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A transient blood IL-17 increase triggers i

neuroinflammation in cerebellum and motor
incoordination in hyperammonemic rats
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Abstract

Patients with liver cirrhosis may show minimal hepatic encephalopathy (MHE) with motor incoordination which

is reproduced in hyperammonemic rats. Hyperammonemia induces peripheral inflammation which triggers neuroin-
flammation and enhanced GABAergic neurotransmission in cerebellum and motor incoordination. The mechanisms
involved remain unknown. The aims were to assess if the early increase of peripheral IL-17 triggers motor incoordina-
tion in hyperammonemic rats and to identify some underlying mechanisms. We assessed if blocking peripheral IL-17
with anti-IL-17 at 2-4 days of hyperammonemia prevents motor incoordination and analyzed underlying mecha-
nisms. Hyperammonemia induces a transient blood IL-17 increase at days 3—4. This is associated with increased IL-17
receptor membrane expression and activation in cerebellum, leading to NADPH oxidase activation, increased super-
oxide production and MLCK that induce blood-brain barrier (BBB) permeabilization by reducing occludin and ZO-1.
BBB permeabilization facilitates the entry of IL-17, which increases in cerebellum and activates microglia. This
increases TNFa and the TNFR1-STPR2-CCL2-BDNF-TrkB pathway. This enhances GABAergic neurotransmission which
impairs motor coordination. Blocking peripheral IL.-17 with anti-IL-17 prevents all the above process and prevents
motor incoordination. Early treatment to reduce blood IL-17 may be a useful treatment to reverse motor incoordina-
tion in patients with MHE.
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Introduction

Patients with liver cirrhosis may show minimal hepatic
encephalopathy (MHE) with mild cognitive impairment,
psychomotor slowing and motor incoordination which
reduce their quality of life and life span. Hyperammone-
mia and inflammation act synergistically to induce MHE
[1-6]. Rats with chronic hyperammonemia reproduce
most of the cognitive and motor alterations present in
patients with MHE and have been used to investigate
the mechanisms leading to MHE. Hyperammonemia
induces peripheral inflammation which triggers neuro-
inflammation in cerebellum and hippocampus. Neuroin-
flammation in turn alters GABAergic and glutamatergic
neurotransmission leading to motor incoordination and
cognitive impairment [7-11].

Motor incoordination in rats with hyperammone-
mia and MHE is a consequence of enhanced GABAe-
rgic neurotransmission in cerebellum due to increased
levels of GABA, increased membrane expression of
GABA, receptors and of the chloride co-transporter
KCC2 [9, 10]. These changes in turn are a consequence
of neuroinflammation. Increased levels of TNFa and of
membrane expression of its receptor TNFR1 enhance
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the activation of the TNFR1-S1PR2-CCR2-BDNEF-TrkB
pathway and of microglia in cerebellum which induce
the enhancement of GABAergic neurotransmission [9,
10].

Hyperammonemic rats show neuroinflamma-
tion, with activation of microglia and astrocytes and
increased levels of TNFa in cerebellum and hippocam-
pus. The induction of neuroinflammation by hyperam-
monemia is mediated by peripheral inflammation and
is prevented if hyperammonemia-induced peripheral
inflammation is prevented with anti-TNFa [7]. Periph-
eral inflammation also induces neuroinflammation in
other pathological situations, including Parkinson’s and
Alzheimer’s disease and multiple sclerosis [12-17] and
has been proposed as a common link to progressive
neurological diseases [18].

However, the mechanisms by which hyperammone-
mia-induced peripheral inflammation triggers neuroin-
flammation are not well known.

In cirrhotic patients appearance of MHE is trig-
gered by a shift in the immunophenotype and periph-
eral inflammation to an “autoimmune-like” form with
enhanced activation of CD4 lymphocytes, especially of
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Th17, which produces IL-17, and increased blood levels
of IL-17 and other pro-inflammatory cytokines which
promote the infiltration of lymphocytes and monocytes
into the brain [19, 20]. Moreover, patients died with
liver cirrhosis or steatohepatitis show infiltration of
CD4 lymphocytes, especially of Th17, into the menin-
ges of cerebellum and hippocampus [21, 22]. Infiltra-
tion of monocytes into the brain has been also reported
in other animal models of MHE [23, 24]. This suggests
that increased peripheral IL-17 could play a role in trig-
gering MHE in cirrhotic patients. IL-17 also plays a
key role in triggering multiple sclerosis pathology [25,
26] and in other neurological diseases such as autism
spectrum disorder, Alzheimer’s disease, epilepsy, and
depression [27].

It has been reported that IL-17 induces permeabiliza-
tion of the blood brain barrier (BBB) and may cross it
[28-30]. IL-17 receptors are expressed by the endothe-
lial cells on the blood—brain barrier in multiple sclerosis
lesions. Peripheral IL-17 disrupts BBB tight junctions
in vitro and in vivo, promoting BBB disruption and neu-
roinflammation [28]. IL-17 also increases BBB perme-
ability in an in vitro model and this was associated with
reduced content of occluding and ZO-1 [29].

Huppert et al. [31], showed that a main mechanism by
which peripheral IL-17 may induce permeabilization of
the BBB is by activating the IL-17 receptor in endothe-
lial cells, which increases NADPH oxidase activity by
increasing membrane expression of phox67 and phox47,
leading to increased formation of superoxide which
increases MLCK, leading to reduced occludin and ZO-1
[31-34].

Rodrigo et al. [35] and Balzano et al. [36], showed that
microglia are activated in cerebellum of hyperammone-
mic rats already at seven days of hyperammonemia.

We found that hyperammonemia induces a transient
increase in peripheral blood IL-17 levels at 3—4 days of
hyperammonemia, just before appearance of neuroin-
flammation in brain. We hypothesized that the increased
levels of IL-17 in blood could trigger neuroinflammation,
alterations in neurotransmission and motor incoordi-
nation in hyperammonemic rats and that this could be
mediated by permeabilization of the BBB.

The aims of this work were to assess if the early increase
of peripheral IL-17 at 3—4 days of hyperammonemia trig-
gers motor incoordination in hyperammonemic rats and to
identify some of the underlying mechanisms. We assessed
if blocking peripheral IL-17 with anti-IL-17 at 2—4 days of
hyperammonemia affords a sustained prevention of the
induction of motor incoordination in hyperammonemic
rats. We also analyzed if prevention of motor incoordina-
tion is associated with prevention of the enhancement
in cerebellum of neuroinflammation and of GABAergic
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neurotransmission. We also assessed if at 4 days of hyper-
ammonemia rats show BBB permeabilization and if this is
prevented by blocking peripheral IL-17 with anti-IL17. The
experimental design is summarized in Fig. 1.

Results

Rats show a peak of IL-17 in blood at 3-4 days

of hyperammonemia

We analyzed the time-course of the changes of IL-17 in
blood induced by eating the ammonia-containing diet.
This diet induced a sustained increase of ammonia levels
in blood (Fig. 2A). Hyperammonemia induced a transient
increase in the plasma levels of IL-17 (Fig. 2B) which was
significantly increased at 3 days of hyperammonemia but
decreased to normal levels, not different from control rats
at 7 days of hyperammonemia. At 4 weeks of hyperam-
monemia plasma levels of IL-17 were similar to control rats
(Fig. 2B).

Early transient blockade of blood IL-17 affords sustained
prevention of motor impairment in hyperammonemic rats
To assess the effects of blocking peripheral IL-17 on motor
function, rats were injected with anti-IL-17 on days 2, 3
and 4 after beginning the ammonia-containing diet. Motor
coordination was analyzed at 2 weeks of hyperammone-
mia in the motorater. Hyperammonemic rats show motor
incoordination as indicated by the increased number of
wrong foot placements (Fig. 3A) and of total errors per run
(Fig. 3B). The induction of motor incoordination at 2 weeks
of hyperammonemia was prevented by the early injection
of anti-IL17. Hyperammonemic rats injected with anti-
IL-17 did not show increased number of wrong foot place-
ments (Fig. 3A) or of total errors per run (Fig. 3B).

Motor coordination was also analyzed at 2 weeks of
hyperammonemia in the Catwalk by measuring the regu-
larity index, which was reduced in hyperammonemic rats,
indicating motor incoordination, but not in hyperammone-
mic rats injected with anti-IL-17 at 2—4 days of hyperam-
monemia (Fig. 3C). Hyperammonemia also increased the
initial dual stance in the Catwalk, which was also prevented
by early anti-IL-17 injection (Fig. 3D).

The prevention of impairment of motor function by early
injection of anti-IL-17 is not due to reduction of hyper-
ammonemia. Blood ammonia levels were not reduced by
anti-IL-17 injection at 4 weeks of ingestion of the ammo-
nia-containing diet (Fig. 3E).

Early transient blockade of blood IL-17 prevents
enhancement of GABAergic neurotransmission

in cerebellum of hyperammonemic rats

We have previously shown that motor incoordination in
hyperammonemic rats is due to enhanced GABAergic
neurotransmission in cerebellum [9, 10, 37, 38].
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A: Experiment 1
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Ammonia-
containing diet Catwalk and
o i motorater -
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B: Experiment 2
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C: Experiment 3 Western blot
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Ammonia- Anti-IL-17 Anti-IL.-17  DHE
containing diet injection injection injection -
v

Sacrifice: Immunofluorescence
Fig. 1 Experimental design. A Experiment 1: To assess if transient blocking of peripheral IL-17 affords sustained prevention of motor impairment.
Rats were injected in the tail vein with anti-IL-17 or vehicle after 2, 3 and 4 days of hyperammonemia. Motor coordination was analyzed
after 2 weeks of hyperammonemia. Rats were sacrificed after 5 weeks of hyperammonemia. B Experiment 2. To analyze underlying mechanisms, rats
were injected in the tail vein with anti-IL-17 or vehicle after 2 and 3 days of hyperammonemia and sacrificed at 4th days. Some rats were perfused
for immunohistochemistry and immunofluorescence analysis and others for Western blot analysis of protein content and membrane expression. C
Experiment 3: To analyze the production of superoxide in endothelial cells in cerebellum, rats were injected with anti-IL-17 as in experiment 2, but,
in addition, after 3 days of hyperammonemia rats were also injected i.p. with dihydroethidium (DHE). After 18 h of DHE injection rats were perfused
for immunofluorescence analysis
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Fig. 2 Hyperammonemic rats show a sustained increase of blood ammonia and a transient increase in plasma IL-17. Blood ammonia
(A) and plasma IL-17 (B) were measured as described in methods. Blood amoonia (A) was measured at 2,4, 8, 14, 21, 28, 42 and 56 days
of hyperammonemia and IL-17 (B) was measured at 2, 4, 8, 12 and 25 days of hyperammonemia. Values are the mean + SEM of 3-16 rats/group
forammonia and 4-14 rats/group for IL-17. Values significantly different from control rats using two-way ANOVA (NewmanKeuls multiple post-hoc)
are indicated by asterisks (**p <0.01, ***p <0.001, ****p <0.0001)
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Fig. 3 Anti-IL-17 prevents motor incoordination but not the increase in blood ammonia in hyperammonemic rats. Motor coordination

was assessed in the Motorater by analyzing wrong foot placements (slips) (A) and the total errors per run (B) and in the Catwalk™": C: Regularity
index. The initial dual stance hind (D) was also analyzed in the Catwalk.™. Blood ammonia (E) was measured at 4 weeks of hyperammonemia

as described in methods. Values are the mean £ SEM of 10 rats/group in A-J and n=6 rats/group in K. One-way ANOVA followed by Fisher's LSD
post-hoc test was performed to compare all groups. Values significantly different from control group are indicated by asterisk. (*p <0.05, **p <0.01,
¥ <0.001, ***p < 0.0001) and values significantly different from HA group are indicated by a (a=p <0.05, aa=p <0.01). C=control rats injected
with vehicle; C+ Anti-IL-17: control rats injected with anti-IL-17; HA: hyperammonemic rats injected with vehicle; HA + Anti-IL-17: hyperammonemic

rats injected with anti-IL-17

We assessed if anti-IL-17 would prevent the impair-
ment of motor incoordination by preventing enhance-
ment of GABAergic neurotransmission. Two main
changes contributing to enhanced GABAergic neuro-
transmission at 4-5 weeks of hyperammonemia are
the increased membrane expression of several GABA ,
receptor subunits and of the chloride co-transporters
KCC2 and NKCC1 [9, 10]. We analyzed in cerebellum of
rats at 4 days of hyperammonemia the effects of hyper-
ammonemia and of injection of anti-IL-17 on these main
parameters involved in the enhancement of GABAergic
neurotransmission.

The membrane expression of the a2 (Fig. 4A), B3
(Fig. 4B) and y2 (Fig. 4C) subunits of GABA, receptors
was also increased in cerebellum of hyperammonemic
rats at 4 days of hyperammonemia. The increase in mem-
brane expression of all these subunits was prevented by
early injection of anti-IL-17 (Fig. 4A-C).

Hyperammonemia also increases the membrane
expression of KCC2 (Fig. 4D) and NKCC1 (Fig. 4E) in
cerebellum at 4 days of hyperammonemia and these
increases were also prevented by early injection of
anti-IL-17.

These results show that enhancement of GABAergic
neurotransmission is already present in cerebellum at
4 days of hyperammonemia and it is prevented by early
injection of anti-IL-17.

Early transient blockade of blood IL-17 prevents
enhancement of the TNFa-TNFR1-S1PR2-CCL2-CCR2-BDNF-
TrkB pathway in cerebellum of hyperammonemic rats

We have previously shown that enhanced GABAer-
gic neurotransmission in cerebellum at 4-5 weeks of
hyperammonemia is a consequence of enhanced activa-
tion of the TNFa-TNFR1-S1PR2-CCL2-CCR2-BDNEF-
TrkB pathway and of microglia [9, 10]. We assessed if
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Fig. 4 Injection with anti-IL-17 prevents the alterations in the GABAergic neurotransmission in cerebellum of hyperammonemic rats at 4 days

of hyperammonemia. Membrane expression of (A) GABA,a2, (B) GABA,B33, (C) GABA,Y2, (D) KCC2, and (E) NKCC1 were analyzed using BS3
cross-linker. Representative images of the blots for each protein are shown. Values are expressed as percentage of controls and are the mean+SEM
of 7 rats/group. One-way ANOVA followed by Fisher's LSD post-hoc test was performed to compare all groups. Values significantly different

from controls are indicated by asterisk (*p < 0.05, **p <0.01) and values significantly different from HA group are indicated by a (a=p <0.05,
aa=p<0.01,aaa=p<0.001, aaaa=p <0.0001)
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anti-IL-17 would prevent the enhancement of GABAe-
rgic neurotransmission by preventing the increased
function of the TNFa-TNFR1-S1PR2-CCL2-CCR2-
BDNE-TrkB pathway and microglia activation.

At 4 days of hyperammonemia the membrane expres-
sion of TNFR1 (Fig. 5A) and of S1IPR2 (Fig. 5B) are
increased in cerebellum of hyperammonemic rats. The
increase in membrane expression of these receptors was
prevented by early injection of anti-IL-17 (Fig. 5A, B).
Hyperammonemia also increases the content of CCL2
(Fig. 5C), membrane expression of CCR2 (Fig. 5D),
the content of BDNF (Fig. 5E) and TrkB (Fig. 5F) and
membrane expression of TrkB (Fig. 5G) at 4 days. This
reproduces the increased activation of the TNFa-TNFR1-
S1PR2-CCL2-CCR2-BDNE-TrkB pathway reported at
4-5 weeks of hyperammonemia [9, 10]. All these changes
at 4 days are also prevented by early injection of anti-
IL-17 (Fig. 5A-G).

Early transient blockade of blood IL-17 prevents microglia
activation and the increase in pro-inflammatory factors

in cerebellum of hyperammonemic rats

Activation of the TNFa-TNFR1-S1PR2-CCL2-CCR2-
BDNE-TrkB pathway is associated with microglia activa-
tion in cerebellum at 4—5 weeks of hyperammonemia [9,
10].

At 4 days of hyperammonemia, microglia is already
activated in white matter of the cerebellum, as indicated
by the reduced area (Fig. 6A, C), perimeter (Fig. 6A, D)
and roundness (Fig. 6A, E). At this time of hyperam-
monemia we did not observe any activation of astro-
cytes (Fig. 6B, F). Injection of anti-IL-17 prevented the
activation of microglia in hyperammonemic rats. The
area (Fig. 6A, C), perimeter (Fig. 6A, D) and round-
ness (Fig. 6A, E) of microglia in hyperammonemic rats
injected with anti-IL-17 were similar to those of control
rats. Anti-IL-17 slightly reduced astrocyte activation in
hyperammonemic rats (Fig. 6B, F).

Microglia activation was associated with increased lev-
els of pro-inflammatory cytokines. At 4 days of hyperam-
monemia rats show increased levels of pro-inflammatory
TNFa (Fig. 6G) and IL-1p (Fig. 6H) and reduced content
of the anti-inflammatory IL-10 (Fig. 6I) in cerebellum. All
these changes were also prevented by early injection of
anti-IL17 (Fig. 6G-1I).

Early transient blockade of blood IL-17 prevents

the increase in IL-17 receptor activation and blood-

brain barrier (BBB) permeabilization in cerebellum

of hyperammonemic rats

The content of IL-17 (Fig. 7A) and the membrane expres-
sion of the IL-17 receptor (Fig. 7B) were increased in cer-
ebellum at 4 days of hyperammonemia. These changes
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were prevented by early injection of IL-17 (Fig. 7A,B). The
content of the tight junction proteins occludin (Fig. 7C)
and ZO-1 (Fig. 7D) as well as claudin 10 (Fig. 7E) were
reduced in cerebellum at 4 days of hyperammonemia and
this reduction was prevented by injection of anti-IL-17
(Fig. 7C~E).

To assess if the reduction of occludin and ZO-1 content
could be mediated by enhanced activation of NADPH
oxidase, we analyzed the membrane surface expression of
phox67 and phox47. Both phox67 (Fig. 7F) and phox47
(Fig. 7G) are increased in the membrane surface in cer-
ebellum of hyperammonemic rats at 4 days of hyperam-
monemia, indicating activation of NADPH oxidase and
this increase is prevented by early injection of anti-IL-17
(Fig. 7E,G).

Activation of NADPH oxidase is associated with
increased superoxide production in endothelial cells,
as shown in Fig. 8. Endothelial cells were labeled with
CD31 and the production of superoxide in CD31 positive
cells in cerebellar meninges was analyzed with DHE as
described in methods. Hyperammonemia increases the
formation of superoxide in endothelial cells (Fig. 8A, B)
and this is prevented by early injection of anti-IL-17.

The increased formation of superoxide is associated
with increased levels of MLCK (Fig. 8C), which would
induce the loss of occluding and ZO-1, resulting in BBB
permeabilization [31-34].

Early transient blockade of blood IL-17 prevents

the infiltration of Th17 CD4 lymphocytes

and of macrophages in cerebellar meninges

of hyperammonemic rats

At 4 days of hyperammonemia rats show infiltration in
cerebellar meninges CD4 lymphocytes (Fig. 9A, D). Dou-
ble immunofluorescence staining with CD4 and IL-17
shows that there is an infiltration of Th17 CD4 lympho-
cytes in the cerebellar meninges of hyperammonemia
rats (Fig. 9B, E). Moreover, there is also infiltration of
macrophages (stained with Ibal) (Fig. 9C, F). The infiltra-
tion of total CD4 lymphocytes, Th17 CD4 lymphocytes
and monocytes was prevented by injection of anti-IL-17
(Fig. 9). The contents in cerebellar homogenates of CD4
(Fig. 9G) and of ICAM1 (Fig. 9H), which facilitates
immune cells infiltration, are also increased in hyperam-
monemic rats and these increases are also prevented by
anti-IL-17 (Fig. 9G, H).

Early transient blockade of blood IL-17 affords

sustained prevention of the enhancement of GABAergic
neurotransmission and BBB permeabilization

in cerebellum of hyperammonemic rats

To find out if the effects induced after 4 days of hyper-
ammonemia by the transient blockade of blood IL-17
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Fig. 5 Injection with anti-IL-17 prevents the alterations in the TNFa-TNFR1- S1PR2-CCL2-BDNF-TrkB pathway in cerebellum of hyperammonemic
rats. Membrane expression of (A) TNFR1, (B) STPR2, (D) CCR2 and (G) TrkB were analyzed using BS3 cross-linker. Protein content of (C) CCL2, (E)
BDNF and (F) TrkB in cerebellum, was analyzed by Western blot. Representative images of the blots of each protein are shown. Values are expressed
as percentage of controls and are the mean =+ SEM of 7 rats/group. One-way ANOVA followed by Fisher's LSD post-hoc test was performed

to compare all groups. Values significantly different from controls are indicated by asterisk (*p <0.05, **p <0.01) and values significantly different
from HA group are indicated by a (a=p <0.05,aa=p<0.01, aaa=p<0.001, aaaa=p <0.0001)

are maintained over time or are also transient, we eval- neurotransmission and BBB permeability at 5 weeks of
uated the effects of blocking IL-17 by injecting anti- hyperammonemia.
IL-17 at days 2—4 of hyperammonemia on GABAergic
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The effects on GABAergic neurotransmission were
evaluated as in point 2.3. The membrane expression of
the a2 (Fig. 10A), B3 (Fig. 10B) and y2 (Fig. 10C) subunits
of GABA, receptors were also increased in cerebellum
of hyperammonemic rats at 5 weeks of hyperammone-
mia. The increase in membrane expression of all these
subunits was prevented by early injection of anti-IL-17
(Fig. 10A—C).

Hyperammonemia also increases the membrane
expression of KCC2 (Fig. 10D) and NKCCI1 (Fig. 10E)
in cerebellum at 5 weeks of hyperammonemia and
these increases were also prevented by early injection of
anti-IL-17.

These results show that early transient blockade of
blood IL-17 affords sustained prevention of the enhance-
ment of GABAergic neurotransmission for at least
5 weeks.

We also analyzed the effects on BBB permeability as
in point 2.6. The content of occludin (Fig. 11A), of ZO-1
(Fig. 11B) and of claudin 10 (Fig. 11C) were also reduced
in cerebellum at 5 weeks of hyperammonemia and this
reduction was prevented by injection of anti-IL-17
(Fig. 11A-C).

To assess if the reduction of occludin and ZO-1 content
could be mediated by enhanced activation of NADPH
oxidase, we analyzed the membrane surface expression of
phox67 and phox47. Both phox67 (Fig. 11D) and phox47
(Fig. 11E) are increased in the membrane surface in cer-
ebellum of hyperammonemic rats at 5 weeks of hyperam-
monemia, indicating activation of NADPH oxidase and
this increase is prevented by early injection of anti-IL-17
(Fig. 11D, E). These results show that early transient
blockade of blood IL-17 also affords sustained prevention
of the permeabilization of the BBB for at least 5 weeks.

Early transient blockade of blood IL-17

reduces pro-inflammatory cytokines in plasma

of hyperammonemic rats

We have previously shown that systemic inflammation is
a crucial intermediary between hyperammonemia, neu-
roinflammation and neurological impairment [7, 8]. We
therefore assessed if anti-IL-17 treatment reduces pro-
inflammatory cytokines in plasma of hyperammonemic

(See figure on next page.)
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rats. As shown in Table 1, at 3 days of hyperammonemia,
plasma levels of pro-inflammatory TNFa, IL-17, IL-18,
IL-22, CCL2 and CCL5 are increased. TNF-a, IL-17,
IL-18, IL-22, CCL2, CCL5 and increases TGEp, IL-4 and
IL-10. Treatment with anti-IL-17 reduces plasma levels
of TNF-a, IL-17,IL-18, IL-22, CCL2, CCL5 and increases
the anti-inflammatory cytokines TGFf, IL-4 and IL-10.

Discussion

The results reported are summarized in Fig. 12. Hyper-
ammonemia induces an early transient increase of IL-17
in blood during days 2-4 of hyperammonemia. IL-17
activates the IL-17 receptor leading to translocation to
the membrane surface of phox67 and phox47 subunits of
NADPH oxidase leading to its activation and increased
formation of superoxide in endothelial cells. This
increases MLCK leading to reduced content of occluding
and ZO-1 and to permeabilization of the BBB. Moreover,
the levels of ICAM-1 are increased. This, together with
the BBB permeabilization triggers the infiltration of IL-17
and the increase of IL-17 levels in cerebellum. Enhanced
activation of the IL-17 receptor triggers microglia activa-
tion, leading to increased production of pro-inflamma-
tory cytokines (TNFa, IL-1p, IL-17) and of BDNF and
to increased membrane expression of TNFR1, S1PR2,
CCR2 and TrkB. The enhanced activation of the TNFa-
TNFR1-S1PR2-CCL2-CCR2-BDNEF-TrkB pathway leads
to increased membrane expression of GABA, receptor
subunits and of KCC2, resulting in enhanced GABAer-
gic neurotransmission in cerebellum. This leads to motor
incoordination. Hyperammonemia also induces cognitive
impairment by enhancing neuroinflammation and alter-
ing neurotransmission in hippocampus [7, 39].

These results show that 4 days of hyperammonemia
are enough to induce most changes observed in cer-
ebellum at 4-5 weeks of hyperammonemia: CD4 lym-
phocytes infiltration, microglia activation, enhanced
function of the TNFa-TNFR1-S1PR2-CCL2-CCR2-
BDNEF-TrkB pathway and of GABAergic neurotrans-
mission [9, 10]. However, hyperammonemia at 4 days
does not induce astrocyte activation, which is observed
in cerebellum at 4—5 weeks of hyperammonemia. It has
been proposed that activated microglia and infiltrating

Fig. 6 Early injection of anti-IL-17 prevents microglia activation and the increase in pro-inflammatory factors in cerebellum of hyperammonemic
rats. Representative images of immunohistochemistry against Ibal in white matter (A) and GFAP (B). The area (C), perimeter (D) and roundness

(E) of microglia (Iba1 stained cells) in white matter are expressed in pm?, um and arbitrary units, respectively. The reduced area, perimeter

and roundness reflects prevention of morphological activation of microglia by anti-IL-17 injection. GFAP stained area expressed as percentage

of total area (F). Protein content of (G) TNFa, (H) IL1f and (I) IL-10 was analyzed by Western blot. One-way ANOVA followed by Fisher’s LSD post-hoc
test was performed to compare all groups. Values are the mean = SEM of 3 rats/group in A-F and 7 rats/group in (G-). Values significantly different
from control group are indicated by asterisk (*p <0.05, **p <0.01) and values significantly different from HA group are indicated by a (a=p <0.05,

aa=p<0.01,aaa=p<0.001, aaaa=p<0.0001)
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Fig. 7 Early injection of anti-IL-17 prevents the increase in IL-17 receptor activation and BBB permeabilization and NADPH oxidase activation

in cerebellum of hyperammonemic rats at 4 days of hyperammonemia. Protein content of (A) IL-17, (C) Occludin, (D) ZO-1, (E) Claudin10, and (F)
MLCK in cerebellum was analyzed by Western blot. Membrane expression of (B) IL17R, (F) p67phox and (G) p47phox was analyzed using the BS3
cross-linker. Representative images of the blots for each protein are shown. Values are expressed as percentage of controls and are the mean +SEM
of 7 rats/group. One-way ANOVA followed by Fisher's LSD post-hoc test was performed to compare all groups. Values significantly different

from controls are indicated by asterisk (*p < 0.05, **p < 0.01) and values significantly different from HA group are indicated by a (a=p <0.05,

aa=p<0.01,aaa=p<0.001)

immune cells drives astrocyte activation. Activated
microglia release astrocyte-activating signals which
are responsible for astrocyte activation [40, 41]. In the
case of hyperammonemic rats the infiltration of CD4
lymphocytes and activation of microglia in cerebellum
occurs at 2—3 days of hyperammonemia and it is likely
that the production of astrocyte-activating signals by

microglia is still not enough at 4 days of hyperammone-
mia to induce activation of astrocytes, which is clearly
observed at longer times of hyperammonemia [9, 10,
42, 43).

Moreover, we also show that blocking peripheral
IL-17 with anti-IL-17 during days 2—4 of hyperammone-
mia prevents CD4 lymphocytes infiltration, microglia
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Fig. 8 Early injection of anti-IL.-17 prevents the increase of superoxide production in endothelial cells in the meninges of the cerebellum

of hyperammonemic rats. Superoxide was stained with DHE and endothelial cells by immunofluorescence with anti-CD31. Immunofluorescence
staining using anti-CD31 (A, B) shows an increase of CD31 positive endothelial cells that produce superoxide (labeled with DHE) in cerebellar
meninges of hyperammonemic rats. The content of MLCK (C) in cerebellum was analyzed by Western blot. Representative images of the blots are
shown. Values are expressed as percentage of controls. Values are the mean =+ SEM of 5 rats/group in A, B and 7 rats/group in C. Values significantly
different from control group are indicated by asterisk (*p <0.05, **p <0.01) and values significantly different from HA group are indicated

by a (@a=p<0.05 aa=p<0.01). Yellow arrows indicate co-localization of the CD31 cells with DHE
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activation, and affords sustained prevention of BBB
permeabilization and of the enhancement of the TNFa-
TNFR1-S1PR2-CCL2-CCR2-BDNEF-TrkB pathway, of
GABAergic neurotransmission and of motor incoordi-
nation, which lasts for at least 5 weeks after anti-IL-17
injection. Hyperammonemia would no longer induce
deleterious effects at later phases because the increase in
IL-17 in the blood has disappeared.

We have previously shown that systemic inflamma-
tion is a crucial intermediary between hyperammonemia,
neuroinflammation and neurological impairment [7, 8].
We show here that injection of anti-IL-17 reduces pro-
inflammatory cytokines in plasma of hyperammonemic
rats, including IL-17 and TNFa. This reduction of periph-
eral inflammation by anti-IL-17 would also contribute to
the beneficial effects in cerebellum.

The induction of BBB permeabilization by increased
IL-17 levels in blood has been already reported in other
pathological situations, including mice models of multi-
ple sclerosis [31], of Parkinson’s disease [44], of perioper-
ative neurocognitive disorders in aging [45] and of sepsis
[46].

IL-17 also disrupts the BBB in primary human
endothelial cells [28, 47]. The involvement of the IL-17
receptor-NADPH oxidase-superoxide-MLCK-occludin/
ZO-1 pathway in the mechanisms leading to BBB per-
meabilization has been already demonstrated by different
groups in other situations [31-34]. We show here that
this same mechanism, triggered by blood IL-17, contrib-
utes to BBB permeabilization in cerebellum of hyperam-
monemic rats.

It is noteworthy that a similar induction of BBB per-
meabilization and induction of neuroinflammation by a
transient increase of IL-17 has been reported in patients
and animal models of multiple sclerosis (MS). MS
patients show increased IL-17 levels in blood and cer-
ebrospinal fluid, which are associated with BBB disrup-
tion [25]. Moreover, IL-17 levels tended to decrease with
disease duration. Kostic et al. [25] proposed that IL-17
would be more important for MS onset than for disease
progression and that this could explain why some MS
clinical trials, targeting Th17 cells in the later stage of the
disease, failed to provide any clinical benefit [25]. Graber
et al. [48] showed that peripheral blood mononuclear

(See figure on next page.)
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cells from patients with early MS produce more IL-17
than those from patients with established MS, further
supporting a transient increase of IL-17 in MS similar to
that reported here in hyperammonemic rats.

Th17 cells can efficiently cross the BBB, leading to BBB
disruption, the activation of other inflammatory cells and
neurodegeneration in MS patients [49]. In addition to T
lymphocytes, also macrophages may infiltrate the brain
in patients with MS, leading to microglia activation [50—
52]. A similar infiltration of Th17 CD4 lymphocytes and
macrophages has been reported in meninges of cerebel-
lum of patients died with liver disease, associated with
hyperammonemia and hepatic encephalopathy [21]. This,
together with the increased activation of Th17 and blood
levels of IL-17 in cirrhotic patients with minimal hepatic
encephalopathy [19] suggests that a similar process to
that reported here would trigger motor incoordination
and cognitive impairment in these patients. The increase
of blood IL-17 levels is transient in hyperammonemic
rats, but seems to be sustained in patients with MHE
[19]. This suggests that a potential treatment of MHE
patients with anti-IL-17 should be chronic.

Permeabilization of the BBB facilitates the infiltra-
tion of IL-17 [28-30], which increases in cerebellum at
4 days of hyperammonemia. We have recently shown
that IL-17 triggers activation of microglia in cerebel-
lum at 4 weeks of hyperammonemia [42]. A similar
IL-17-induced activation of microglia would occur at
4 days of hyperammonemia. Activated microglia pro-
duce IL-17 that promotes neuronal damage [53] and
TNF« [54, 55] which alters neuronal function [56]. In a
similar way, IL-17 driven activation of microglia in cer-
ebellum of hyperammonemia rats increases TNFa pro-
duction which activates TNFR1 in Purkinje neurons
leading to enhanced GABAergic neurotransmission
and motor incoordination at 4 weeks of hyperam-
monemia [42] and also at 4 days of hyperammonemia,
as shown here. The mechanisms by which enhanced
activation of TNFR1 by TNFa enhances GABAergic
neurotransmission and induce motor incoordination
have been already described in detail in our previous
studies at 4—5 weeks of hyperammonemia [9, 10] and
involve enhanced activation of the TNFa-TNFR1-
S1PR2-CCL2-CCR2-BDNEF-TrkB  pathway  which

Fig. 10 Early injection with anti-IL-17 prevents the alterations in the GABAergic neurotransmission in cerebellum of hyperammonemic rats

at 5 weeks of hyperammonemia. Membrane expression of (A) GABA,a2, (B) GABA,B3, (C) GABA,Y2, (D) KCC2, and (E) NKCC1 were analyzed

using BS3 cross-linker. Representative images of the blots for each protein are shown. Values are expressed as percentage of controls and are

the mean + SEM of 6 rats/group. One-way ANOVA followed by Fisher’s LSD post-hoc test was performed to compare all groups. Values significantly
different from controls are indicated by asterisk (*p < 0.05) and values significantly different from HA group are indicated by a (a=p <0.05,

aaa=p<0.001, aaaa=p<0.0001)



Page 15 of 22

(2024) 21:314

Arenas et al. Journal of Neuroinflammation

HA+antilL17

C+antilll17 HA

C

HA+antilL17

C+antillL17 HA

C

BS3

BS3

GABAAQ2
st.

X< 4

00
50

D
c- -
u

200

1 ,.8vo
29 40 %) Z0"Vwapy
(lonussaidxa aueliq
10 UOJs

~ " TRkB

() (jo13u09 0 9

Q (jonuoo jJo 9,

HA+
»
R\

C+antillLl7 HA
+

C

Hee Fo  °

e

1 1
o o—1——
1=} =)

® 2 =4 i

400

m
%]
-2}

J0 uoissaidxa) ZAVaVO
aueIqWIA

" GABAAB3

HA+antiiL17

C+antilL17 HA

C

J0 uojssaidxe) £9VAVO
) aUBIqWIBN

!

—3
ﬂ
13U02 30 %) Bqwap

(195ssaidxa auel

30 uof

200

o
o
-—

u

1L

GABAAy2

-antilL17

R
@ > w—vv —V«s.

C+antillLl7 HA  HA+

C

HA+antilL17

C+antilL17 HA

C

antilL17

BS3

BS3

150

KCC2

e oo

¥/
(7
Qx
P 4
b
u u " oy
T 2,
%
%
)
LN ) T . L ] - 0
1 1
o o o
m 0
(1013u092 30 %) LOONUN
JO uoissaidxa aueiquialy
©» Mo - <,
%,
.\0

- <,
“%
.0«\
®
x
)
.+ oo - 0
I 1 1 1
o o o o o
o 0 o wn
N - -

W NKkecl

(1013u09 J0 %) 20N
JO uoissaldxa aueiquialy

*
aaa
vv

Fig. 10 (See legend on previous page.)



Arenas et al. Journal of Neuroinflammation (2024) 21:314
OCCLUDIN E
ACTIN

Page 16 of 22

£
.UA ‘-A
Sg o0 35 150
S§¢€ SE
5 S 100 28 100 I—‘r—l

— C o H
<A 5 aR .

=

28 5 SE 5 :
c = - <

S o
o

o o

o

C C+antilL17 HA  HA+antilLl17
-+ -+ T F T %

@®
7]
w

PHOX67

200+ *%

-

o

o
1

100+

o
o
1
phox47 (% of control)

Membrane expression of
phox67 (% of control)
Membrane expression of

. ipe. 201 ACTIN
ACTIN ; "
- aaa
£= . ™
5 E .
2 - x|
s IR
| , . | < :\: _504‘ | | L |
; € l
o]
(8]
T 0 T T T
9] A s A
& & A
Qi\' ’b& 'DQ\
i o &
¥ A
C C+antilLl17 HA  HA+antill17
B3 - * - + - ¥ %
250 PHOX47
*
200 .
150 .
. a
100 '
50 : ’
0 T T 1
o A A
R
N N
0"00 x,b(‘
F

Fig. 11 Early injection of anti-IL-17 prevents BBB permeabilization and NADPH oxidase activation in cerebellum of hyperammonemic rats

at 5 weeks of hyperammonemia. Protein content of (A) Occludin, (B) ZO-1

and (C) Claudin10 in cerebellum was analyzed by Western blot.

Membrane expression of (D) p67phox and (E) p47phox was analyzed using the BS3 cross-linker. Representative images of the blots for each protein
are shown. Values are expressed as percentage of controls and are the mean + SEM of 6 rats/group. One-way ANOVA followed by Fisher's LSD
post-hoc test was performed to compare all groups. Values significantly different from controls are indicated by asterisk (*p <0.05, **p <0.01; ***
p<0.001) and values significantly different from HA group are indicated by a (a=p <0.05,aa=p<0.01,aaa=p<0.001)

increase membrane expression of GABA, receptor
subunits and of KCC2, leading to enhanced GABAe-
rgic neurotransmission [9, 10], which is responsible
for motor incoordination in hyperammonemic rats
[9, 11, 37, 38, 43, 57]. We show here that this same
process is triggered in cerebellum of rats at 4 days of
hyperammonemia.

We also show that blocking peripheral blood IL-17
with anti-IL-17 prevents infiltration of lymphocytes
and monocytes, permeabilization of the BBB, activa-
tion of microglia, induction of neuroinflammation and
enhancement of GABAergic neurotransmission as well
as induction of motor incoordination by hyperam-
monemia. These data suggest that early treatment with
anti-IL-17 could be a beneficial therapeutic approach
in cirrhotic patients at initial stages of minimal hepatic
encephalopathy and also in patients with other neuro-
logical alterations, including multiple sclerosis.

Materials and methods

Rats

Male Wistar rats (120-140 g) were made hyperam-
monemic by feeding them a diet containing ammonium
acetate for 4 days or for 5 weeks as in Felipo et al. [58],
and Taoro-Gonzalez et al. [59]. The experiments were
approved by the Comite Etico de Experimentacién Ani-
mal (CEEA) of our center and by the Conselleria de
Agricultura of Generalitat Valenciana, and were per-
formed in accordance with the guidelines of the Direc-
tive of the European Commission (2010/63/EU) for care
and management of experimental animals, and comply
with the ARRIVE guidelines for animal research.

Experimental design

The experimental design is summarized in Fig. 1. For
the 3 experiments described below, rats were distributed
into four groups: C: control rats injected with phosphate
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Table 1 Effects of hyperamonemia and of treatment
with anti-IL-17 on cytokines levels in plasma at 4 days of
hyperamonemia

Cytokine Hyperammonemic rats (% of control

rats)

Basal Anti-IL-17
TNFa # 255+ 53** 135+27°
=17 149+ 13* 96+15°
IL-18 157 £24%* 69+ 14°%
IL-22 133£7** 72+ 8%
CCL2 149+12% 79+22%
CCL5 140+ 14* 85+ 8%
TGFB 72411 120+20°
IL-4 88+7 120+13"
IL-10 103411 153+19™°
IL-6 97+10 73+7°
CX3CL1 102+8 107+19
CCL20 112+18 105+31
IL-15 106+ 14 97+24

TNF-a was analysed in plasma using an ELISA kit. The remaining cytokines
were analysed by Western blot and the data are expressed as percentage of
control rats. Values are the mean + SEM of 7 rats per group. Values significantly
different from control rats are indicated by asterisk (*p < 0.05, **p<0.01) and
from hyperammonemic rats by ‘a’ (a=p <0.05, aa=p <0.01, aaa=p <0.001,
aaaa=p<0.0001)

buffered saline (PBS), C+antilL-17: control rats injected
with antilL-17, HA: hyperammonemic rats injected with
PBS and HA +antilL-17: injected with antilL-17.

Experiment 1: Ten rats per group. To assess if transient
blocking of peripheral IL-17 affords sustained preven-
tion of motor impairment. On day 2 of the ammonium-
containing diet, rats were injected in the tail vein either
with 4 pg of antilL-17 in 200 pl or the same volume of
PBS as vehicle. Two additional injections were given on
days 3 and 4 of the ammonium-containing diet. Analysis
of motor coordination and function in the motorater and
Catwalk were performed after two weeks of hyperam-
monemia. Rats were sacrificed after 5 weeks of hyperam-
monemia. See Fig. 1A. The reason to make an additional
injection of anti-IL-17 on day 2 in the in vivo experi-
ment compared to the ex vivo experiments described
below was to ensure that we block any possible effect of
increased IL-17 in hyperammonemic rats.

Experiment 2: Ten rats per group. To analyze underly-
ing mechanisms, rats were intravenously injected in the
tail vein after 2 days of hyperammonemia (day 3 of the
ammonium-containing diet), either with 4 pg of antilL-17
in 200 pl or the same volume of PBS as vehicle. A second
injection was performed 1 day later and rats were sacri-
ficed after 4 days of hyperammonemia (in the morning
of day 5 after beginning the ammonium-containing diet).
Some rats were perfused for immunohistochemistry and
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immunofluorescence analysis (see below). For other rats
the cerebellum was removed to analyze the protein con-
tent and membrane expression of receptors and trans-
porters as described below. See Fig. 1B.

Experiment 3: Five rats per group. To analyze the pro-
duction of superoxide in endothelial cells in cerebellum,
rats were injected with anti-IL-17 as in experiment 2, but,
in addition, after 3 days of hyperammonemia rats were
also injected intraperitoneally with dihydroethidium
(DHE), a probe for superoxide production as described
below. After 18 h of DHE injection rats were perfused
for immunofluorescence analysis as described below. See
Fig. 1C.

Blood ammonia
Blood ammonia was measured with a commercial Kit in
20 uL of blood taken from the saphenous vein.

Time-course of IL-17 in plasma

Time-course of IL-17 in plasma was analysed by Western
blot. Plasma was collected from control and hyperam-
monemic rats at days 2, 4, 8, 12 and 25 of hyperammone-
mia in previous studies of the group. Plasma was diluted
1:5 and 75 pg of protein were applied for Western blot as
described below.

Analysis of peripheral inflammation

Plasma was collected from the saphenous vein of con-
trol and hyperammonemic rats at 4 days 2of hyperam-
monemia. TNFa was measured using an ELISA kit from
Invitrogen. All other cytokines in plasma were analyzed
by Western blot as described below using antibodies
against IL-17 (1:1000), IL-10 (1:1000), IL-18 (1:1000),
IL-4 (1:1000), CCL20 (1:1000), TGE (1:1000) all from
ABCAM, CCL2 (1:2000) from Proteintech, CCL5 (1:500),
IL-6 (1:500) and CX3CL1 (1:1000) all from Invitrogen,
IL-15 (1:2000) from Bioss, and IL-22 (1:2000) from Bio-
Techne. Secondary antibodies (1:4000) against rabbit,
mouse, or goat were IgGs conjugated with alkaline phos-
phatase (Sigma). The images were captured using a Hewl-
ett Packard ScanJet 5300C and band intensities were
quantified using Alphalmager 2200 software.

Analysis of protein content in cerebellum by Western blot

Control and hyperammonemic rats were sacrificed
after 4 days (see above experiments 2 and 3) or 5 weeks
(experiment 1) of hyperammonemia. Protein content was
analyzed by Western blot in homogenates of the cerebel-
lum. Cerebellum was dissected from 7 rats per group
and homogenized in 50 mM TRIS-HCI pH7.5, 50 mM
NaCl, 10 mM EGTA, 5 mM EDTA and protease and
phosphatase inhibitors. Protein content was analyzed
by Western blot as in Felipo et al. [58], using antibodies
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Fig. 12 Proposed pathway by which a transient increase in blood IL-17 induces neuroinflammation, alterations in GABAergic neurotransmission
in cerebellum and motor incoordination in hyperammonemic rats. Hyperammonemia increases blood IL-17 and membrane expression

and activation of the IL.-17 receptor in endothelial cells, leading to activation of NADPH oxidase, increased superoxide production and MLCK

that induce permeabilization of the BBB by reducing occludin and ZO-1 levels. Permeabilization of the BBB facilitates the entry of IL-17, increasing
IL-17 in cerebellum, which activates microglia and increase TNFa, which, in turn, activates the TNFa-TNFR1-S1PR2-CCL2-BDNF-TrkB pathway.

This enhances membrane expression of GABA, receptors and of KCC2, leading to increased GABAergic neurotransmission which impairs motor
coordination. Early blocking of blood IL-17 with anti-IL-17 prevents all these effects (indicated by ¢ in green). The effects of hyperammonemia are
indicated by red arrows (1). The effects of anti-IL-17 injection are indicated in green ¢

against IL-17 (1:1000), TrkB (1:500) and IL-10 (1:1000) all
from ABCAM, ZO-1 (1:100), CD4 (1:1000) and Occlu-
din (1:300) from NOVUS, TNFa (1:250) and IL1p (1:250)
from R&D systems, ICAM (1:1000) and CCL2 (1:2000)
and MLCK (1:1000) from Proteintech,, BDNF (1:1000)
from Invitrogen, Claudin 10 (1:1000) from Abbomax and
actin or GAPDH as a control for protein loading. Sec-
ondary antibodies (1:4000) against rabbit, mouse, or goat
were IgGs conjugated with alkaline phosphatase (Sigma).
The images were captured using a Hewlett Packard Scan-
Jet 5300C and band intensities were quantified using
Alphalmager 2200 software.

Analysis of membrane expression of receptors

and transporters

Membrane expression of proteins in cerebellar slices was
analyzed by cross-linking with BS3 (Pierce cat# 21580,
Rockford, IL, USA) as described in Cabrera-Pastor et al.
[60] using antibodies against IL-17R, TrkB, TNFR1
(1:500) from ABCAM, S1PR2 (1:1000) from Proteintek,

CCR2 (1:1000) from Novus, GABAy2 (1:500), GABAP3
(1:500, ab98968) all from ABCAM, GABA«a2 (1:1000)
from Bioss Antibodies Inc, P67phox (1:1000) and
P47phox (1:1000) from Invitrogen, KCC2 (1:1000) from
Millipore and NKCC1 (1:500) from IOWA UNIV t4-s.
Membrane expression of proteins in cerebellar slices
was analyzed by cross-linking with BS3 (Pierce cat#
21580, Rockford, IL, USA) as described in Cabrera-
Pastor et al. [60]. Slices were added to tubes con-
taining ice-cold Krebs buffer with or without 2 mM
bis(sulfosuccinimidyl)suberate (BS3) (Pierce, Rockford,
IL, USA) and incubated for 30 min at 4 °C. Cross-linking
was terminated by adding 100 mM glycine (10 min, 4 °C).
The slices were homogenized by sonication for 20 s. Sam-
ples treated with or without BS3 were analysed by West-
ern blot using the above antibodies. BS3 is a cross-linker
that reacts with proteins in the membrane surface gen-
erating aggregates that do not enter the gel. So that the
band in the cytosol is reduced compared to the sample
without BS3. The surface expression of receptor subunits
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was calculated as the difference between the intensity of
the bands without BS3 (total protein) and with BS3 (non-
membrane protein) [60].

Immunohistochemistry in brain sections

Rats were anaesthetized with sodium pentobarbital and
subjected to transcardial perfusion with 0.9% saline fol-
lowed by 4% paraformaldehyde in 0.1 M phosphate
buffer (pH7.4). The brains were removed and post-fixed
in the same fixative for 24 h at 4 °C. Paraffin-embedded
sections (5-pum thick) were cut and mounted on coated
glass slides, processed with the Envision Flex + Kit (Dako)
to block endogenous peroxidase activity for 5 min, and
incubated with antibodies against Ibal (Wako; 1:300),
GFAP (SIGMA; 1:400) and CD4 (NOVUS; 1:150) over-
night. Then, slides were incubated with Goat anti-mouse
or anti-rabbit (biotinylated) secondary antibodies (Vector
Laboratories) for 1 h and diaminobenzidine for 10 min.
Sections were counterstained with Mayer’s hematoxylin
(DAKO) for 5 min. Once the slides were dry, they were
scanned using an Aperio Versa scanner (Leica Biosys-
tems Nussloch GmbH, Germany). Scanned slides were
analyzed using ImageScope64 software, which allows
photos of areas of interest to be obtained at different
magnifications. In all the immunohistochemistry analy-
ses we include a control without primary antibody where
no signal is seen, indicating that the staining reflects true
binding of the antibodies.

Analysis of astrocytes and microglia activation

Analysis of Ibal and GFAP staining was performed in the
white matter of cerebellar slices using the Image J soft-
ware as in [9]. Quantification of microglia roundness in
the cerebellar white matter was performed with Image
pro plus software. Cerebellar slices from three animals
per group were used.

Analysis of superoxide formation in endothelial cells

of cerebellum in vivo

The fluorescent dye DHE was used to analyze superoxide
(O, 7) levels in the in the meninges of the cerebellum as in
[61]. We performed a parallel experiment in different rats
(n = 5) as described in Experiment 3 of the experimen-
tal design (Fig. 1C). Rats were intravenously injected in
the tail vein after 2 days of hyperammonemia, either with
4 pg of antilL-17 in 200 pL or the same volume of PBS as
vehicle. A second injection was performed 1 day later and
then the rats were also injected intraperitoneally with
500 pL of DHE (Sigma-Aldrich, 37291). Rats were anes-
thetized 18 hours after DHE injection using i.p. sodium
pentobarbital and were perfused with 4% paraformalde-
hyde in PBS. Brains were removed and post-fixed in 4%
paraformaldehyde for 1 day. Cerebellar sections were
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cut to do immunofluorescence with antibodies against
CD31, a marker of endothelial cells (Bioss, 1:200) over-
night and followed the next day by Donkey anti-rabbit
Alexa 488 secondary antibody (1:400, Invitrogen). Slices
were mounted and evaluated for ethidium fluorescence
using Ex A 358 nm, Em X greater than 461 nm (ethidium
settings). Images were acquired with a Leica TCS SP8
inverted laser scanning confocal microscope using oil
objectives: 63X Plan-Apochromat-Lambda Blue 1.4 N.A.
Analysis of DHE and CD31 staining was performed in the
meninges of the cerebellum using the Image ] software.
The number of cells positive for CD31 expressing DHE
was manually counted using the Cell Counter plugin of
Image] and the results are expressed as cells/mm?,

Analysis of CD4 T-lymphocyte and monocyte infiltration

in meninges of cerebellum

Sections were stained with anti-CD4 or anti-Ibal, respec-
tively. Infiltration was analyzed in meningeal spaces. All
visible meninges in the slice were photographed. For
each case at least 10 fields (40 x) were photographed for
CD4 and at least eight fields (10x) for Ibal. The num-
ber of cells was counted manually. Cell profiles to be
counted were defined with discernible nucleus (stained in
blue with hematoxylin). Cells for which no nuclei could
be distinguished were not counted. Identified cells that
show brown staining (DAB) are Ibal- or CD4-positive
and were then counted as positive cells. The length of
the meninges was measured using Image]. The results
were expressed as cells/mm. To distinguish infiltrating
monocytes from resident microglia, we considered that
morphology of resident microglia is very different from
that of other brain monocytes-macrophages, allowing
us to discriminate one cellular type from the others, as
described in [62].

Immunofluorescence analysis of the co-localization of CD4
and IL-17 in meningeal spaces

To analyze the infiltration of Th17 CD4 lymphocytes,
double immunofluorescence was performed to ana-
lyze IL-17 (1:100, ABCAM) co-localization with CD4
for T lymphocyte staining (1:50, NOVUS). Analysis of
IL-17+CD4 staining was performed in the meningeal
spaces of the cerebellum using the Image ] software
which photos were taken using the confocal micro-
scope. The number of CD4+cells expressing IL-17 in
the meningeal spaces of the cerebellum was manually
counted using the Cell Counter plugin of Image] and the
results are expressed as cells/mm?. The analysis for the
region was performed on at least 10 40x-fields for each
rat.
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Motor function
Motor coordination and locomotor gait parameters were
assessed after 3 weeks of anti-IL-17 administration.

Footprint analysis of locomotor gait in the CatWalk™

This is a video-based automated gait analysis system
(Noldus, Wageningen, The Netherlands). Three trials
were recorded each day during 2 days as in [63]. Data
for regularity index and initial dual stance were analyzed
using the CatWalk analysis software (v 7.1) and are the
mean of six runs.

Motor coordination in the MotoRater

A kinematic analysis of motor coordination was con-
ducted using the MotoRater (TSE Systems, Germany) as
in [9]. Each day for 2 days, three uninterrupted runs were
recorded for each rat. The runs were analysed by count-
ing and classifying the steps as correct or wrong paw
placements. The results are expressed as a percentage of
total steps and are the mean of six runs.

Statistical analysis

Results are expressed as mean + standard error. All statis-
tical analyses were performed using the software program
GraphPad Prism v.9.0. Normality was assessed using the
D’Agostino and Pearson Omnibus test and the ShapiroW-
ilk normality tests. Differences in variances of normally
distributed data were assessed using Bartlett’s test. Data
with the same variance across groups were analyzed by
a parametric one-way analysis of variance (ANOVA) fol-
lowed by Fisher’s LSD multiple comparisons test or two-
way ANOVA when appropriate. A confidence level of
95% was accepted as significant. The number of rats used
for each parameter and the statistical procedure used in
each case is indicated in the corresponding Figure legend.
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