverse transcribed using a high-capacity cDNA reverse transcription kit
(Applied Biosystems) for PCR Array performance and q-PCR validation, respectively. Genes are listed in Sup-
plementary Table 1.

SYBR Green real-time PCR was performed on a Step One Plus Detection System (Applied-Biosystems)
employing SYBR Green PCR Master Mix (Applied-Biosystems). Each reaction mixture contained 6.75 uL of
complementary DNA (cDNA) (which concentration was 2 pg), 0.75 pL of each primer (which concentration was
100 nM), and 6.75 pL of SYBR Green PCR Master Mix (2X). Data were analyzed utilizing the comparative Cycle
threshold (Ct) method (AACt), where the housekeeping gene level was used to normalize differences in sample
loading and preparation. Normalization of expression levels was performed with -actin for SYBR Green-based
real-time PCR results. Each sample was analyzed in duplicate, and the results represent the n-fold difference of
the transcript levels among different groups.
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Real-time quantitative PCR array. Real-time quantitative PCR array containing 84 oxidative stress-
related genes (qQPCR Sign Arrays 96 system, AnyGenes, Paris, France) was used for screening according to the
instructions of the manufacturer. Briefly, 2 pL of diluted cDNA pooled samples (n=3-4) (2 pg cDNA diluted at
the 1/12 from Reverse Transcription (20 pL) performed with 1 pg of RNA) was mixed with 10 pl of 2 x Perfect
Master Mix SYBR Green and 8 pL Ultra-pure H,0 and added to each well, being consequently the total reaction
volume 20 pL per well. After 20 pL of the reaction mix was in each well of the 96-well plate, the plate was cen-
trifuged and then the qPCR run was performed using a Step One Plus Detection System (Applied-Biosystems),
following the manufacturer’s recommendations and protocols. PCR reaction conditions were 95 °C, 10 min;
95 °C, 5 s and 60 °C, 30 s, x40 cycles. After completion of the reaction, the melting curve was analyzed, 95 °C,
10 s, 65 °C-95 °C, 30 s.

Hierarchical clustering. Hierarchical clustering was carried out with the genes screened on the gPCR Sign
Arrays 96 system to assess the expression profile among the study groups. Genes were grouped into three clusters
based on the expression profile using the R package pheatmap. Expression data were then clustered by Euclidean
distances between genes and by applying the complete hierarchical clustering method.

Protein—protein interaction network and functional annotation. We conducted protein-protein
interaction networks using the STRING database®. A PPI enrichment p-value <0.001 was taken as statistically
significant, indicating that proteins are at least partially biologically connected. To establish the functional anno-
tation of the three groups, we identified the Gene Ontology (GO) and undertook pathway analysis with the
Kyoto Encyclopedia of Genes and Genomes (KEGG), by using the Database for Annotation, Visualisation and
Integrated Discovery (DAVID)*. GO terms and KEGG pathways with an adjusted p-value <0.05 were taken as
statistically significant. We used the KEGG mapping tool to show downregulated (green) and up-regulated (red)
genes in the KEGG pathway maps®’. To assess transcriptional regulatory interactions between the three gene
clusters and mouse transcriptional factors (TFs), we used the TRRUST database®. TRRUST identifies potential
TFs involved in the regulation of genes of interest. TFs with an adjusted p-value <0.05 were considered statisti-
cally significant.

Protein level determination by Western blotting. For western blot analyses, mice were euthanized
by cervical dislocation and the brains were removed immediately from the skull. The hippocampus was then
excised and frozen in powdered dry ice. They were kept at — 80 °C for subsequent use in protein extraction. For
protein extraction, tissue samples were homogenized in lysis buffer containing phosphatase and protease inhibi-
tors (Cocktail II, Sigma-Aldrich). Total protein levels were extracted, protein concentration was determined by
Bradford’s method and 15 pg samples were separated by sodium dodecyl sulphate-polyacrylamide dodecyl sul-
phate gel electrophoresis (SDS-PAGE) (8-20%). After transfer to polyvinylidene difluoride (PVDF) membranes
(Millipore), the membranes underwent blocking in 5% nonfat milk in Tris-buffered saline (TBS) containing
0.1% Tween 20 TBS (TBS-T) for 1 h at room temperature (RT), which was followed by overnight incubation
at 4 °C with the primary antibodies: NFATc1 (St John’s/STJ24751) diluted 1:1000; p-NFAT (Ser172) (Invitro-
gen/PA5-64696) diluted 1:500; Calcineurin (BioRad/VPA00329) diluted 1:1000; Glyceraldehyde-3-Phosphate
Dehydrogenase (Millipore/MAB374) diluted 1:5000; GFAP (Gene Tex/GTX100850) diluted 1:1000; NF-xB (Cell
signaling/8242S) diluted 1:1000; Goat-anti-mouse HRP conjugated (Biorad Lab 170-5047) diluted 1:6000 and
Goat-anti-rabbit HRP conjugated (Biorad Lab/170-6515) diluted 1:6000). The membranes were then washed
and incubated with secondary antibodies for 1 h at RT. Immunoreactive proteins were imaged with the chemilu-
minescence-based detection kit, following the manufacturer’s protocol (ECL Kit, Millipore), and digital images
were then acquired using the ChemiDoc XRS +system (BioRad). Semi-quantitative analyses were conducted
using ImageLab software (BioRad), and results were extracted in arbitrary units (AU), considering control pro-
tein levels as 100%. Protein loading was routinely controlled by immunodetection of glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH).

Immunofluorescence assay. For immunofluorescence, mice were anesthetized (ketamine 100 mg/kg and
xylazine 10 mg/kg, intraperitoneally) and then intracardially perfused with 4% paraformaldehyde (PFA) diluted
in 0.1 M phosphate buffer solution. The brains were removed and post-fixed in 4% PFA overnight at 4 °C. There-
after, the brains were changed to PFA + 15% sucrose. Finally, brains were frozen in powdered dry ice and stored
at — 80 °C until sectioning. Coronal brain sections of 30 um were obtained (Leica Microsystems CM 30508
cryostat, Wetzlar, Germany) and stored in cryoprotective solution at — 20 °C until used.

Free-floating brain slices were washed 5 min in PBS and blocked and permeabilized in PBS, BSA 1% and 0,3%
Triton X-100 solution for 20 min. After two washes of 5 min with PBS (0.1 M), primary antibody (GFAP (Dako/
Z0334) or Iba-1 (Abcam/ab48050), were incubated over-night at 4°C at a dilution of 1:400. The following day,
after two washes with PBS, the secondary antibody (Alexa Fluor 594, Abcam/ab150080) was incubated at room
temperature for 1 h in the dark at a dilution of 1:400. Later, sections were co-incubated with 1 mg/mL Hoechst
(Sigma) staining solution for 5 min in the dark at room temperature and washed twice for 5 min in PBS. Finally,
the slices were mounted with Fluoromount G (EMS, USA).

Image acquisition and analysis. Acquisition of images was conducted with a fluorescence laser micro-
scope (Olympus BX51, Germany). At least 3 sections from 3 different individuals per group were analyzed with
Image]/Fiji software from the National Institutes of Health available online. We selected similar and comparable
histological regions, focusing on the adjacent position of the entire cortical area and the hippocampus of one cer-
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ebral hemisphere. For the acquisition of glial fibrillary acidic protein (GFAP) and Iba-1 images, a fixed exposure
was maintained for all samples in all the experiments. Fluorescence intensity of GFAP and Iba-1 positive cells
was measured in different areas of the hippocampus (CA1, CA3 and dentate gyrus) and the quantification was
then averaged from each subject’s three different sections.

Data acquisition and statistical analysis. Data analysis was conducted using GraphPad Prism ver. 9
statistical software. Data are expressed as the mean + standard error of the mean (SEM) of at least 3 samples per
group. Strain was compared using the two tail Student’s t-test to evaluate differences between WT vs. 5XFAD
control group. For 5XFAD mice One-way analysis of variance (ANOVA) was followed by Tukey post-hoc analy-
sis or two-tail Student’s t-test when necessary. Statistical significance was considered when p-values were <0.05.
The statistical outliers were determined with Grubbs’ test and, when necessary, were removed from the analysis.

Data availability
The datasets generated and/or analysed during the current study are available in the https://www.ncbi.nlm.
nih.gov/geo/ repository, GSE20206. Correspondence and requests for materials should be addressed to C.G.-E.

Received: 18 April 2022; Accepted: 21 October 2022
Published online: 25 October 2022

References

1. Wang, R. & Reddy, P. H. Role of glutamate and NMDA receptors in Alzheimer’s disease. J. Alzheimer’s Dis. 57, 1041-1048 (2017).

2. Bliss, T. V. P. & Collingridge, G. L. A synaptic model of memory: Long-term potentiation in the hippocampus. Nature 361, 31-39
(1993).

3. Cotman, C. W, Geddes, J. W, Bridges, R. J. & Monaghan, D. T. N-methyl-Dp-aspartate receptors and Alzheimer’s disease. Neurobiol.
Aging 10, 603-620 (1989).

4. Talantova, M. et al. AB induces astrocytic glutamate release, extrasynaptic NMDA receptor activation, and synaptic loss. Proc.
Natl. Acad. Sci. USA 110, E2518-E2527 (2013).

5. Sattler, R. & Tymianski, M. Molecular mechanisms of glutamate receptor-mediated excitotoxic neuronal cell death. Mol. Neurobiol.
24, 107-129 (2001).

6. Uttara, B, Singh, A. V., Zamboni, P. & Mahajan, R. T. Oxidative stress and neurodegenerative diseases: A review of upstream and
downstream antioxidant therapeutic options. Curr. Neuropharmacol. 7, 65-74 (2009).

7. Vesce, S., Rossi, D., Brambilla, L. & Volterra, A. Glutamate release from astrocytes in physiological conditions and in neurodegen-
erative disorders characterized by neuroinflammation. Neuroinflamm. Neuronal. Death Repair 82, 57-71 (2007).

8. Reynolds, A., Laurie, C., LeeMosley, R. & Gendelman, H. E. Oxidative stress and the pathogenesis of neurodegenerative disorders.
Neuroinflamm. Neuronal. Death Repair 82, 297-325 (2007).

9. Kinney, J. W. et al. Inflammation as a central mechanism in Alzheimer’s disease. Alzheimer’s Dement. 4, 575-590 (2018).

10. Sompol, P. & Norris, C. M. Ca2+, astrocyte activation and calcineurin/NFAT signaling in age-related neurodegenerative diseases.
Front. Aging Neurosci. 10, 199 (2018).

11. Kraner, S. D. & Norris, C. M. Astrocyte activation and the calcineurin/NFAT pathway in cerebrovascular disease. Front. Aging
Neurosci. 10, 287 (2018).

12. Singh, S. & Singh, T. G. Role of nuclear factor kappa B (NF-«B) signalling in neurodegenerative diseases: An mechanistic approach.
Curr. Neuropharmacol. 18, 918-935 (2020).

13. Leng, F. & Edison, P. Neuroinflammation and microglial activation in Alzheimer disease: Where do we go from here?. Nat. Rev.
Neurol. 17, 157-172 (2021).

14. Ray, P. D,, Huang, B.-W. & Tsuji, Y. Reactive oxygen species (ROS) homeostasis and redox regulation in cellular signaling. Cell.
Signal. 24, 981-990 (2012).

15. Kim, T.-S. et al. Decreased plasma antioxidants in patients with Alzheimer’s disease. Int. J. Geriatr. Psychiatry 21, 344-348 (2006).

16. Schipper, H. M. et al. Glial heme oxygenase-1 expression in Alzheimer disease and mild cognitive impairment. Neurobiol. Aging
27,252-261 (2006).

17. Galea, E., Feinstein, D. L. & Reis, D. J. Induction of calcium-independent nitric oxide synthase activity in primary rat glial cultures.
Proc. Natl. Acad. Sci. USA. 89, 10945-10949 (1992).

18. Ramos-Gonzilez, E. J., Bitzer-Quintero, O. K., Ortiz, G., Herndndez-Cruz, J. ]. & Ramirez-Jirano, L. ]. Relationship between
inflammation and oxidative stress and its effect on multiple sclerosis. Neurologia https://doi.org/10.1016/j.nrl.2021.10.003 (2021).

19. Owen, R. T. Memantine and donepezil: A fixed drug combination for the treatment of moderate to severe Alzheimer’s dementia.
Drugs Today 52, 239-248 (2016).

20. Raina, P. et al. Effectiveness of cholinesterase inhibitors and memantine for treating dementia: Evidence review for a clinical practice
guideline. Ann. Intern. Med. 148, 379-397 (2008).

21. Martorana, A., Esposito, Z. & Koch, G. Beyond the cholinergic hypothesis: Do current drugs work in Alzheimer’s disease?. CNS
Neurosci. Ther. 16, 235-245 (2010).

22. Tagliavini, F, Tiraboschi, P. & Federico, A. Alzheimer’s disease: the controversial approval of Aducanumab. Neurol. Sci. 42, 3069
3070 (2021).

23. Mahase, E. FDA approves controversial Alzheimer’s drug despite uncertainty over effectiveness. BMJ 373, n1462 (2021).

24. Cosman, K. M., Boyle, L. L. & Porsteinsson, A. P. Memantine in the treatment of mild-to-moderate Alzheimer’s disease. Expert
Opin. Pharmacother. 8, 203-214 (2007).

25. Matsunaga, S. et al. The efficacy and safety of memantine for the treatment of Alzheimer’s disease. Expert Opin. Drug Saf. 17,
1053-1061 (2018).

26. Wu, H.-M. et al. Novel neuroprotective mechanisms of memantine: increase in neurotrophic factor release from astroglia and
anti-inflammation by preventing microglial activation. Neuropsychopharmacol. Off. Publ. Am. Coll. Neuropsychopharmacol. 34,
2344-2357 (2009).

27. Reisberg, B. et al. Memantine in moderate-to-severe Alzheimer’s disease. N. Engl. J. Med. 348, 1333-1341 (2003).

28. Turcu, A. L. et al. Design, synthesis, and in vitro and in vivo characterization of new memantine analogs for Alzheimer’s Disease.
Eur. J. Med. Chem. 236, 114354 (2022).

29. Oakley, H. et al. Intraneuronal p-amyloid aggregates, neurodegeneration, and neuron loss in transgenic mice with five familial
Alzheimer’s disease mutations: Potential factors in amyloid plaque formation. J. Neurosci. 26, 10129-10140 (2006).

30. Sompol, P. et al. Calcineurin/NFAT signaling in activated astrocytes drives network hyperexcitability in Ap-bearing mice. J. Neu-
rosci. 37, 6132-6148 (2017).

Scientific Reports |

(2022) 12:17908 | https://doi.org/10.1038/s41598-022-22963-x nature portfolio


https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://doi.org/10.1016/j.nrl.2021.10.003

www.nature.com/scientificreports/

31. Akhtar, F. et al. Acute maternal oxidant exposure causes susceptibility of the fetal brain to inflammation and oxidative stress. J.
Neuroinflamm. 14, 195 (2017).

32. Wadhwa, M. et al. Inhibiting the microglia activation improves the spatial memory and adult neurogenesis in rat hippocampus
during 48 h of sleep deprivation. J. Neuroinflamm. 14, 222 (2017).

33. Kwon, H. S. & Koh, S.-H. Neuroinflammation in neurodegenerative disorders: the roles of microglia and astrocytes. Transl. Neu-
rodegener. 9, 42 (2020).

34. Wang, Q. et al. Microglia polarization in Alzheimer’s disease: Mechanisms and a potential therapeutic target. Front. Aging Neurosci.
13, 772717 (2021).

35. Furman, J. L. & Norris, C. M. Calcineurin and glial signaling: Neuroinflammation and beyond. J. Neuroinflamm. 11, 1-12 (2014).

36. Reese, L. C. & Taglialatela, G. Neuroimmunomodulation by calcineurin in aging and Alzheimer’s disease. Aging Dis. 1, 245-253
(2010).

37. Vasilopoulou, E. et al. Disease-modifying treatment with I , imidazoline receptor ligand LSL60101 in an Alzheimer’s disease mouse
model: a comparative study with donepezil. Br. J. Pharmacol. 178, 3017-3033 (2021).

38. Belaya, I. et al. Astrocyte remodeling in the beneficial effects of long-term voluntary exercise in Alzheimer’s disease. J. Neuroin-
flamm. 17, 271 (2020).

39. Iram, T. et al. Astrocytes from old Alzheimer’s disease mice are impaired in AP uptake and in neuroprotection. Neurobiol. Dis. 96,
84-94 (2016).

40. Zhang, L., Zhang, J. & You, Z. Switching of the microglial activation phenotype is a possible treatment for depression disorder.
Front. Cell. Neurosci. 12, 306 (2018).

41. Cherry, J. D., Olschowka, J. A. & O’Banion, M. K. Neuroinflammation and M2 microglia: The good, the bad, and the inflamed. J.
Neuroinflamm. 11, 98 (2014).

42. Qiu, L.-L. et al. Dysregulation of BDNF/TrkB signaling mediated by NMDAR/Ca(2+)/calpain might contribute to postoperative
cognitive dysfunction in aging mice. J. Neuroinflamm. 17, 23 (2020).

43. Guerreiro, R. J. et al. Using exome sequencing to reveal mutations in TREM2 presenting as a frontotemporal dementia-like syn-
drome without bone involvement. JAMA Neurol. 70, 78-84 (2013).

44. Wang, Y. et al. TREM2 lipid sensing sustains the microglial response in an Alzheimer’s disease model. Cell 160, 1061-1071 (2015).

45. Murakawa-Hirachi, T., Mizoguchi, Y., Ohgidani, M., Haraguchi, Y. & Monji, A. Effect of memantine, an anti-Alzheimer’s drug,
on rodent microglial cells in vitro. Sci. Rep. 11, 6151 (2021).

46. Bahramabadi, R. et al. Evaluation of the effects of anti-psychotic drugs on the expression of CD68 on the peripheral blood mono-
cytes of Alzheimer patients with psychotic symptoms. Life Sci. 179, 73-79 (2017).

47. Huang, M. et al. Paraquat modulates microglia M1/M2 polarization via activation of TLR4-mediated NF-«B signaling pathway.
Chem. Biol. Interact. 310, 108743 (2019).

48. Alomar, S. Y. et al. Novel mechanism for memantine in attenuating diabetic neuropathic pain in mice via downregulating the
spinal HMGB1/TRL4/NF-kB inflammatory axis. Pharmaceuticals 14, 307 (2021).

49. Wang, F. et al. Regulation of human brain microvascular endothelial cell adhesion and barrier functions by memantine. J. Mol.
Neurosci. 62, 123-129 (2017).

50. Skaper, S. D. The neurotrophin family of neurotrophic factors: An overview. Methods Mol. Biol. 846, 1-12 (2012).

51. Sasaguri, H. et al. APP mouse models for Alzheimer’s disease preclinical studies. EMBO J. 36, 2473-2487 (2017).

52. Girard, S. D. et al. Onset of hippocampus-dependent memory impairments in 5XFAD transgenic mouse model of Alzheimer’s
disease. Hippocampus 24, 762-772 (2014).

53. Companys-Alemany, J. et al. NMDA receptor antagonists reduce amyloid-p deposition by modulating calpain-1 signaling and
autophagy, rescuing cognitive impairment in 5XFAD mice. Cell. Mol. Life Sci. 79, 408 (2022).

54. PercieduSert, N. et al. The ARRIVE guidelines 2.0: Updated guidelines for reporting animal research. PLoS Biol. 18, 3000410
(2020).

55. Szklarczyk, D. et al. The STRING database in 2021: customizable protein-protein networks, and functional characterization of
user-uploaded gene/measurement sets. Nucleic Acids Res. 49, D605-D612 (2021).

56. Dennis, G. et al. DAVID: Database for annotation, visualization, and integrated discovery. Genome Biol. 4, R60 (2003).

57. Dai, Z. et al. Gene expression profiles and pathway enrichment analysis of human osteosarcoma cells exposed to sorafenib. FEBS
Open Biol. 8, 860-867 (2018).

58. Han, H. et al. TRRUST v2: An expanded reference database of human and mouse transcriptional regulatory interactions. Nucleic
Acids Res. 46, D380-D386 (2018).

Acknowledgements

This study was supported by PID2019-106285RB, PDC2021-121096 MDM-2017-0729 funded by MCIN/AEI
/10.13039/501100011033; 2017SGR106 (AGAUR, Catalonia). J.C.-A. acknowledge Ministry of Economy and
Competitiveness (MINECO) for her FPI (MDM-2017-0729) fellowship. A.L.T. acknowledges a PhD fellowship
(FPU Grant) from the Spanish Ministerio de Educacion, Cultura y Deporte.

Author contributions

C.G.-F. and M.P. conceived the idea. ].C.-A. and C.G.-F. designed the experiments. A.L.T. and S.V. synthesized
and purified the compounds. J.C.-A. carried out the experiments. J.C.-A. and C.G.-E analysed the data. The
first draft of the manuscript was written by J.C-A. C.G-F, M.P. and J.C.-A. wrote the definitive manuscript with
feedback from all the authors and all authors commented on previous versions of the manuscript. All authors
read and approved the final version of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-22963-x.

Correspondence and requests for materials should be addressed to M.P. or C.G.-E
Reprints and permissions information is available at www.nature.com/reprints.

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

Scientific Reports|  (2022) 12:17908 | https://doi.org/10.1038/s41598-022-22963-x nature portfolio


https://doi.org/10.1038/s41598-022-22963-x
https://doi.org/10.1038/s41598-022-22963-x
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons 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 licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence 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 licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports|  (2022) 12:17908 | https://doi.org/10.1038/s41598-022-22963-x nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Glial cell reactivity and oxidative stress prevention in Alzheimer’s disease mice model by an optimized NMDA receptor antagonist
	Results
	NMDAR antagonist treatments modified CaNNFATc1 signaling pathway in 5XFAD mice. 
	UB-ALT-EV and memantine treatments reduced hippocampal astrogliosis in 5XFAD mice. 
	Differential expression levels of microglial markers after UB-ALT-EV or memantine treatment in 5XFAD mice. 
	UB-ALT-EV treatment changed the expression of proinflammatory (M1) phenotype microglial markers in 5XFAD mice. 
	UB-ALT-EV treatment increased gene expression of microglial markers (M2 phenotype) together with neurotrophins and reduced iNOS gene expression in 5XFAD mice. 
	UB-ALT-EV treatment regulates genes associated with OS response in 5XFAD mice. 

	Discussion
	Methods
	Animals and treatment. 
	RNA extraction and gene expression determination. 
	Real-time quantitative PCR array. 
	Hierarchical clustering. 
	Protein–protein interaction network and functional annotation. 
	Protein level determination by Western blotting. 
	Immunofluorescence assay. 
	Image acquisition and analysis. 
	Data acquisition and statistical analysis. 

	References
	Acknowledgements


