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Abstract The compensation that follows cerebellar
lesions is based on synaptic modifications in many cortical
and subcortical regions, although its cellular mechanisms
are still unclear. Changes in glutamatergic receptor
expression may represent the synaptic basis of the com-
pensated state. We analyzed in rats the involvement of
glutamatergic system of the cerebello-frontal network in
the compensation following a right hemicerebellectomy.
We evaluated motor performances, spatial competencies
and molecular correlates in compensated hemicerebellec-
tomized rats which in the frontal cortex contralateral to the
hemicerebellectomy side received injections of anti-
NMDA antibodies from patients affected by anti-NMDA
encephalitis. In the compensated hemicerebellectomized
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rats, the frontal injections of anti-NMDA antibodies eli-
cited a marked decompensation state characterized by
slight worsening of the motor symptoms as well as severe
impairment of spatial mnesic and procedural performances.
Conversely, in the sham-operated group the frontal injec-
tions of anti-NMDA antibodies elicited slight motor and
spatial impairment. The molecular analyses indicated that
cerebellar compensatory processes were related to a rele-
vant rearrangement of glutamatergic synapses (NMDA and
AMPA receptors and other glutamatergic components)
along the entire cortico-cerebellar network. The long-term
maintenance of the rearranged glutamatergic activity plays
a crucial role in the maintenance of recovered function.

Keywords Anti-NMDA encephalitis - Cerebellar
compensation - Glutamate receptors - Morris water maze -
Postural and motor behaviors - Rat

Introduction

Since cerebellar circuits are endowed with great plastic
potentialities, the compensation that follows cerebellar
lesions represents an excellent model of lesion-induced
plasticity (Burello et al. 2012). As classically observed in
patients and animals following surgical ablation or stroke
injury of the cerebellar structures (Holmes 1917; Luciani
1891), unilateral cerebellar lesions (as the hemicerebel-
lectomy, HCb) cause a dramatic syndrome that subsides
with time in a process of functional recovery known as
“cerebellar compensation.” During the compensated state,
the severity of static symptoms (including ocular nystag-
mus, head and body tilt) gradually decreases, whereas
dynamic symptoms (including complex and coordinated
motor behaviors) compensate much less completely and
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more variably (Cutuli et al. 2011; Manni and Dow 1963;
Molinari et al. 1990). Finally, a residual motor symp-
tomatology with ataxic, dysmetric and asthenic symptoms
remains present together with a multifaceted cognitive
impairment, which affects visuo-spatial, mnesic, atten-
tional, and executive functions (Buckner 2013; Timmann
et al. 2010). It is assumed that cerebellar compensation is
based on profound synaptic modifications in many cortical
and subcortical regions, but the detailed cellular mecha-
nisms are still a matter of debate (Federico et al. 2006b).

Glutamatergic synapses mediate most of brain excita-
tory neurotransmission, and changes in their strength or
efficiency have emerged as a cellular basis for learning and
memory processes. According to the mechanism by which
their activation gives rise to a postsynaptic current, iono-
tropic (NMDA, AMPA and kainate receptors) and meta-
botropic receptors may be identified (Conn et al. 2005;
Lisman et al. 2002). In the neocortex, the most abundant
subtypes of NMDA receptors (NMDAR) are composed of
GluN1 subunits associated with GIuN2A and/or GluN2B
subunits (Cull-Candy and Leszkiewicz 2004). The ratio
between GIuN2A and GIluN2B varies during synaptic
refinements following sensory experience (Lau and Zukin
2007). Thus, depending on the context, synapses adapt
their GluN2 signaling in order to appropriately modulate
their integrative capacity. Animal models and human
pharmacological trials (Gunduz-Bruce 2009; Honnorat
et al. 2001) have established that synaptic localization and
trafficking of the NMDAR and AMPA receptors (AMPAR)
are the basis of many motor and cognitive functions (Lau
and Zukin 2007; Shepherd and Huganir 2007).

Getting back to the cerebellar compensation, changes in
NMDAR expression, affinity or efficacy may represent the
synaptic basis of compensated state. Indeed, we previously
showed that systemic administration of an NMDAR antag-
onist (CGS 19,755) to compensated hemicerebellectomized
rats provokes a dramatic loss of the compensated state
(decompensation) (Federico et al. 2006a). However, because
of the systemic administration of the drug, the action sites of
the NMDAR antagonist could not be defined. Recently, an
autoimmune “anti-NMDA encephalitis” has been described
(Dalmau et al. 2008; Sansing et al. 2007). It has been shown
that the extracellular domain of the N1 subunit of the
NMDAR is directly targeted by autoantibodies present in
patients’ serum and cerebrospinal fluid (CSF). The impair-
ment of glutamate signaling via the NMDAR leads to the
prominent psychiatric and behavioral symptoms, rapid
memory loss, dyskinesias, seizures, and autonomic insta-
bility characteristic of the disease (Dalmau et al. 2008, 2011;
Sansing et al. 2007). The NMDAR reduction decreases the
ability of neurons to respond to glutamate and, by doing so,
harms multiple essential neuronal functions that depend on,
and are mediated by, glutamate signaling (Hughes et al.

2010). More recently, it has been demonstrated that blocking
NMDAR activity with autoimmune anti-NMDA antibodies
(Ab) prevents the mobility of the same receptors at synaptic
sites causing long-term potentiation (LTP) impairment
(Dupuis et al. 2014).

On such a basis, in the present research we studied in rats
the involvement of NMDAR of the frontal cortex (FC) in the
cerebellar compensation that follows a hemicerebellar
ablation. In fact, given the extensive bidirectional cortico-
cerebellar connections (Middleton and Strick 2001), the FC
and the spared hemicerebellum may be preferential sites of
the synaptic remodeling characterizing the compensated
state. We analyzed motor (postural and locomotor) perfor-
mances, spatial (mnesic and procedural) competencies and
molecular (composition of postsynaptic density, PSD) cor-
relates in compensated HCb rats which in the FC con-
tralateral to HCb side received injections of anti-NMDA Ab
from anti-NMDA encephalitic patients or injections of
serum without Ab. We expected that the dramatic hypo-
function of NMDAR caused by encephalitic patients’ Ab
injections could disrupt the cortico-cerebellar glutamatergic
synaptic rearrangement featuring the compensated state.

Materials and Methods
CSF and IgG Purification

The methodology used for the control CSF has been
explained earlier (Manto et al. 2010, 2011). We used
patients’ CSF positive for NMDAR Ab and subsequently
confirmed the results using purified IgG. Patients’ CSF
positive for NMDAR Ab was obtained from two patients
with anti-NMDA encephalitis (University of Berlin, Ger-
many). The composition of the CSF is given in the Sup-
plementary Table S1. NMDAR Ab concentrations were
1:32 and 1:100 in CSF1 and CSF2, respectively. The
method used to demonstrate the presence of Ab has been
reported previously (Wandinger et al. 2011). Identification
of Ab was performed by Euroimmun (Germany). IgGs
were purified from the serum of a patient (SNP1037;
University of Lyon, France) presenting the anti-NMDA
encephalitis. Serum was collected at symptom presenta-
tion, before any treatment. Briefly, IgG were adsorbed to
protein A-Sepharose beads (protein A Sepharose 4 fast
flow, Sigma, L’Isle-d’Abeau, France) and eluted with
glycine buffer (0.1 M, pH 2.8). After neutralization with
Tris 1.5 M pH 8.8, IgGs were dialyzed overnight at 4 °C
against PBS buffer, pH 7.4 and sterilized by filtration with
0.22-pum filters. Protein concentration was estimated with
the nanodrop spectrophotometer (Thermoscientific, Ville-
bon, France). IgG concentration was 2.2 mg/ml (Manto
et al. 2007, 2010, 2011).
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Experimental Procedures

The present data were collected from 48 adult male Wistar
rats (300—450 g; Harlan, Italy) housed in standard condi-
tions. They were housed two animals to a cage with tem-
perature (22-23 °C) and humidity controlled (60 £ 5 %),
under a 12:12 h light/dark cycle (light on between 07.00
and 19.00 h), with free access to food and water. All efforts
were made to minimize animal suffering and to reduce
their number in accordance with the European Union
Directive of September 22, 2010 (2010/63/EU). All pro-
cedures were approved by the Italian Ministry of Health.

Twenty-four rats received a right HCb and 24 rats a
sham surgery. Once recovered (the recovery had occurred
2 months after HCb or sham surgery), the animals were
injected with anti-NMDA Ab or serum 24 h before the
behavioral testing. The injections of serum or anti-NMDA
Ab were performed in the left FC (contralaterally to the
HCb side). Thus, 4 groups of animals (12 rats/group) were
used: HCb 4+ serum (H-S), HCb + anti-NMDA Ab (H-
A), Sham + serum (S-S), Sham + anti-NMDA Ab (S-A).

Since we found that action of the anti-NMDA Ab on
motor and spatial performances was temporary (see “Re-
sults” section), we sacrificed a subsample of animals 24 h
after frontal injections to perform the biochemical analyses
when Ab effects were still well marked. Thus, out of 12 rats
of each group, 7 animals were behaviorally tested twice, at
24 and 48 h after the frontal injections, while the remaining
5 rats were behaviorally tested only at 24 h after the injec-
tions and then killed. Behavioral data of these four 5-animal
groups are described in detail as Supplementary Material. To
verify the homogeneity of the differently sized experimental
groups, we compared the performances of the four 7-animal
groups with those of the four 5-animal groups on all
behavioral parameters by means of three-way MANOVA
(sample size x group x parameter). This analysis revealed
a not significant difference between the differently sized
groups (Fy40 = 0.19; p = 0.66), while the differences
among four experimental groups (F349 = 9.6; p < 0.0001)
and parameters (F33 1320 = 122.29; p < 0.000001) were
significant. ~The second-order interaction (sample
size X group X parameter) was not significant
(Fo9,1320 = 0.24; p = 1). The only significant first-order
interaction was  group x parameter (Fog 1320 = 4.14;
p < 0.000001). Thus, we considered the differently sized
groups as closely matching.

Surgery
All rats were anesthetized with Zoletil 100 (tiletamine and
zolazepam: 50 mg/kg i.p.—Virbac s.r.l., Milan, Italy) and

Rompun (xylazine: 10 mg/Kg i.p.—Bayer s.p.a., Milan,
Italy), and a craniotomy was performed over the right
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hemicerebellum. In the animals undergoing the surgical
ablation of the cerebellar regions, the dura was excised, and
the right cerebellar hemisphere and hemivermis as well as
the fastigial, interpositus, and dentate cerebellar nuclei of
the right side were ablated by suction. Care was taken not
to lesion the extra-cerebellar structures. The cavity was
filled with sterile gel foam, the wound edges were sutured
and the animals were allowed to recover from anesthesia
and surgical stress. In the animals belonging to the sham
surgery group, no cerebellar ablation was performed. The
wound edges were then sutured, and the animals were
allowed to recover from anesthesia and surgical stress.

Lesioned animals were included in the present study
only if they had received a total ablation of the right side of
the cerebellum. The extent of the cerebellar lesion was
determined by visual inspection.

Neurological Evaluation

The presence of postural and locomotor symptoms as well
as of deficient complex motor behaviors elicited by the
right HCb was assessed by means of a behavioral rating
scale from the very first post-lesional days until a
stable compensation stage. A score from 0 to 2 was
assigned to each symptom according to its degree of
severity (0 = absent; 1 = slight; 2 = marked) (Foti et al.
2011). As 23 behaviors were taken into account, the total
score ranged from O (complete absence of any deficits) to
46 (presence of all symptoms to the highest degree). The
behavioral scores were attributed by an expert investigator
unaware of the individual specimen’s group. The neuro-
logical evaluation started 24 h after HCb or sham lesion,
and was performed at variable time intervals for 2 months.
After 2 months, insignificant changes in the lesioned ani-
mals’ test scores were observed, indicating a stable motor
and behavioral symptomatology (Supplementary Fig. S1,
Supplementary Table S2). The presence of symptoms was
again assessed before (pre-injection day) and after (1st and
2nd post-injection day) the frontal injections of anti-
NMDA Ab or serum.

FC Injections

After 2 months from HCb or sham surgery, under anes-
thesia all rats received three injections of 7.5 pul each one of
anti-NMDA Ab (H-A and S—A groups) or serum without
Ab (H-S and S-S groups) performed at three different sites
of the left FC through 25-pLL Hamilton syringe (stereotaxic
coordinates: Cg/M2: AP +3.2, ML +1, DV -2; M1: AP
+3.2, ML 42.2, DV -2; M1: AP 43.2, ML 43.4, DV -3)
(Paxinos and Watson 1998). Solutions were injected in
each site at flow rates of 1.5 pl/min. The needle was left
in situ 5 min after each injection. The animals were
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allowed to recover from anesthesia and surgical stress for
24 h.

Morris Water Maze (MWM)

Following (lst and 2nd post-injection day) the frontal
injections of anti-NMDA Ab or serum, the animals were
submitted to the MWM to evaluate their spatial mnesic
(localization abilities) and procedural (navigational strate-
gies) competencies (Federico et al. 2006a; Foti et al. 2011;
Gandhi et al. 2000; Leggio et al. 1999). Notably, postural
and locomotor symptoms do not severely affect swimming
performances, and do not alter forelimb movement inhi-
bition, hindlimb thrusting or turning abilities, because
swimming functions are under multisystem control, so that
extra-cerebellar circuits can efficiently operate to provide
compensatory support (Molinari et al. 1990; Petrosini et al.
1990). Consequently, testing cerebellar animals on cogni-
tive tasks that require swimming performances is advan-
tageous for analyzing spatial procedural abilities not
influenced by motor impairment or motivational failures.

Short-lasting anti-NMDA Ab effects were evaluated
through an MWM protocol detailing 24-48 h effects
(Federico et al. 2006a, b; Hampe et al. 2013).

The rats were placed in a circular white pool (diameter
140 cm) filled with 24 °C water made opaque by the
addition of non-toxic acrylic black color (Giotto, Italy). An
escape platform (diameter 10 cm) was placed in the middle
of one quadrant, 30 cm from the side walls. It was either
submerged 2 cm or raised 2 cm above the water level. On
day 1 (24 post-injection h), each rat was submitted to the
10-trial Place 1 phase (hidden platform put in the SE
quadrant), followed by 1 trial with no platform in the pool
(Probe) and then to the 3-trial Cue phase (visible platform
put in the NW quadrant). On day 2 (48 post-injection h),
the animals performed the 10-trial Place 2 phase (hidden
platform put in the NW quadrant).

The rat was released into the water from randomly varied
starting points and allowed to search for the hidden or visible
platform for a maximum of 120 s. When the rat reached the
platform, it was allowed to remain there for 30 s. The inter-
trial interval was 1 min. In the Probe phase, the platform was
removed and rats were allowed 60 s to search for it. Navi-
gational trajectories were recorded by a video camera whose
signal was relayed to a monitor and to an image analyzer
(Ethovision, Noldus, Wageningen, The Netherlands).

The following MWM parameters were considered:
escape latency (in seconds) to find the platform; total dis-
tance (in cm) swum in the pool; peripheral distance, con-
sidered as percentage of total distance swum in a 20-cm
peripheral annulus; and swimming velocity (in cm/s). All
parameters have been considered in the 10 trials (scores
averaged pair-wise) of Place 1 and 2 phases as well as in

the 3 trials of Cue phase. Furthermore, during Probe phase
the percentage of total distance travelled in the previously
rewarded (platform) quadrant was calculated. The follow-
ing navigational strategies put into action in reaching the
platform regardless of whether the platform was reached or
not were considered: Circling (C), circular swimming with
counterclockwise and clockwise turnings and loop swim-
ming with compulsive restricted turnings; Searching (S),
swimming around the pool in all or some quadrants;
Finding (F), reaching the platform by swimming through a
brief semicircular or direct trajectory without any searching
around the pool. Animals were not trained in MWM prior
to frontal injections to avoid prior acquisition of skills.
Two researchers unaware of the individual specimen’s
group categorized the swimming trajectories drawn by the
image analyzer. They attributed the dominant behavior in
each trial to a specific category. Categorization was con-
sidered reliable only when their judgments were consistent.

Sub-Synaptic Fractionation and Western Blot

At the end of the 1st behavioral evaluation day, the animals
devoted to biochemical analyses were killed by decapita-
tion under deep anesthesia. Brains were removed and
frontal cortices and left hemicerebellum were dissected to
isolate the PSD (D’Amelio et al. 2011). Briefly, tissues
were homogenized in cold homogenization buffer
(320 mM sucrose, 10 mM Tris-HCI (pH 7.4), 1 mM
EDTA, 1 mM PMSF, 1 mM Na3zVO,, 5 mMNaF, 20 mM
2-glycerophosphate, protease inhibitors cocktail-Sigma)
with ten strokes of a tight-fitting glass Dounce tissue
grinder. The homogenate was centrifuged at 1000x g for
10 min, and the resulting supernatant was centrifuged at
10,000xg for 15 min. The pellet was re-suspended in
homogenization buffer containing 0.5 % Triton X-100 with
ten strokes of a tight-fitting glass Dounce tissue grinder,
incubated 40 min on ice and centrifuged at 32,000x g for
20 min. The resulting pellet (TxP) containing PSD fraction
was re-suspended in RIPA buffer (50 mM Tris-HCI (pH
7.4), 1 % Triton X-100, 0.25 % sodium deoxycholate, 150
mM NaCl, 5 mM MgCl,, 1 mM EDTA, 0.1 % SDS, pro-
tease inhibitors cocktail), sonicated and incubated on ice
for 20 min. The samples were centrifuged at 11,500 g for
10 min and the protein concentration of resulting super-
natant was determined by Bradford method.

Equal amounts of proteins were applied to SDS-PAGE
and electroblotted on a PVDF membrane. Immunoblotting
analysis was performed using a chemiluminescence
detection kit. The relative levels of immunoreactivity were
determined by densitometry by using the software Image J.

Primary antibodies were the following: GluA1 (1:1000;
Millipore-Upstate); PSD-95 (1:1000; Millipore-Chemi-
con); GIuN1, GluN2A (1:500; Santa Cruz Biotechnology).
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Secondary antibodies were the following: goat anti-
rabbit IgG HRP conjugate (1:3000; Bio-Rad), goat anti-
mouse IgG HRP conjugate (1:3000; Bio-Rad); rabbit anti-
goat IgG HRP conjugate (1:1000; Bio-Rad).

Statistical Analyses

Data presented as mean = SEM were first tested for nor-
mality (Wilk-Shapiro’s test) and homoscedasticity
(Levene’s test). Then, data were analyzed by using one-
way ANOVAs (group) or two-way ANOVAs for inde-
pendent (group) and repeated measures (trial/day/naviga-
tional strategy) followed by Newman-Keuls’ test, when
appropriate. Significance level was set at p < 0.05. Sta-
tistical analyses were performed by using STATISTICA
8.0 (StatSoft, Italy).

Results
Neurological Evaluation

The analysis of the motor behaviors revealed that before
the injections (pre-injection day) some postural and loco-
motor symptoms (head bobbing, head tilt, tremor, wide
base, collapsing on the belly) and some deficient complex
behaviors (as those displayed in testing abilities of
descending a ladder, rearing, vestibular drop) were still
slightly present in both HCb groups (H-S and H-A)
(Fig. 1). No motor deficit was present in the sham-operated
(S-S and S—A) animals. In H-A rats, the anti-NMDA Ab
injections induced a worsening of some HCb symptoms
(head and body tilt, hyperflexion of right hindlimb, col-
lapse on the belly, side falls), without affecting nystagmus,
hyperactivity and turning. In sham-operated rats, the
frontal anti-NMDA Ab injections slightly impaired postu-
ral and locomotor abilities and more severely the motor
abilities, as rearing and vestibular drop, once again leaving
unaffected eye nystagmus, hyperactivity and turning. All
effects of anti-NMDA Ab faded away within 48 h from the
injection (2nd post-injection evaluation).

Statistical Comparisons

A two-way ANOVA (group x day) on the scores of the
behavioral rating scale revealed significant group
(F(3!24) = 2721, p < 000001) and day (F(2’43) = 1051,
p = 0.0002) effects. The interaction was also significant
(Feasy = 2.51; p = 0.03). Post hoc comparisons on
interaction revealed that both H-S and H-A groups were
significantly different (at least p = 0.03) from S-S and S—
A groups in the three evaluations (pre-injection, lst and
2nd post-injection day). Interestingly, in both groups

@ Springer

NEUROLOGICAL EVALUATION

scores

pre-injection 1st post 2nd post

day of evaluation

-@-SS -BS-A
—#&—H-S —&—H-A

Fig. 1 Effects of frontal anti-NMDA antibodies or serum injections
on postural and locomotor symptoms in hemicerebellectomized or
sham-lesioned rats. Abscissa: pre-injection and 1st and 2nd post-
injection days. Ordinate: degree of severity of symptoms evaluated
according to the rating scale described in the text. Data are presented
as mean = SEM. Intra- and inter-group post hoc comparisons: at least
* p < 0.03. In this and the following figures: S—S: Sham + Serum; S—
A: Sham + anti-NMDAR Ab; H-S: HCb + serum; H-A:
HCb + anti-NMDAR Ab, groups

treated with anti-NMDA Ab (H-A, S—A) there were sig-
nificant within-group differences among the three evalua-
tions. Namely, in H-A and S-A groups a significant (at
least p = 0.02) neurological impairment was observed
when pre-injection and 1st post-injection evaluations were
compared and a complete recovery from anti-NMDA Ab
effect was observed when Ist and 2nd post-injection
evaluations were compared.

Spatial Performances in MWM

As depicted in Figs. 2 and 3, S-S group exhibited the best
spatial (mnesic and procedural) competencies and searched
for (and found) the platform with the most direct strategies
during the entire MWM task including Probe phase. In S—A
group, the anti-NMDA Ab injections resulted in a spatial
impairment (mnesic and procedural) as severe as the
impairment displayed by H-S animals in Place 1 and Probe
phase when both groups persisted in displaying a com-
pulsive Circling in the peripheral pool sectors. In Place 2
(2nd post-injection day), the S—A group reached the plat-
form through the strategy of direct Finding and showed
tuned spatial abilities similar to those of S-S animals,
demonstrating thus that in the presence of intact cerebello-
frontal circuit the anti-NMDA Ab effect completely ended
within 48 h. The H-S group displayed mnesic and proce-
dural performances compromised in all MWM phases. In
H-A group, the injections of anti-NMDA Ab induced the
most severely impaired spatial performances and elicited a
compulsive Circling during Place 1 and Probe phase. In
Place 2, the H-A group still exhibited spatial deficits, at
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Fig. 2 Effects of frontal anti-NMDA antibodies or serum injections
on the Morris Water Maze (MWM) performance in hemicerebellec-
tomized or sham-lesioned rats analyzed in Place 1, Cue and Place 2

odds of the disappearance of anti-NMDA Ab effects in S-A
group. Thus, in the HCb animals when tested in MWM, the
anti-NMDA Ab injections caused the cerebellar impair-
ment to get worse eliciting thus a marked and long-lasting
decompensation.

Statistical Comparisons

Escape Latencies (Fig. 2a) A two-way ANOVA (group x
trial) on escape latency of Place 1 phase revealed a sig-
nificant group effect (F324y = 7.78; p = 0.0008) and no
significant trial effect (F96 = 1.51; p = 0.20). The

40
20
0 -
2 3
TRIALS

phases. Escape latencies (a), total distance (b) and peripheral distance
(c) are depicted. Data are presented as mean £ SEM

interaction was not significant (F(1296 = 0.78; p = 0.67).
Post hoc comparisons on group effect revealed that S-S
animals showed the lowest latencies in comparison with
the remaining groups (at least p = 0.02) and that H-S and
S—A animals exhibited latencies lower than H-A animals
(at least p = 0.04). A two-way ANOVA (group x trial) on
escape latency of Cue phase revealed a significant group
effect (F304) = 3.32; p = 0.04) and no significant trial
effect (Fo4s) = 2.02; p = 0.14). The interaction was not
significant (Fg 45y = 0.71; p = 0.64). Post hoc compar-
isons on group effect revealed that the S-S animals showed
the lowest latencies in comparison with the remaining
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MWM
NAVIGATIONAL STRATEGIES
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Fig. 3 Effects of frontal anti-NMDA antibodies or serum injections
on the Morris Water Maze (MWM) navigational strategies exhibited
in the three phases by hemicerebellectomized or sham-lesioned rats.
The circular figurines at the top of the figure illustrate the typical
explorative patterns of the three main navigational strategies. The
black filled circles indicate platform position. C circling, S searching,
F finding strategies. Data are presented as mean & SEM. Intra-group
post hoc comparisons: at least * p < 0.03; ** p < 0.01

groups (at least p = 0.04). A two-way ANOVA (group x
trial) on escape latency of Place 2 phase revealed signifi-
cant group (F(324) = 12.35; p = 0.00004) and trial
(Fa96) = 16.61; p < 0.00001) effects. The interaction was
not significant (F12,96) = 1.18; p = 0.31). Post hoc com-
parisons on group effect revealed that S—S and S—A groups
showed latencies lower than H-S (at least p = 0.03) and
H-A (at least p = 0.0005) animals. Interestingly, H-S
animals showed latencies lower than H-A animals
(» = 0.03).

Total distance (Fig. 2b) A two-way ANOVA (group x
trial) on total distance of Place 1 phase revealed significant
group (F34y = 6.30; p = 0.003) and trial (F4 96, = 7.16;
p = 0.00004) effects. The interaction was not significant
(Faz2.96) = 0.77; p = 0.68). Post hoc comparisons on group
effect revealed that S-S animals showed the lowest total
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distances in comparison with the remaining groups (at least
p = 0.05) and that H-S animals showed total distances
lower than H-A animals (p = 0.04). A two-way ANOVA
(group x trial) on total distance of Cue phase revealed a
significant group effect (F(324) = 3.22; p = 0.04) and no
significant trial effect (F4s) = 1.14; p = 0.33). The
interaction was not significant (Fe 45, = 1.10; p = 0.38).
Post hoc comparisons on group effect revealed that S—S
animals showed total distance lower than S—A (p = 0.04)
and H-A (p = 0.03) animals. A two-way ANOVA (group
x trial) on total distance of Place 2 phase revealed signif-
icant group (F(324) = 10.59; p = 0.0001) and trial
(Fa.06) = 18.70; p < 0.00001) effects. The interaction was
not significant (F(j296) = 1.13; p = 0.34). Post hoc com-
parisons on group effect revealed that S—S and S—A ani-
mals showed total distances lower than H-S (at least
p = 0.04) and H-A (at least p = 0.0008) animals, and that
H-S animals showed total distance lower than H-A ani-
mals (p = 0.03).

Peripheral Distance (Fig. 2C) A two-way ANOVA
(group x trial) on peripheral distance of Place 1 phase
revealed significant group (F(324y = 3.42; p = 0.03) and
trial (F4.96) = 3.34; p = 0.01) effects. The interaction was
not significant (F(j296) = 1.46; p = 0.15). Post hoc com-
parisons on group effect revealed that S—S animals showed
the lowest percentage of peripheral distance in comparison
with the remaining groups (at least p = 0.03).Two-way
ANOVA on peripheral distance of Cue phase revealed no
significant group (F(304) = 2.52; p = 0.08) and trial
(Fa4s) = 0.42; p = 0.606) effects. Also the interaction was
not significant (Fa4s) = 1.10; p = 0.37). Two-way
ANOVA on peripheral distance of Place 2 phase revealed
significant group (F304) = 3.95; p = 0.03) and trial
(Fa96) = 12.83; p < 0.00001) effects. The interaction was
not significant (F(j596) = 0.96; p = 0.49). Post hoc com-
parisons on group effect revealed that S—A animals showed
percentages of peripheral distance lower than H-A animals
(p = 0.04).

Swimming Velocity A one-way ANOVA on mean
swimming velocities revealed no significant differences
(F24y = 2.19; p = 0.11) among S-S (¥ = 24.3 cm/s), S-
A (x = 24.4), H-S (x = 21.6) and H-A (x = 22.1) groups.

Total Distance During Probe Phase A one-way ANOVA
on percentage of total distance travelled in the previously
rewarded quadrant during the Probe phase revealed sig-
nificant  differences among groups (F(324) = 6.32;
p = 0.002). Post hoc comparisons revealed that S-S ani-
mals (¥ = 31.2 %) showed percentage of total distance
higher than S-A (x = 25.4 %), H-S (x = 22.9 %) and H-
A (X = 20.1 %) (at least p = 0.03) animals.
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Navigational Strategies In the Place 1, while S-S animals
already put into action the efficient navigational strategy of
Finding, S—A, H-S and H-A animals exhibited high per-
centages of the inefficient Circling (Fig. 3). A two-way
ANOVA (group x strategy) on navigational strategies of
Place 1 revealed a not significant group effect
(F24y = 1.94; p = 0.15) and a significant strategy effect
(Faasy = 21.27; p < 0.00001). The interaction was sig-
nificant (Fg 48y = 5.60; p = 0.0002). Post hoc compar-
isons on interaction revealed that S—-A, H-S and H-A
groups, but not S-S animals, put into action mainly the
Circling strategy in comparison with other strategies (at
least p = 0.02).

A two-way ANOVA on navigational strategies of Cue
phase revealed a not significant group effect
(F24y = 0.92; p = 0.44) and a significant strategy effect
(Fa.48y = 5.78; p = 0.005). The interaction was not sig-
nificant (Fs4s) = 1.25; p = 0.29).

Two-way ANOVA on navigational strategies of Place 2
revealed significant group (F(304) = 3.11; p = 0.04) and
strategy (F24s) = 16.11; p < 0.00001) effects. The inter-
action was significant (Fg4s) = 6.48; p = 0.00005). Post
hoc comparisons on interaction revealed that the Finding
was the most used strategy (at least p = 0.04) in compar-
ison with other strategies by S-S and S—A animals. H-S
and H-A animals used similar percentages of all strategies.

Significant differences were found by comparing each
navigational strategy during Place 1 and Place 2 phases.
While no difference was found in the Searching strategy,
post hoc comparisons of significant interactions of two-way
ANOVAs (group x phase) on Circling (F(z24) = 6.19;
p = 0.002) and Finding (F(324) = 11.84; p = 0.00006)
strategies indicated that in Place 2 the Circling was sig-
nificantly (at least p = 0.0005) reduced in S—A and H-A
animals and the Finding was significantly (at least
p = 0.002) increased in S—S, S—A and H-A animals.

PSD Analysis

To evaluate the effects of cerebellar lesion and of frontal
anti-NMDA Ab injections on PSD composition, we iso-
lated PSD from left (injected and contralateral to the HCb)
and right (non-injected and ipsilateral to the HCb) frontal
cortices (Fig. 4), and left (spared) hemicerebellum (Fig. 5)
of all groups at 24 h after the frontal injections.

In comparison with S-S group, in S—A animals the anti-
NMDA Ab significantly reduced (p at least 0.04) the
NMDAR subunits GluN1 and GIuN2A at postsynaptic sites
in the injected FC, but not in the non-injected one and in
the spared hemicerebellum. The reduction was found only
on NMDAR, given the AMPAR subunit GLUA1 and PDS-
95 levels were not affected in both frontal cortices as well
as in the spared hemicerebellum.

In comparison with S-S group, in H-S rats the NMDAR
subunits GluN1 and GluN2A as well as GluA1 and PSD-95
levels were significantly increased (p ranging from 0.04 to
0.005) in both frontal cortices. Also in the spared
hemicerebellum, the GluA1l and GIluN1 (but not GluN2A
and PSD-95) levels were significantly increased
(p < 0.01). Thus, the synaptic changes occurring during
the cerebellar compensation involve a heavy synaptic
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Fig. 4 Effects of frontal anti-NMDA antibodies or serum injections
on postsynaptic density (PSD) composition in the frontal cortices.
Representative immunoblots of PSD proteins isolated from the
injected (a) and not-injected (b) frontal cortex (FC) of S-S, S-A, H-S
and H-A groups. The histograms show the relative levels of GluN1,
GIuN2B, GluA1l and PSD-95 (S-S percentage). Data are expressed as
mean £ SEM (n = 5 per group). * p < 0.05; ** p < 0.01
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Fig. 5 Effects of frontal anti-NMDA antibodies or serum injections
on postsynaptic density (PSD) composition in the spared hemicere-
bellum. Representative immunoblots of PSD proteins isolated from
the spared hemicerebellum of S-S, S—A, H-S and H-A groups. The
histograms show the relative levels of GluN1, GluN2B, GluAl and
PSD-95 (S-S percentage). Data are expressed as mean £ SEM
(n = 5 per group). ** p < 0.01

glutamatergic reorganization of the PSD at neocortical and
cerebellar level.

In comparison with H-S group, in the H-A group the
anti-NMDA Ab injections caused a significant reduction
(p at least 0.04) of the NMDAR subunits GluN1 and
GluN2A, as well as of GluAl levels in both frontal cor-
tices. Conversely, PSD-95 levels significantly diminished
(»p =0.04) only in the injected FC. In the spared

@ Springer

hemicerebellum, the GluA1l and GIuN1 levels were sig-
nificantly reduced (p < 0.01).

These findings indicate that in HCb animals the
decompensating effect of anti-NMDA Ab was linked to the
marked reduction not only of NMDAR but also of the other
glutamatergic components either in frontal or cerebellar
sites.

Discussion

Although unilateral cerebellar ablations result in massive
destruction of neural networks, alterations to neurotrans-
mitter systems, and disruption to vasculature, dramatic
recovery mainly of motor functions characterizes the
compensated state. While the typical pattern and time
course of the functional recovery following cerebellar
lesions are well described (Holmes 1917; Luciani 1891;
Manni and Dow 1963), the underlying neurophysiological
mechanisms remain still unclear. The present research
addressed the synaptic remodeling that follows HCb by
altering the glutamatergic transmission in the cortico-
cerebello-cortical circuitry.

The compensated HCb animals when treated with
frontal injections of serum (H-S group) maintained the
slight ataxic and dysmetric symptoms they exhibited as
residual cerebellar symptomatology in the pre-injection
phase. Further, H-S group displayed severely impaired
procedural and mnesic spatial performances. Namely, in
MWM Place 1 the H-S rats exhibited disrupted explorative
procedures (compulsive Circling strategy). During the
Probe phase, their lack of efficient explorative behaviors
resulted in a swimming not biased toward the previously
rewarded (platform) quadrant (as in Federico et al. 2006b;
Petrosini et al. 1996). In the H-S group, the molecular
analysis of PSD composition of the injected and non-in-
jected frontal cortices evidenced marked increases of
NMDAR GluN1 and GluN2A, AMPAR GluAl, and PSD-
95 expression consistently with the wide cerebello-frontal
connections. Synaptic rearrangement of GluN1 and GluA1l
subunits was evident also in the spared hemicerebellum.
Such a pattern of synaptic rearrangement is consistent with
recent evidence in the peri-lesional areas of increased
expression of PSD-95, whose activity is considered
important for structural and functional changes (Cooper-
rider et al. 2014; Pagnussat et al. 2012). It is also accepted
that GIluAl recruitment is an activity-dependent process
and that GluA1l plays a critical role in synaptic plasticity
paradigms, as LTP and long-term depression (LTD) (Lee
et al. 2010). Finally, also NMDAR activity is heavily
involved in LTP- and LTD-related synaptic plasticity, as
well as in synapse elimination or stabilization, and inhi-
bition or promotion of axonal sprouting (Colonnese et al.
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2005; Dupuis et al. 2014). Therefore, we observed for the
first time that the concomitant changes in ionotropic glu-
tamatergic receptors in the frontal cortices and spared
hemicerebellum of the HCb animals reflect the deep
synaptic reorganization that follows cerebellar lesions. This
synaptic reorganization appears to be a compensatory
mechanism for recovery from cerebellar symptoms.

The frontal anti-NMDA Ab injections in the absence of
cerebellar lesion (S-A group) resulted in only slightly
impaired postural and locomotor abilities, severely affected
complex motor behaviors, and dramatically impaired
mnesic and procedural spatial performances as severe as
those of H-S animals. However, such a symptomatology
fully disappeared within 48 h. In S-A animals, the analysis
of synaptic markers indicated that the anti-NMDA Ab
reduced only the NMDAR subunits and only in the injected
frontal regions, leaving unaffected the not-injected homo-
logue cortex and the remote cerebellar regions. Such a
selective and reversible action of the anti-NMDA Ab on
NMDAR subunits is fully consistent with the reduction in
surface and synaptic NMDAR density and function
described by Hughes et al. (2010) in in vitro and in vivo
studies using Ab of patients with anti-NMDA encephalitis.

Further deepening on the synaptic rearrangement that
follows HCb resulted from the behavioral and molecular
findings of the compensated HCb rats injected with anti-
NMDA Ab (H-A group). In H-A rats, the frontal anti-
NMDA Ab injections provoked a multifaceted motor and
cognitive impairment. Namely, the H-A rats exhibited a
worsening of several postural and locomotor symptoms
that lasted 24 h and fully recovered within 48 h. Con-
versely, in MWM the H-A animals exhibited a long-lasting
impairment of spatial abilities and they still displayed the
highest latencies and the longest distances to reach the
platform at the 2nd post-injection day. As a collateral note,
it is important to underline that the overlapping values of
latency and distance during the last trials of MWM Place 2
as well as the similar navigational strategies put into action
by H-S and H-A groups during the whole Place 2 indicate
the reversibility of symptoms induced by the frontal anti-
NMDA Ab injections. Anyway, the different time course of
the anti-NMDA Ab effects on motor and spatial symptoms
was probably linked to the different afferent and efferent
connectivity of vermian and hemispherical cerebellar
regions. While the vermis is bidirectionally connected
mainly with the spinal cord and brain stem, and it plays a
primary role in controlling body and limb posture and
movement, the cerebellar hemispheres are bidirectionally
connected mainly with neocortical areas and are involved
in the cognitive functions and in planning complex motor
behaviors (Ito 2006; Manto and Oulad BenTaib 2010).
Consequently, the frontal anti-NMDA Ab injections
impacted more directly (and severely) on the neocortico-

hemispherical cerebellar network, affecting thus more
lasting cognitive (spatial) performances. The prolonged
impairment of the spatial performances of H-A animals
can be interpreted as a decompensating action of the anti-
NMDA Ab on the entire cortico-cerebellar circuit. In fact,
in the H-A group when compared to H-S group the anti-
NMDA Ab injections affected not only the NMDAR sub-
units but also the AMPAR and PSD-95 glutamatergic
components, and not only in the injected FC, but also in the
not-injected one and in the spared cerebellar regions.
However, an alternative explanation may be considered.
The spatial behavior could have been more affected than
motor behavior by the disruption of NMDAR activity in
the FC because of a residual (however slight) pharmaco-
logical block, or even by altered number of receptors.
Future studies will allow clarifying the various alternatives.

As described in literature, the mechanisms of functional
recovery can be grouped into two general classes, restitution
and substitution of function (Kolb and Gibb 2014), both
processes that alter function and efficacy of synapses and
finely tune the functional state of neurons in response to
varied synaptic inputs. It is known that postsynaptic cells,
once deprived of their characteristic synaptic inputs, develop
increased sensitivity to neurotransmitter via the emergence
of new receptors and larger surface areas (Gonzalez-Forero
et al. 2004). Thus, denervation hypersensitivity may facili-
tate post-lesional activation of pathways and restitution of
function. The present findings indicate the up-regulation of
cortical (and cerebellar) NMDAR and AMPAR to offset the
loss of cerebellar glutamatergic input caused by HCb. In the
presence of up-regulation of NMDAR, the entire cerebello-
frontal system became vulnerable to the effects of the
NMDA antagonist that therefore elicited the reinstatement
of cerebellar deficits. Our results fit with previous studies
demonstrating that changes in the strength of NMDAR
activation contribute to the long-term modifications of
pathway efficacy that mediate vestibular compensation (Kim
et al. 1997; Kitahara et al. 1998, 2000).

However, the denervation hypersensitivity is probably
only one of the neuronal re-adjustments responsible for the
synaptic effects occurring during cerebellar compensation.
As suggested by studies on injury-induced cortical plas-
ticity, various neuronal readjustments tend to keep cell
firing within a desirable range, and to produce compen-
satory reactions in the circuit excitability in order to re-
establish the baseline firing rate set point (homeostatic
readjustment) (Nahmani and Turrigiano 2014). In the case
of cerebellar lesions, in compensated HCb animals we
recently demonstrated an enhancement of density and size
of dendritic spines of Purkinje cells in the spared
hemicerebellum, an effect aimed at the maintenance of
synaptic homeostasis conditions (Gelfo et al. 2015). Thus,
it has to be taken into account that the increase in
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glutamatergic synaptic markers in the spared hemicere-
bellum and frontal cortices here described may be the
consequence of an enhanced spinogenesis associated with
the wide functional rewiring of cortico-cerebellar loop
already described (Burello et al. 2012). As further indica-
tion of the extensive synaptic readjustment that follows
HCb, there is the altered activity of striatal spiny neurons in
HCb rats that we previously demonstrated (Centonze et al.
2008; Cutuli et al. 2011).

A large amount of research indicates that NMDAR are
crucially linked to learning and memory functions through
LTP and LTD processes (Kim and Linden 2007). Most
studies demonstrate that NMDAR antagonists disrupt recall
and working memory, and prevent the acquisition of new
behaviors (Dix et al. 2010; Driesen et al. 2013). Interest-
ingly, to the degree that functional recovery may be con-
sidered a form of motor learning (Krakauer 2006), the
cerebellar compensation comes to be a form of “re-learn-
ing” of motor skills. Thus, the frontal injections of anti-
NMDA Ab may have affected the memory of the com-
pensatory motor abilities re-learned in response to asym-
metries and deficits elicited by HCb. Although there are
aspects of synaptic reorganization probably unique to brain
injury, there are aspects of brain plasticity linked to
NMDAR (as for example generation of functional dendritic
spines) that largely coincide with those occurring during
motor learning. It is increasingly clear that learning-related
plasticity, both at network and synaptic levels, contributes
to promote recovery of function that follows brain damage.

The present findings indicate that the compensatory
processes that follow cerebellar lesions are related to a
relevant rearrangement of glutamatergic synapses along the
cortico-cerebellar network. Following cerebellar damage,
the long-term maintenance of the rearranged glutamatergic
activity plays a key role in the maintenance of recovered
function, assuming a significant translational value even for
human post-injury rehabilitation.
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