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SUMMARY

Cognitive impairment (Cl) is a disabling concomitant of multiple sclerosis (MS) with a complex and controver-
sial pathogenesis. The cytokine interleukin-17A (IL-17A) is involved in the immune pathogenesis of MS, but its
possible effects on synaptic function and cognition are still largely unexplored. In this study, we show that the
IL-17A receptor (IL-17RA) is highly expressed by hippocampal neurons in the CA1 area and that exposure to
IL-17A dose-dependently disrupts hippocampal long-term potentiation (LTP) through the activation of its
receptor and p38 mitogen-activated protein kinase (MAPK). During experimental autoimmune encephalomy-
elitis (EAE), IL-17A overexpression is paralleled by hippocampal LTP dysfunction. An in vivo behavioral
analysis shows that visuo-spatial learning abilities are preserved when EAE is induced in mice lacking IL-
17A. Overall, this study suggests a key role for the IL-17 axis in the neuro-immune cross-talk occurring in
the hippocampal CA1 area and its potential involvement in synaptic dysfunction and MS-related CI.

INTRODUCTION

Multiple sclerosis (MS) is a chronic disease of the central nervous
system (CNS) that affects mainly young adults and is pathologi-
cally characterized by the presence of inflammation, demyelin-
ation, and neuro-axonal damage (Reich et al., 2018). During its
course, MS is responsible for accumulating neurological
disability due to the involvement, since the earliest phases, of
different functional systems, from motor function to cognition
(Reich et al., 2018). The presence of cognitive impairment (Cl)
has been overlooked for a long time in people with MS (Del.uca
etal., 2015), butitis now clearly recognized as a frequent and im-
pactful feature of the MS clinical picture, with a significant detri-
mental effect on many key aspects of daily life, ranging from
employability to social relationships and physical independence
(DeLuca et al., 2015). The pathogenesis of MS-related cognitive
dysfunction is complex and far from being definitely elucidated
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(Di Filippo et al., 2018), and it seems to rely on a scenario
involving different mechanisms (Rocca et al., 2015). The pres-
ence of focal white matter demyelinating lesions, together with
pathological changes to normally appearing white matter, is
thought to play a “disconnecting” effect between brain areas
playing crucial cognitive functions (Dineen et al., 2009; Hulst
etal., 2015; Preziosa et al., 2016). At the same time, specific roles
are also played by focal cortical lesions (Calabrese et al., 2009;
Harrison et al., 2015), diffuse cortical atrophy (Calabrese et al.,
2009; Steenwijk et al., 2016), and atrophy of strategic cortical
and subcortical gray matter structures, such as the hippocam-
pus (Planche et al., 2018), the thalamus (Bergsland et al.,
2016), and the cerebellum (Cocozza et al., 2017).

Together with the structural and intertwined damage to the
gray and the white matter, it has been hypothesized that a path-
ogenic role in MS-related cognitive dysfunction may be played
by a an immune-mediated disruption of synaptic plasticity (Di
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Filippo et al., 2008, 2018), which is the putative synaptic base of
memory processes (Nicoll, 2017). Indeed, the main form of syn-
aptic plasticity in the mammalian brain, named long-term poten-
tiation (LTP), has been found to be impaired in experimental
models of MS (Di Filippo et al., 2015). Human studies have
confirmed a dysfunctional cortical plasticity in cognitively
impaired people with MS, as explored with transcranial magnetic
stimulation (TMS) (Mori et al., 2012).

The identification of the specific immune molecule and/or
cellular mechanism responsible for the observed impairment of
synaptic plasticity would allow the design of tailored therapeutic
strategies to counteract the MS-related immune-mediated syn-
aptopathy, with implications for the treatment of Cl and disease
progression. Among the different immune cells with a demon-
strated immunopathogenic role during MS, great attention has
been recently directed toward T-helper 17 (Th17) lymphocytes, a
subtype of pro-inflammatory lymphocytes mainly secreting inter-
leukin-17A (IL-17A) (Moynes et al., 2014), acting on its specific re-
ceptor (IL-17R) expressed by immune, glial, and neuronal cells
(Moynes et al., 2014). Infiltrating Th17 cells can be detected in
the CNS in the earliest phases of experimental (Murphy et al.,
2010) and human MS (Tzartos et al., 2008). Although the immuno-
pathogenic role of IL-17A has been clearly demonstrated (Murphy
et al., 2010; Tzartos et al., 2008; Zepp et al., 2011), the potential
detrimental effects of this cytokine on synaptic function are still
largely unexplored. The aim of our study was to investigate the
specific effects of IL-17A on the expression of hippocampal syn-
aptic plasticity in order to define its potential role in the pathogen-
esis of MS-related CI.

RESULTS

IL-17A is able to dose-dependently block hippocampal
LTP

In order to investigate the possible effects of IL-17A on hippo-
campal synaptic plasticity, we performed electrophysiological
recordings in the hippocampal CA1 area after exposing control
brain slices to increasing IL-17A concentrations (2, 10, and
20 ng/mL). Extracellular CA1 hippocampal field excitatory post-
synaptic potential (fEPSP) recordings showed that the exposure
of the slices to 2 ng/mL IL-17A did not alter LTP (p > 0.05, Fig-
ure 1A), whereas higher IL-17A concentrations blocked LTP in-
duction in a dose-dependent manner (10 ng/mL, p < 0.05 [Fig-
ure 1B]; 20 ng/mL, p < 0.001 [Figures 1C and 1D]). The
analysis of basal hippocampal synaptic transmission through
input/output analysis revealed no differences between control
slices and slices exposed to 20 ng/mL IL-17A (p > 0.05; Fig-
ure 1E), whereas paired-pulse facilitation (PPF) at a 50-ms inter-
val showed a slightly reduced S2/S1 ratio, in the absence of sta-
tistical significance (p > 0.05; Figure 1F). The alteration of
hippocampal LTP after exposure to 20 ng/mL IL-17A was
confirmed by also applying the theta-burst stimulation (TBS) in-
duction protocol for LTP (p < 0.05; Figure S1A). Patch-clamp re-
cordings of CA1 pyramidal cells demonstrated that 20 ng/mL IL-
17A did not alter electric membrane properties with respect to
control conditions (Figure S1B) and confirmed its ability to block
the induction of LTP (p < 0.05; Figure S1C).
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The synaptic effects of IL-17A are mediated by the
activation of IL-17RA and p38 mitogen-activated protein
kinase (MAPK)

The IL-17A-dependent disruption of hippocampal LTP could
be related either to the activation of its specific receptor or
to a “non-specific” detrimental effect of the cytokine on syn-
apses and neurons. In order to investigate this issue, we per-
formed fEPSP recordings in the hippocampal CA1 region of a
genetic murine model lacking the IL-17RA (IL-17RA knockout
[KO] mice [IL-17RA™"]). We found that the exposure of brain
slices obtained from mice lacking the IL-17RA to 20 ng/mL IL-
17A did not influence the induction of synaptic potentiation
(p > 0.05; Figure 2A), suggesting that IL-17A influences hip-
pocampal synaptic plasticity through the activation of its
specific intermembrane receptor. We then investigated the
molecular transduction pathway involved in the IL-17A-
dependent block of hippocampal LTP. The interaction be-
tween IL-17A and its receptor is known to induce the activa-
tion of intracellular p38 MAPK (Li et al., 2019; Xu and Cao,
2010; Zepp et al., 2011) that, in turn, is responsible for the
different cellular effects exerted by this pro-inflammatory
cytokine (Wagner and Nebreda, 2009; Zepp et al., 2011). In
order to demonstrate a role of this kinase in the observed
IL-17A-mediated-synaptopathy, we performed a western
blot analysis of total (p38) and phosphorylated (p-p38) p38
MAPK in hippocampal slices exposed to 20 ng/mL IL-17A
or standard artificial cerebrospinal fluid (ACSF) for 1 h, as in
the electrophysiological protocol. Interestingly, the phosphor-
ylation of p38 was significantly increased after exposure to
20 ng/mL IL-17A (p < 0.05; Figure 2B), with no significant dif-
ference in the total level of p38 MAPK between the two
groups (p > 0.05; Figure 2B). Considering this evidence, we
tested if the pharmacological inhibition of p38 MAPK by
in vitro exposure to SB 202190 was able to counteract the
synaptic detrimental effects of IL-17A. Extracellular record-
ings of hippocampal fEPSP showed that the co-exposure to
IL-17A and SB 202190 is able to prevent the IL-17A-depen-
dent disruption of LTP (p < 0.05; Figure 2C). Of note, the iso-
lated application of SB 202190 did not alter the physiological
induction of hippocampal LTP under control conditions (Ctrl:
n =5, 181.72% =+ 13.53%; 20 pyM SB 202190: n = 6,
171.06% + 11.98%; p > 0.05). The obtained results support
the hypothesis that the activation of the IL-17RA transduction
pathway can influence hippocampal synaptic plasticity, with a
specific role played by p38 MAPK.

Altered synaptic plasticity is paralleled by increased
IL-17A levels during experimental autoimmune
encephalomyelitis (EAE)

In order to investigate the possible upregulation of the IL-17 axis
in an experimental model of MS, we performed a parallel analysis
of synaptic plasticity and hippocampal IL-17A levels at two
different time points of chronic-relapsing experimental autoim-
mune encephalomyelitis (crEAE) by using electrophysiological
recordings and an independent ELISA assay. The levels of hip-
pocampal IL-17A were found to be significantly higher than
those under control conditions during the acute clinical
phase of crEAE (acute crEAE, days 15-18 post-inoculation
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[p.i.]) (p < 0.05; Figure 3A). At the same time point, hippocampal

plasticity, as previously demonstrated (Di Filippo et al., 2013),
was found to be altered with respect to control conditions (p <
0.001; Figure 3B). The alteration of hippocampal LTP was
confirmed by also applying the TBS induction protocol for LTP
during the acute phase of EAE (p < 0.001; Figure S1A).
Conversely, later in the disease course (recovery crEAE,
>30 days p.i.), hippocampal IL-17A levels were characterized
by a decrement toward control levels (p > 0.05; Figure 3A), and
plasticity at the same time point was found to be normally ex-
pressed (recovery crEAE versus Ctrl: p > 0.05; recovery crEAE
versus acute crEAE: p < 0.05; Figure 3B). Collectively, these re-
sults demonstrate the co-occurrence of hippocampal LTP
impairment and IL-17A overexpression in the hippocampus of
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Figure 1. Hippocampal LTP is dose-depen-
dently blocked by exposure to IL-17A

(A-C) Graphs showing the time-course of the
fEPSP slope recorded from the hippocampal CA1
area under control conditions (Ctrl, light-blue-filled
circles) and after exposure to increasing doses of
IL-17A. (A) Ctrl: n =7, 162.11% =+ 3.66%; IL-17A,
2 ng/mL (blue-filled triangles): n = 10, 148.66% =+
9.55%. (B) Ctrl: n = 8, 161.45% + 6.59%; IL-17A,
10 ng/mL (blue-filled squares): n = 9, 135.38% =+
7.79%. (C) Ctrl: n = 8, 167.22% + 8.72%; IL-17A,
20 ng/mL (blue-filled circles): n = 13, 125.32% =+
5.38%. Example fEPSP traces on the left were
acquired before and after the HFS protocol. Note
the disruption of hippocampal LTP induction in
slices exposed to IL-17A 10 ng/mL (B) and 20 ng/
mL (C).

(D) Graph showing the dose-dependent relation-
ship occurring between IL-17A concentrations and
the fEPSP slope recorded 50 min after HFS.

(E and F) Graph showing the input-output curve (E)
and 50-ms paired-pulse facilitation (F) recorded
from the hippocampal CA1 area under control
conditions (Ctrl, light-blue-filled circles) and after
exposure to 20 ng/mL IL-17A (blue-filled circles).
(E) Ctrl: n=5; IL-17A, 20 ng/mL: n=7. (F) Ctr: n =
10, ratio S2/S1 of 1.26 + 0.04; IL-17A, 20 ng/mL:
n = 10, ratio S2/S1 of 1.16 + 0.02. HFS, high-fre-
quency stimulation. Data are presented as the
mean + SEM (*p < 0.05; **p < 0.001).

crEAE mice during the acute inflamma-
tory phase, with a subsequent recovery
paralleled by a reduction in IL-17A levels.

Acute in vitro blockade of IL-17A
ameliorates synaptic deficits during
EAE

In order to confirm the potential involve-
ment of the IL-17A pathway in EAE-
related synaptopathy, we investigated if
the in vitro exposure to antibodies (Ab)
blocking the cytokine was able to influ-
ence the impairment of LTP. To this aim,
we exposed brain slices obtained from

acute crEAE mice to 1 pg/mL anti-IL-17A Ab for 1 h and then per-
formed electrophysiological recordings, showing a partial recov-
ery of LTP (0.001 < p < 0.01; Bonferroni Post hoc test: p < 0.001
during the early LTP phase; Figure 3C). This evidence suggests
that even a short-term blockade of the IL-17 axis prior to the
high frequency stimulation (HFS) protocol is able to partially
counteract plasticity loss during neuroinflammation, further
identifying this molecule and its downstream pathway as poten-
tial targets for therapeutic approaches aimed at preserving plas-
ticity during MS. Exposure of brain slices to control immunoglob-
ulin G (IgG) (1 pg/mL for 1 h) did not influence hippocampal LTP
during pathological neuroinflammation (EAE, n = 7, 126.61% =+
7.42%; EAE plus control IgG, n =6, 127.82% + 9.88%; p > 0.05).
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Figure 2. The synaptic effects of IL-17A are
mediated by IL-17RA and p38 MAPK activa-
tion

(A) Graph showing the time-course of the fEPSP
slope recorded from the hippocampal CA1 area in
IL-17RA™/~. Exposure to 20 ng/mL IL-17A does
not modify synaptic potentiation (LTP) in IL-
17RA~’~ mice (IL-17RA™~ [blue-filled circle]: n =5,
160.99% + 6.80%; IL-17RA~/~ plus IL-17A 20 ng/
mL [red-filled circles]: n = 8, 163.98% =+ 5.79%).
Example fEPSP traces on the left were acquired

® Ctrl
® [L-17A 20 ng/ml

20 30 40 50 60
Time (min)
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LI

before and after the HFS protocol.

(B) Western blot analysis of total (p38) and phos-
phorylated p38 (p-p38) in hippocampal slices
exposed for 1 h to 20 ng/mL IL-17A (on the left) and
densitometric quantification of changes in gray
201 e values (on the right) (p38/GAPDH: ACSF [blue]:n=7,
100 + 3.89; IL-17A 20 ng/mL [red]: n = 7, 97.43 +
8.39; p-p38/p38: ACSF [blue]: n =7,99.71 + 11.02;
IL-17A 20 ng/mL [red]: n = 7, 164.3 + 24.68).

(C) The co-exposure to a p38 MAPK inhibitor,
20 pM SB 202190, and 20 ng/mL IL-17 is able to
rescue the LTP disruption induced by 20 ng/mL IL-
17A alone in control mice (IL-17A 20 ng/mL [blue-
filled circles]: n = 7, 118.56% + 8.72%; IL-17A
20 ng/mL plus 20 uM SB 202190 [green-filled cir-
cles]: n =6, 172.42% + 13.49%). Example fEPSP
traces on the left were acquired before and after
the HFS protocol. Data are presented as the mean
+ SEM (*p < 0.05).
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Behavioral tests demonstrate preserved learning
processes in EAE mice lacking IL-17A

It has been already shown that the pathogenic process charac-
terizing EAE is able to induce cognitive/behavioral deficits at
different time points during the course of the disease (Di Filippo
et al., 2018), even before the development of clinical motor def-
icits (Dutra et al., 2013). In order to investigate the contribution of
IL-17A on EAE-related Cl, we induced the experimental disease
in mice lacking IL-17A (IL-17A~") and assessed their memory
performance through an open-field hole-board test, which has
been used to assess hippocampal-based cognitive tasks (Di Fil-
ippo et al., 2016; Lemon and Manahan-Vaughan, 2006). In this
test, the reduction of the total number of head-dipping into holes
(hole exploration) between the first and the second session is
considered an expression of learning and recognition (Di Filippo
et al., 2016; Lemon and Manahan-Vaughan, 2006). We analyzed
the performance of four different experimental groups, as fol-
lows: control wild-type mice (Ctrl), mice lacking IL-17A (IL-
17A~'7), wild-type mice affected by EAE (EAE), and mice lacking
IL-17A affected by EAE (EAE IL-17A~7). In order to avoid poten-
tial confounding factors due to EAE-related motor deficits, we
performed the test in the early pre-motor phase of the experi-
mental disease (10-12 days p.i.), when the neurological disability
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y T T T y LTP induction was found to be already
impaired despite the absence of clinically
detectable motor deficits (0.001 < p <
0.01; Figure S1D). It should be noted
that other studies reported that mice lacking IL-17A are partially
resistant to EAE induction (Komiyama et al., 2006; McGinley
etal., 2020), whereas others suggested a minor role in the course
of experimental disease (Haak et al., 2008). Interestingly, in mice
of the EAE group (n = 10), we found a slightly earlier onset of the
disease motor signs with respect to the EAE IL-17A~'~ group (n =
10) (EAE: disease onset at 15.89 + 0.45 days p.i.; EAE IL-17A
disease onset at 16.37 + 0.26 days p.i.). However, the mean
neurological disability score at disease peak was not signifi-
cantly different between the two groups (EAE: n = 10, 1.15 =
0.46; EAE IL-177A~"": n =10, 1.00 = 0.24; p > 0.05). Differences
in the induction protocols and experimental conditions might ac-
count for the reported various outcomes of EAE induction in mice
lacking IL-17A. A behavioral analysis showed that both Ctrl and
IL-17A~'~ mice without the experimental disease were charac-
terized by a significantly reduced number of hole explorations
when re-exposed to the hole-board compared with their initial
performance (session |l versus session |, p < 0.001; Figure 4A),
suggesting the occurrence of learning processes. Conversely,
in wild-type mice affected by EAE, there was no significant differ-
ence in the number of hole explorations after hole-board re-
exposure (session Il versus session |, p > 0.05; Figure 4A), con-
firming the presence of context recognition deficits in this model.
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Figure 3. Synaptic plasticity deficits and
expression levels of IL-17A in the hippo-
campus

(A) Graph showing ELISA assays of hippocampal
IL-17A levels under control conditions, during
acute crEAE and recovery crEAE (Ctrl [light blue]:
n=7,77.14 + 6.48 pg/mL; acute crEAE [red]: n =
10, 105.8 + 9.68 pg/mL; recovery crEAE [green]:
n =6, 77.67 + 14.07 pg/mL).

(B) Graph showing the time-course of the fEPSP
slope recorded from the hippocampal CA1 area
under control conditions, in mice affected by the
acute relapsing phase of crEAE and by the late
recovery phase of crEAE (Ctrl [light-blue-
filled circles]: n = 13, 188.52% =+ 8.13%; acute
crEAE [red-filled circles]: n = 15, 144.20% =+
8.66%; recovery crEAE [green-filled circles]: n =
11, 177.06% + 7.51%; acute crEAE versus Ctrl:
p < 0.001). Example fEPSP traces on the left
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The impaired performance was reversed when EAE was induced
in IL-17A~~ mice, which indeed showed a significantly reduced
number of hole exploration in the second session compared to
that of the first one (session Il versus session |, p < 0.001; Fig-
ure 4A). Accordingly, the percent reduction of hole explorations
between the second and the first hole-board sessions showed a
statistically significant difference between the EAE group and the
other groups (EAE versus EAE IL-17A~~: 0.001 < p < 0.01; EAE
versus Ctrl: p < 0.05; EAE versus IL-17A~'": p < 0.05; Figure 4B).
All of these results suggest that the absence of IL-17A is associ-
ated with preserved learning processes during EAE. The analysis
of the mean motor performance during the hole-board test, ex-
pressed as the number of crossings among four equal-sized
squares in which the arena was divided, revealed no significant
difference between the two groups with the experimental dis-
ease (EAE versus EAE IL-17A™/~, p > 0.05) (Figure 4C). It should
be noted that, even in the absence of clinically evident motor def-
icits, both of the groups affected by EAE displayed a reduced
horizontal activity with respect to healthy mice (Ctrl versus
EAE: 0.001 < p < 0.01; IL-177A~/~ versus EAE IL-17A~/:
0.001 < p < 0.01; Figure 4C). This observation could rely on the
presence of an inflammation-related behavior with altered basal
exploration occurring during the experimental disease.

Expression patterns of IL-17A and IL-17RA in different
cell types suggest a direct neuro-immune interaction in
the hippocampus

In order to characterize the cellular cross-talk underlying the syn-
aptic effects of IL-17A, we investigated the specific localization
of the cytokine and its receptor in the hippocampal CA1 region
as well as their phenotypic expression through triple or double
immunofluorescence for IL-17A or IL-17RA with NeuN, a
neuronal marker; glial fibrillary acidic protein (GFAP), an astro-
cyte marker; and Iba-1, a microglia marker. The results showed
that, both in control (Ctrl) and acute crEAE mice, II-17A co-local-
izes with lba-1-positive microglia (Figures 5A and 5B) but not
with the neuronal marker NeuN (Figures 5C and 5D) and the
astrocyte marker GFAP (Figures 5E and 5F), as confirmed by
co-localization analyses (Table 1). This result is in line with exist-
ing literature that showed that microglial cells can produce IL-
17A after being exposed to interleukin-23 (IL-23) or interleukin-
1B (IL-1B) (Kawanokuchi et al., 2008). Conversely, IL-17RA was
primarily expressed on CA1 neurons (Figures 6A and 6B) and
in fine processes of some GFAP-positive astrocytes (Figures
6A and 6B) but not in Iba-1-positive microglia (Figures 6C and
6D), as confirmed by co-localization analyses (Table 1). Of
note, the specificity of the anti-IL17RA staining was confirmed
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Figure 4. The performance in the hole-board learning test is pre-
served in EAE mice lacking IL-17A

(A) Histograms showing the hole exploration activity as the number of head-
dippings during a 2-session hole-board test in control wild-type mice
(white), wild-type mice affected by EAE (red), IL-17A~/~ mice (light blue),
and IL-17A~/~ mice affected by EAE (blue) (Ctrl: n = 10; | session: 80.3 + 7.36; Il
session: 38.8 + 5.18; EAE: n = 8; | session: 30.50 + 5.69; Il session: 22.25 +
2.71; 1L-1 7A~":n=1 1; I session: 86.91 + 3.54; |l session: 47.09 + 3.65; EAE IL-
17A~": n = 10; | session: 67.40 + 4.38; |l session: 29.10 = 4.05).
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by performing immunofluorescence in mice lacking IL-17RA
(Figure S2A). This differential localization of IL-17A and IL-
17RA in CA1 hippocampal cell types seems to suggest that
IL17 primarily produced by microglial cells could directly act
on IL-17RA neuronal receptors, supporting a key role of this
molecule in the hippocampal neuro-immune cross-talk. More-
over, we assessed the p-p38 MAPK expression level in CA1 of
both control and acute crEAE mice. In line with the hypothesis
of an IL-17RA-dependent activation of p38 MAPK in hippocam-
pal neurons during neuroinflammation, we observed that the
p-p38 MAPK expression level in CA1 of control mice was almost
absent, whereas it was higher in crEAE mice (Figure S2B).
Furthermore, a confocal analysis demonstrated that p-p38
MAPK was expressed in CA1 hippocampal neurons during
crEAE (Figure S2B). Lastly, a densitometric analysis of the IL-
17A and IL-17RA expression level in CA1 showed that acute
crEAE mice were characterized by higher IL-17A expression
levels than controls in the hippocampus (p < 0.0001; Figure 5G)
and other brain areas such as the motor cortex and the thalamus
(p < 0.0001). No differences were observed with regard to IL-
17RA expression between crEAE and Ctrl mice (p > 0.05; Fig-
ure 5H). This latter result suggests an important role of activated
microglia as a cellular source of the increased IL-17A levels in the
hippocampal CA1 area during the acute phase of the experi-
mental disease.

DISCUSSION

For a long time, the CNS was considered an immune-privileged
“sanctuary,” with a subsequent underestimation of the influence
exerted by immune cells on neuronal and synaptic function. Dur-
ing the last decades, it has been established that the immune
system and neural networks are characterized by a continual
cross-talk with a significant effect on human cognition and
behavior, both during physiological and pathological conditions
(Dantzer et al., 2008; Di Filippo et al., 2008). The secretion of im-
mune mediators during neuro-inflammatory processes has the
potential to influence synaptic/neuronal function, contributing
to disabling symptoms of MS, such as CI (Di Filippo et al.,
2018). In this scenario, synaptic LTP represents an interesting
plastic phenomenon to be analyzed because it displays all of
the expected hallmarks for a biological learning process (Nicoll,
2017) and participates in the formation of synaptic connectivity
maps and memory engrams (Asok et al., 2019) in parallel with
cell-autonomous changes in membrane excitability (Titley
et al., 2017).

(B) Graph showing the percent reduction of total head-dippings between the
first and the second session during the hole-board test in all the four experi-
mental groups (Ctrl [white]: n = 10, 52.06% =+ 4.53%; EAE [red]: n = 8, 13.89%
+17.21%; IL-17A~"~ [light blue]: n = 11, 45.89% =+ 3.51%; EAE IL-17A~/~
[blue]: n =10, 56.79% =+ 5.42%).

(C) Graph showing the mean horizontal locomotor activity of the four experi-
mental groups during the test (Ctrl [white]: n = 10, 63.4 + 5.04; EAE [red]: n =8,
37.69 + 3.45; IL-17A~ [light blue]: n = 11, 68.45 = 4.25; EAE IL-17A~"~ [blue]:
n = 10, 46.30 + 4.76). Data are presented as the mean + SEM (*p < 0.05;
**0.001 < p < 0.01; **p < 0.001).
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In this work, we show that hippocampal synaptic plasticity is
dose-dependently disrupted by IL-17A. The immunopathogenic
view of MS has significantly changed during the last decades,
turning from the Th1/Th2-centered classical paradigm to a
more complex scenario involving IL-17-producing Th cells (Ros-
tamiand Ciric, 2013; Waisman et al., 2015). The molecular mech-
anisms underlying IL-17A effects are still under investigation,
and interestingly, this cytokine could be involved in a wider
and more complex neuro-immune interaction. Indeed, it has
been demonstrated that IL-17A can act directly on neurons to
alter their sensory response, modulating the behavior of Caeno-
rhabditis elegans (Chen et al., 2017). Moreover, IL-17A can nega-
tively modulate hippocampal neurogenesis, and the lack of this
cytokine is associated with enhanced intrinsic neuronal excit-
ability and basal excitatory synaptic transmission in the hippo-
campal dentate gyrus (DG) (Liu et al., 2014). This evidence sup-
ports a role for IL-17A in shaping neuronal development and
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Figure 5. Hippocampal expression of IL-17A
under control conditions and during the
acute phase of crEAE

(A and B) Immunofluorescence double labeling of
IL-17A (red) with microglia marker Iba-1 (green)
and 4',6-diamidino-2-phenylindole (DAPI) coun-
terstaining (blue) in the CA1 hippocampal region of
control (Ctrl) and acute crEAE mice showing the IL-
17A co-localization with Iba-1-positive microglia.
Each box of (A) and (B) shows images that repre-
sent the area of interest for the higher magnifica-
tion of the three underlying images (single and
merged images).

(C and D) Immunofluorescence double labeling of
IL-17A (red) with the neuronal marker NeuN (green)
and DAPI counterstaining (blue) in the CA1 hip-
pocampal region of Ctrl and acute crEAE mice
showing the lack of co-localization between IL-17A
and NeuN. Each box of (C) and (D) images repre-
sents the area of interest for the higher magnifi-
cation of the three underlying images (single and
merged images).

(E and F) Immunofluorescence double labeling of
IL-17A (red) with the astrocyte marker GFAP
(green) and DAPI counterstaining (blue) in the CA1
hippocampal region of Ctrl and crEAE mice
showing the lack of co-localization between IL-17A
and GFAP. Each box of (E) and (F) images repre-
sents the area of interest for the higher magpnifi-
cation of the three underlying images (single and
merged images). The scale bars represent 50 um
(A, B, C, D, E, and F), 20 um (boxes of C, D, E, and
F), and 15 um (boxes of A and B).

(G and H) Histograms of the densitometric analysis
of IL-17A (G) and IL-17RA (H) immunoreactivity in
the CA1 of Ctrl and acute crEAE mice. The F/A ratio
defines the mean fluorescence of individual sam-
ples (F) normalized to total surface (A). Ctrl and
crEAE: n =5 animals (10 samples/animal). Data are
presented as the mean + SEM (***p < 0.0001).

functions, which goes beyond its immu-

nological activities. Interestingly, recent

work showed that a subset of menin-

geal-resident vd T cells exerts a physio-
logical role in cognition, through the secretion of IL-17A (Ribeiro
et al., 2019). Specifically, the absence of IL-17A was not associ-
ated with abnormal hippocampal synaptic plasticity under con-
trol conditions, but the cytokine was found to be required to ex-
press hippocampal LTP after a short-term memory task (Ribeiro
et al., 2019). All of these observations, together with our results,
suggest that IL-17A may act as a bi-modal synaptic modulator,
similarly to other soluble immune mediators, such as IL-18 (Di Fil-
ippo et al., 2008, 2016; Schneider et al., 1998). IL-17Ais required
at low concentrations for physiological synaptic function and be-
comes detrimental to synapses and cognition when overex-
pressed following inflammatory stimuli or pathological condi-
tions such as MS.

We found several elements suggesting a link between IL-
17A and hippocampal dysfunction during neuroinflammatory
processes. The acute relapsing phase of crEAE was indeed
characterized by a significant increase in IL-17A expression,
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Table 1. Markers of co-localization in hippocampal CA1 region of
control (Ctrl) and EAE mice

CCP of:
Markers of co-localization Ctrl crEAE
IL-17A/GFAP 0.0184 0
IL-17A/Iba-1 0.1617 0.4601
IL-17A/NeuN 0 0
IL-17RA/GFAP 0.0433 0.2357
IL-17RA/Iba-1 0.0284 0.0264
IL-17RA/NeuN 0.4307 0.3944

To examine the degree of co-localization between IL-17A or IL-17RA and
Iba-1, NeuN, and GFAP in the hippocampal CA1 region of Ctrl and crEAE
mice, the correlation coefficient of Pearson (CCP) was used (Zeiss
LSMB800 software). The coefficient range is 0 to + 1 with 0 corresponding
to non-overlapping and 1 reflecting 100% co-localization. Higher CCP
values correspond to a strong co-localization.

paralleled by a disruption of hippocampal LTP, that was lately
recovered together with a reduction of the cytokine levels in
the hippocampus. These results suggest that the dynamic
changes of synaptic function that characterize EAE occur in a
strict temporal relationship with fluctuations in IL-17A expression
levels. In line with this evidence, the in vitro short-term treatment
with anti-IL-17A Ab was found to ameliorate hippocampal syn-
aptic plasticity alterations. Notably, the beneficial effects of
IL17 axis blockade on LTP expression were, although statisti-
cally significant, only partial and more evident in the early LTP
phase. This could be due to at least two main reasons. First,
IL-17A might not be the only soluble immune molecule exerting
a negative effect on synaptic function, but more likely, it could
act in concert with other cytokines and/or oxygen radicals (Di Fil-
ippo et al., 2018). Second, an in vitro short-term inhibition (1 h) of
the IL-17 axis with Ab may not be sufficient to reverse all the
downstream cellular effects already triggered by the prolonged
exposure of the brain tissue to pathological concentrations of
the cytokine.

IL-17A induces its effects via the IL-17R family of receptors
(which are composed of homo- or heterodimeric subunits),
most commonly through IL-17RA (Ely et al., 2009). The negative
effects exerted by IL-17A on LTP induction were found to be
mediated by the specific activation of its receptor and, among
the downstream pathways activated by IL-17RA, by the kinase
p38 MAPK. The exposure of brain slices to IL-17A was indeed
found to result in the phosphorylation of the kinase, and the
pharmacological blockade of p38 MAPK was able to reverse
the synaptic deficits induced by the cytokine. The activation
of IL-17RA leads to an amplification of the inflammatory pro-
cess. Among the different actors involved in this transduction
pathway, p38 MAPK and nuclear factor kappa B (NF-«kB)
seem to play a crucial role (Xu and Cao, 2010; Zepp et al.,
2011). The MAPK family members are indeed implicated in
regulating a range of biological responses from cell prolifera-
tion, survival, differentiation, and migration to inflammation
and cancer, in a cell-context-specific and cell-type-specific
manner (Wagner and Nebreda, 2009). Specifically, p38 MAPK
is able to mediate the expression of pro-inflammatory factors,
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like cyclooxygenase 2 (COX2), and many other pro-inflamma-
tory cytokines, such as tumor necrosis factor-a (TNF-o), IL-
1B, and interleukin-6 (IL-6).

Because we found that IL-17RA is also expressed in fine pro-
cesses of some hippocampal astrocytes, one should consider
the possibility that IL-17A could induce the release by glial cells
of other mediators with a detrimental synaptic effect. However,
accumulating evidence (Chen et al., 2017; Reed et al., 2020;
Ribeiro et al., 2019) suggests that IL-17A might directly act
on the neuronal receptor to exert its functions as a neuro-
modulator. It has been shown that IL17R is expressed by hip-
pocampal neurons (Wang et al., 2009) and mice in which IL-
17RA was conditionally deleted on astrocytes and microglia
did not recapitulate the short-term memory abnormalities
seen in mice lacking IL-17A in all cell types (Ribeiro et al.,
2019), suggesting an effect of IL-17A on the neuronal cellular
populations. Similarly, it has been suggested that IL-17A is
able to influence the behavior of a mouse model of neurodeve-
lopmental disorder, acting through a direct modulation of IL-
17R-expressing neurons in the primary somatosensory cortex
(Reed et al., 2020). In line with this evidence, our quantitative
analysis of histochemical data showed that in the CA1 hippo-
campal area the IL-17RA is primarily expressed on hippo-
campal CA1 neurons and that increased levels of p-p38
MAPK can be found in hippocampal neurons during the acute
phase of crEAE, strengthening the link among IL-17A overex-
pression, neuronal IL-17RA activation, and hippocampal syn-
aptic plasticity disruption during neuroinflammatory disorders.

Interestingly, our results also show that the cellular source of
IL-17A in the CA1 hippocampal area is primarily represented by
microglial cells, pointing toward a role of this cytokine in the
communication between different cellular populations in the
hippocampal microenvironment not only during EAE but also
under physiological conditions. It has been proposed that the
production of IL-17A by microglial cells may be triggered by
the exposure to other pro-inflammatory cytokines, such as IL-
23 and IL-1B, or by the activation of the Toll-like receptor 2
(TLR-2) during CNS-damaging insults (Kawanokuchi et al.,
2008; Lv et al., 2011). The study of conditional transgenic mu-
rine models lacking IL-17RA in specific cellular populations
could represent a promising future line of research to better
define the mechanisms and consequences of IL-17A produc-
tion by glial cells.

Because synaptic plasticity represents the putative basis for
cognitive and memory processes, its disruption could result in
cognitive alterations. Indeed, spatial novelty recognition during
the hole-board test was found to rely on hippocampal synaptic
plastic changes (Lemon and Manahan-Vaughan, 2006), and the
EAE-dependent hippocampal synaptic dysfunction is coupled
with cognitive and behavioral alterations (Di Filippo et al.,
2018). In this work, we confirm that an impairment in behav-
ioral/cognitive abilities can be detected even before the onset
of the classical motor manifestations of the experimental dis-
ease, in parallel with altered synaptic plasticity in the hippo-
campus, and that it is reversed in the absence of IL-17A in
KO mice. In our experimental setting, in order to prevent a con-
founding effect of motor impairment on behavioral tests, con-
trol EAE mice and EAE IL-17A KO mice were tested at the
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same time point, before the onset of motor symptoms of the
disease, with a clinical score equal to 0. It has been shown
that when neurological disability is scored below 1.5, EAE ani-
mals usually retain maximum motor performance assessed
with Rotarod (van den Berg et al., 2016), thus limiting the influ-
ence of motor disability on behavioral tests. Of note, the pres-
ence of a hippocampal-dependent visuo-spatial learning
impairment during the course of EAE is supported by previous
work (Di Filippo et al., 2016; Kim et al., 2012), but the overall
cognitive performance might have been influenced by the pres-
ence of early EAE-related anxiety (Haji et al., 2012) and/or def-
icits in other cognitive domains (Olechowski et al., 2013). Over-
all, our results suggest that preventing the over-activation of
the IL-17 axis might counteract the hippocampal-dependent
cognitive deficits associated with the disease, and a thorough
evaluation of how IL-17A may differently modulate brain net-
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Figure 6. Hippocampal expression of IL-
17RA under control conditions and during
the acute relapsing phase of crEAE

(A and B) Immunofluorescence triple labeling of IL-
17RA (red) with neuronal marker NeuN (blue) and
astrocyte marker GFAP (green) in the CA1 hippo-
campal region of Ctrl and acute crEAE mice
showing the IL-17RA co-localization with NeuN
(asterisks) and with some fine processes of GFAP-
positive astrocytes (arrows).

(C and D) Immunofluorescence double labeling of
IL-17RA (red) with microglia marker Iba-1 (green)
and DAPI counterstaining (blue) in the CA1 hip-
pocampal region of Ctrl and acute crEAE mice
showing the lack of co-localization between IL-
17RA and Iba-1 (arrows). Each box of the top im-
ages is enlarged into four separate pictures (below)
with single and merged images. The scale bars
represent 50 um (A, B, C, and D) and 20 um
(enlarged boxes of A, B, C, and D). Ctrl and crEAE:
n = 5 animals (10 samples/animal).

works subserving other cognitive do-
mains and/or mood and behavior during
neuroinflammatory  processes could
represent a future interesting field of
research.

Interestingly, it has been shown that
serum levels of IL-17A are significantly
higher in individuals with MS-related CI
(Trenova et al., 2018), supporting the hy-
pothesis of the involvement of this cyto-
kine in the cognitive performance of hu-
man subjects, a possibility that needs
further investigations. Taken together,
the results of the present study confirm
the emerging key role of IL-17A in the
neuro-immune cross-talk occurring in
the hippocampal CA1 area. Also, they
demonstrate that this cytokine has the
potential to exert detrimental effects on
synaptic plasticity in the hippocampal cir-
cuit, suggesting new potential targets for
therapeutic strategies aimed at counteracting inflammatory syn-
aptopathy and impaired cognition during MS.

LIMITATIONS OF THE STUDY

The behavioral experiments that we performed suggest that the
induction of EAE in mice lacking IL-17A is associated with pre-
served cognitive abilities during the course of EAE, potentially
due to the lack of the detrimental effect that the overexpression
of this cytokine exerts on hippocampal synaptic plasticity.
However, it should be noted that the absence of IL-17A might
also result in a milder EAE course, which could per se explain
preserved cognitive functions in this experimental group. Our
experimental design indeed does not exclude the possibility
that a more intense brain and systemic inflammatory reaction
was present in wild-type EAE mice because this latter

Cell Reports 37, 110094, December 7, 2021 9




¢? CellPress

OPEN ACCESS

experimental group developed a slightly anticipated acute
phase of the disease with respect to EAE induced in IL-17A
KO mice. Moreover, the alteration of the IL-17 axis might alter
gut flora (Fleming et al., 2017), potentially acting as an additional
confounding factor for behavioral tests (Cryan and Dinan,
2012). The specific neuro-modulatory role played by IL-17A in
the CNS might be thus confirmed by future studies investigating
the cognitive and behavioral effects of in vivo treatments with
anti-IL-17A Ab or anti-p38 MAPK strategies, during the acute
relapsing phase of EAE, avoiding the potential confounding fac-
tor represented by systemic immune modulation linked to the
genetic manipulation of the IL-17 axis. At the same time, as
previously discussed, the investigation of transgenic models
selectively lacking IL-17RA in specific cell lines might help in
understanding if the synaptic effects of IL-17A are directly
triggered by the neuronal IL-17RA or rather induced by other
immune mediators released by glial cells, with known neuromo-
dulatory effects. To date, different immune cell types and solu-
ble mediators have been identified as potential actors in MS-
related synaptopathy. Future studies should help to untangle
the specific neuro-immune role played by the IL-17 axis in this
complex scenario.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-neuronal nuclei (NeuN) Merk Millipore Cat# MAB-377; RRID: AB_2298772
Rabbit anti-neuronal nuclei (NeuN) Merk Millipore Cat# ABN78; RRID: AB_10807945
Rabbit anti-IL-17RA Abcam Cat#ab180904; RRID: AB_2756838

Mouse anti-IL-17A

Mouse anti-IL-17A

Mouse IgG2a isotype control
Rabbit anti-GFAP

Goat anti-GFAP

Mouse anti Iba-1

Goat anti Iba-1

Rabbit anti p38 MAPK

Mouse anti p-p38 MAPK (Tyr 182)
Mouse anti-GAPDH
Neuro-Trace®640,/660 deep-red Fluorescent Niss| Stain
Alexa Fluor donkey anti-goat 488
Alexa Fluor donkey anti-rabbit 488
Alexa Fluor donkey anti-mouse 555
Alexa Fluor donkey anti-rabbit 555
Alexa Fluor donkey anti-mouse 647
Anti-mouse HRP

Anti-rabbit HRP

Santa Cruz Biotechnology
R&D Systems

R&D Systems

Merk Millipore

Abcam

Santa Cruz Biotechnology
Novusbio

Cell Signaling

Santa Cruz Biotechnology
Calbiochem

Invitrogen

Invitrogen

Invitrogen

Invitrogen

Invitrogen

Invitrogen

Cell Signaling

Cell Signaling

Cat# sc-374218; RRID: AB_10988239
Cat# MAB-721; RRID: AB_2125017
Cat# MAB-003; RRID: AB_357345
Cat# AB5804; RRID: AB_2109645
Cat# ab53554; RRID: AB_880202
Cat# sc-32725; RRID: AB_667733
Cat# NB100-1028; RRID: AB_521594
Cat# 8690; RRID: AB_10999090

Cat #sc-166182; RRID: AB_2141746
Cat# CB1001; RRID: AB_2107426
Cat# N21483

Cat# A-11055; RRID: AB_2534102
Cat# A-21206; RRID: AB_2535792
Cat# A-31570; RRID: AB_2536180
Cat# A-31572; RRID: AB_162543
Cat# A-31571; RRID: AB_162542
Cat# 7076; RRID: AB_330924

Cat# 7074; RRID: AB_2099233

Bacterial and virus strains

M. Tuberculosis dessicated H37Ra BD Difco laboratories Cat# 231141
M. Butyricum dessicated BD Difco laboratories Cat# 264010
Biological samples

Hippocampal brain slices Mice brain dissection N/A
Chemicals, peptides, and recombinant proteins

Freund’s adjuvant, incomplete Sigma-Aldrich Cat# F5506
Pertussis toxin from Bordetella pertussis Sigma-Aldrich Cat# P7208
Myelin oligodendrocyte glycoprotein 35-55 (MOGas.55) Cambridge Research Biochemicals Cat# crb1000205n
Recombinant mouse IL-17A R&D Systems Cat# 421-ML
DAPI Sigma-Aldrich Cat# D9542
SB 202190 Tocris Biosciences Cat# 1264
Critical commercial assays

Mouse IL-17A ELISA assays Duoset R&D system Cat# DY421
Experimental models: Organisms/strains

Biozzi ABH mice Internal breeding N/A
Wild-type C57BL/6 mice Charles River Laboratories Cat# 027C57BL/6
Genetic murine model lacking IL-17A Internal breeding N/A

Genetic murine model lacking IL-17RA Internal breeding N/A
Software and algorithms

AxonpCLAMP Electrophysiology Data Acquisition https://www.moleculardevices.com Version 10
Graphpad Prism https://www.graphpad.com Version 7
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REAGENT or RESOURCE SOURCE IDENTIFIER

CorelDRAW https://www.coreldraw.com/en/ 2021

Imaged software National Institutes of Health, https://rsb.info.nih.gov/ij/
Bethesda, MD, USA

iBright Imaging System Thermo Fisher Scientific CL750

Other

Axoclamp amplifier Axon Instruments 2B

Digidata Axon Instruments 1440A

Microplate reader TECAN Infinite M200

Confocal mycroscopy ZEISS LSM 800

Differential interference contrast (Nomarski) and Olympus BX51WiI

infrared microscopy

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Professor
Massimiliano Di Filippo (massimiliano.difilippo@unipg.it).

Materials availability
This study did not generate new unique reagents.

Data and code availability

o All data reported in this paper will be shared by the lead contact upon request.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals and induction of experimental autoimmune encephalomyelitis

Six to eight-week-old male Biozzi ABH mice, wild-type C57BL/6 mice and genetic murine models lacking IL-17A (IL-17A~"") or IL-17RA
(IL-17RA~/") obtained from the same genetic C57BL/6 background, were utilized for the electrophysiological recordings (wild-type lit-
termates have been used as controls for all the protocols involving mice lacking IL-17A or IL-17RA). A co-housing equilibration of at least
4 weeks was applied before experiments. All procedures involving animals were performed in conformity with the European Directive
2010/63/EU, in accordance with protocols approved by the Animal Care and Use Committee at the University of Perugia. Chronic-re-
lapsing experimental autoimmune encephalomyelitis (CrEAE in the main text) was chosen as experimental model of MS for the electro-
physiological and biochemical protocols assessing the acute and recovery phases of the disease, since it predictably follows a clinical
course reminiscent of human MS with an acute phase followed by clinical remission (Amor et al., 2005). crEAE was induced as previ-
ously described (Di Filippo et al., 2013, 2016). MOGgzs.55-induced EAE (EAE in the main text) was chosen as experimental model of MS
for the behavioral experiments involving mice lacking IL-17A (IL-17A~'~) obtained from C57BL/6 background. EAE was induced through
the subcutaneous inoculation of 200 png MOGgss.55 emulsified in Freund’s incomplete adjuvant, supplemented with 8 mg/ml
M. tuberculosis H37Ra at day 0. Mice were also intra-peritoneally injected with 500 ng of Pertussis toxin at day 0 and day 2. In both
the crEAE and EAE groups, animals were monitored and weighed daily, from day 10 post-inoculation (p.i.) onward, to assess the devel-
opment of relapsing-remitting paralysis. All efforts were made to minimize the number of animals used and their suffering.

METHOD DETAILS

Electrophysiology

For hippocampal recordings mice were sacrificed by cervical dislocation. The brain was dissected and immersed in ice-cold artificial
cerebrospinal fluid (ACSF) containing (in mM): 126 NaCl, 2.5 KClI, 1.2 MgCl,, 1.2 NaH,PQ,, 2.4 CaCl,, 10 glucose, and 25 NaHCO3,
continuously bubbled with 95% O, and 5% CO,, pH 7.4. Transverse hippocampal slices (400 um thickness for extracellular
recording, 250 pm thickness for patch-clamp recordings) were cut by using a vibratome and were allowed to recover in oxygenated
ACSF at 30°C for 30 minutes, and then at room temperature for another 1-2 hours before experimental recordings. Each slice was
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then transferred into the recording chamber and submerged in ACSF at a constant rate of 2.9-3 mL/min at a temperature of 29°C.
During electrophysiological experiments, drugs were bath applied by switching the flowing solution to ACSF containing known con-
centrations of each compound. Total replacement of the medium in the chamber occurred within 1 min. Experiments with exposure
to IL-17A (alone or together with SB 202190), to anti-IL-17A Ab (R&D Systems, Cat# MAB-721; RRID: AB_2125017), or to mouse
19G2a isotype control (R&D Systems, Cat# MAB-003; RRID: AB_357345) were performed through a pre-incubation of brain slices
lasting 1 h before electrophysiological recordings. Under visual control, stimulating electrodes were inserted into the Schaffer collat-
eral fibers, and a recording electrode into the CA1 region of the hippocampal slice. Whole-cell patch clamp recordings (holding po-
tential, —60 mV) were performed with borosilicate glass pipettes filled with an intracellular solution containing (in mM): 145 K-gluco-
nate, 0.1 CaCl,, 2 MgCl,, 0.1 EGTA, 10 HEPES, and 0.3 GTP, adjusted to pH 7.3 with KOH. Neurons of the CA1 region were visualized
using differential interference contrast (Nomarski) and infrared microscopy (Olympus). Excitatory postsynaptic currents (EPSCs) of
half-maximal amplitude were evoked every 10 s. For extracellular recordings, the stimulating electrodes were located under visual
control into the Schaffer collaterals and the recording electrode into the hippocampal area CA1 (Di Filippo et al., 2013; Sgobio et al.,
2010). Hippocampal field excitatory postsynaptic potentials (fEPSPs) were filtered at 3 KHz and digitized at 10 KHz using an
Axoclamp 2B amplifier (Axon Instruments, USA). LTP was induced by high frequency stimulation (HFS) consisting of one train of
one second at 100 Hz at a stimulus strength corresponding to 70% of maximum response (Sgobio et al., 2010), or through theta-burst
stimulation (TBS) protocol (consisting of 10 consecutive trains with four pulses at 100 Hz separated by 200 ms) (Ribeiro et al., 2019).

Measurement of hippocampal IL-17A levels

Mice were sacrificed by cervical dislocation and hippocampal tissues were prepared as previously described (Di Filippo et al., 2016).
Hippocampal IL-17A levels were assessed at different time points during crEAE through ELISA assays (Duoset R&D system, Assay
Range: 16-1000 pg/ml).

Immunofluorescence

For morphological analysis mice were sacrificed as described above. The brains were dissected and post-fixed in paraformaldehyde
overnight at 4°C and then immersed in a 30% sucrose solution at 4°C. The brains were cut into 30 um-thick coronal sections using a
freezing microtome. In order to avoid staining variability, brain sections of control and acute crEAE mice were concomitantly incu-
bated with the same cocktail of primary and secondary antibodies. Specifically, the sections selected for immunofluorescence
were blocked with PB containing 10% normal donkey serum for 2h at RT and then incubated for 48 h in PB and 0.3% Triton
X-100 with a mixture of primary antibodies including mouse anti-neuronal nuclei (NeuN; 1:200; Merk Millipore, Cat# MAB-377;
RRID: AB_2298772), rabbit anti-neuronal nuclei (NeuN; 1:600; Merk Millipore, Cat#ABN78; RRID: AB_10807945), rabbit anti-IL-
17RA (1:200, Abcam, Cat# ab180904; RRID: AB_2756838), mouse anti-IL-17A (1:200; Santa Cruz Biotechnology Cat# sc-374218;
RRID: AB_10988239), rabbit anti-GFAP (1:500, Merk Millipore Cat# AB5804; RRID: AB_2109645), goat anti-GFAP (1:500, Cat# Ab-
cam, ab53554; RRID: AB_880202), mouse anti Iba-1 (1:200, Santa Cruz Biotechnology, Cat# sc-32725; RRID: AB_667733), goat anti
Iba-1 (1:700, Novusbio, Cat# NB100-1028; RRID: AB_521594), rabbit anti-phospho-p38 (1:400, Cell Signaling, Cat# 8690; RRID:
AB_10999090). After 3 washes in PB, the sections were incubated with a mixture of Alexa Fluor 488- 555- and 647-conjugated sec-
ondary antibodies (1:200, Invitrogen, USA) for 2h at RT and sections were counterstained with Neuro-Trace® 640,660 deep-red
Fluorescent Nissl Stain (1: 200; Invitrogen; Cat# N21483) or 4',6-diamidino-2-phenylindole (DAPI) (Sigma) to determine the cytoarch-
itectonic area (CA1 hippocampal region) of interest. The specificity of immunostaining and primary antibodies (IL-17A and IL-17RA)
was verified by omitting the primary antibodies. Furthermore, with regard to the IL-17RA, the specificity of the antibody was
confirmed by performing immunofluorescence in mice lacking IL-17RA, showing no expression of the receptor (n = 4) (Figure S2A).
The sections were rinsed, mounted, coverslipped and then examined using a confocal laser scanning microscope (Zeiss LSM800,
Germany). The confocal image acquisitions were performed using consistent settings for laser power and detector gain.

Western blot

Hippocampal slices were homogenized in RIPA buffer (50 mM Tris-HCI pH 7.4, 150 mM NaCl, 1mM EDTA, 5mM MgCl2, 1% Triton
x-100, 0.25% sodium-deoxycholate, 0,1% SDS) containing a mixture of protease and phosphatase inhibitors (Roche Diagnostics).
Equal amount of protein was loaded and separated on 10% SDS-PAGE gels (Bio-Rad) and transferred to PVDF membranes (Milli-
pore). The membranes were blocked with 5% BSA in Tris-buffered saline (pH 7.6) with 0.1% Tween-20 for 1h at RT, and incubated
overnight at 4°C with primary antibodies, followed by HRP-conjugated secondary antibodies for 1h at RT. GAPDH antibody was
probed as a loading control.

Hole-board behavioral test

The hole-board test was performed as previously described (Di Filippo et al., 2016). Cages were positioned in the experiment room 1
hour before the experimental session in order to allow animal acclimatization. In the first day, animals were allowed to explore the
recording chamber for 10 minutes (habituation). The first session of the test took place 24 hours after habituation. A hole-board floor
(28 x 28 x 2.5 cm, with 4 holes at each corner, 2 cm in diameter and 2.5 cm deep) was positioned into the recording chamber and
animals explored the new setting for 10 minutes (session 1) (Di Filippo et al., 2016). After 24 hours, animals explored the same exper-
imental setting for 10 minutes (session 2) (Di Filippo et al., 2016). During both the sessions, the head-dipping into holes and the lo-
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comotor activity were recorded. The box and the hole-boards were cleaned with alcohol (70%) and water solution after each trial (Di
Filippo et al., 2016).

Drugs

Freund’s incomplete adjuvant and Pertussis toxin were purchased from Sigma-Aldrich (Milan, ltaly); myelin oligodendrocyte glyco-
protein 35-55 (MOGss.55) was purchased from Cambridge Research Biochemicals; desiccated mycobacteria, M. tuberculosis
H37Ra and M. butyricum, were obtained from Difco laboratories (Detroit, U.S.A.); recombinant mouse IL-17A, mouse anti-IL-17A
monoclonal Ab (Cat# MAB-721; RRID: AB_2125017) and mouse IgG.a isotype control (Cat# MAB-003; RRID: AB_357345) were pur-
chased from R&D Systems (Minneapolis, U.S.A.); SB 202190 was purchased from Tocris Biosciences (Bristol, UK). For immunoflu-
orescence and confocal microscopy analysis were used the following antibodies: mouse anti-neuronal nuclei (NeuN; 1:200; Merk
Millipore, Cat# MAB-377; RRID:AB_2298772), rabbit anti-IL-17RA (1:200, Abcam, Cat# ab180904; RRID:AB_2756838), mouse
anti-IL-17A (1:200; Santa Cruz Biotechnology Cat# sc-374218; RRID:AB_10988239), rabbit anti-GFAP (1:500, Merk Millipore,
Cat# AB5804; RRID:AB_2109645), goat anti-GFAP (1:500, Abcam, Cat# ab53554; RRID:AB_880202), mouse anti Iba-1 (1:200, Santa
Cruz Biotechnology, Cat# sc-32725; RRID:AB_667733); anti p38MAPK (1:500; Cell Signaling: Cat# 8690; RRID:AB_10999090). For
western blot analysis the following antibodies were used: p-p38 (Tyr 182; 1:500; Santa Cruz: Cat# sc-166182; RRID:AB_2141746),
p38 (1:500; Cell Signaling: Cat# 8690; RRID:AB_10999090), GAPDH (1:5000; Calbiochem: Cat# CB1001; RRID:AB_2107426).

QUANTIFICATION AND STATISTICAL ANALYSIS

Clinical scoring of experimental autoimmune encephalomyelitis

Clinical signs of the experimental disease were scored as follows: 0 = normal; 1 = fully flaccid tail; 2 = impaired righting reflex; 3 = hind
limb paresis; 4 = complete hindlimb paresis; 5 = moribund/death (Di Filippo et al., 2013, 2016). In order to investigate the pathogenic
process associated with the experimental disease at different time points, mice affected by crEAE were divided in two main groups.
Mice affected by the first episode of neurological deficit, suggestive of CNS inflammation (clinical neurological score of at least 3,
approximately at day 15-18 p.i.) have been included in the “acute crEAE” group while mice displaying complete resolution of a pre-
viously documented relapse (clinical neurological score of 0, > 30 days p.i) were included in the “recovery crEAE” group.

Electrophysiology

The amplitude of EPSCs or the slope of fEPSPs were used to assess changes in synaptic strength. Values are presented in the text
and figures as the mean + standard error of the mean (SEM), expressing the % change of EPSC amplitude or fEPSP slope with
respect to baseline values, recorded 50 min after the HFS or TBS protocol. Comparisons between groups have been made through
two-way ANOVA, considering all the time-course of the EPSC amplitude or fEPSP slope after the HFS or TBS protocol, with Bon-
ferroni’s test for post hoc comparisons. The significance level was established at p < 0.05.

Measurement of hippocampal IL-17A levels

All measurements were performed at least two times, following manufacturer instructions. Absorbance was measured using a TE-
CAN microplate reader (Infinite M200). An independent samples t test was used to assess differences between groups. The signif-
icance level was established at p < 0.05.

Immunofluorescence

Quantification of the IL-17A and IL-17RA immunoreactivity in the CA1 region of control and acute crEAE mice was performed by
densitometric analysis. All quantitative analyses were conducted blind to the animal’s experimental group. After confocal acquisition,
images were exported in TIFF and analyzed with the ImageJ software (https://rsb.info.nih.gov/ij/; National Institutes of Health, Be-
thesda, MD, USA). The background signal was determined in a non-stained area. The threshold was adjusted according to the back-
ground signal and kept constant between sections. IL-17A- or 17RA-associated signal was quantified by manually outlining the areas
of interest. The mean signal intensity (F) of IL-17A and IL-17RA was performed on two squared frames (50 um per side) pseudo-
randomly distributed dorso-ventrally on five sections sampled to cover the rostro-caudal extent of the CA1 (10 samples per mouse).
The F/A ratio defines the mean fluorescence of individual samples (F) normalized to total cellular surface (A). Accordingly, quantifi-
cation was performed on five mice per group.

Western blot
Signals were visualized using enhanced chemiluminescence (ECL, Pierce), and captured by iBright CL750 Imaging System (Thermo
Fisher Scientific). Statistical analysis was performed through Welch t test. The significance level was established at p < 0.05.

Hole-board behavioral test

The test was analyzed by an observer blind to the experimental group, evaluating the number of head-dips into holes and the locomotor
activity (showed as the mean + SEM number of crossings among four equal sized squares in which the arena was divided). ANOVA or
independent samples t test were used to assess differences between groups. The significance level was established at p < 0.05.
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