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Abstract

Oleoylethanolamide (OEA) is an endocannabinoid that has been proposed to prevent neuronal damage and neuroinflam-
mation. In this study, we evaluated the effects of OEA on the disruption of both cerebellar structure and physiology and
on the behavior of Purkinje cell degeneration (PCD) mutant mice. These mice exhibit cerebellar degeneration, displaying
microtubule alterations that trigger the selective loss of Purkinje cells and consequent behavioral impairments. The effects
of different doses (1, 5, and 10 mg/kg, i.p.) and administration schedules (chronic and acute) of OEA were assessed at the
behavioral, histological, cellular, and molecular levels to determine the most effective OEA treatment regimen. Our in vivo
results demonstrated that OEA treatment prior to the onset of the preneurodegenerative phase prevented morphological
alterations in Purkinje neurons (the somata and dendritic arbors) and decreased Purkinje cell death. This effect followed an
inverted U-shaped time-response curve, with acute administration on postnatal day 12 (10 mg/kg, i.p.) being the most effec-
tive treatment regimen tested. Indeed, PCD mice that received this specific OEA treatment regimen showed improvements in
motor, cognitive and social functions, which were impaired in these mice. Moreover, these in vivo neuroprotective effects of
OEA were mediated by the PPAR« receptor, as pretreatment with the PPARa antagonist GW6471 (2.5 mg/kg, i.p.) abolished
them. Finally, our in vitro results suggested that the molecular effect of OEA was related to microtubule stability and structure
since OEA administration normalized some alterations in microtubule features in PCD-like cells. These findings provide
strong evidence supporting the use of OEA as a pharmacological agent to limit severe cerebellar neurodegenerative processes.
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Introduction polyglutamylation induces alterations in both the dynamics

and structure of microtubules in Purkinje cell degeneration

Microtubule defects are known to be the basis of sev-
eral brain diseases [1-9], even causing the death of neu-
ral populations [10-13]. Recently, we showed that excess

These authors Ester Pérez-Martin and Rodrigo Mufioz-Castafieda
contributed equally to this work.

>< David Diaz
ddiaz@usal.es

> Eduardo Weruaga
ewp@usal.es

Laboratory of Neuronal Plasticity and Neurorepair, Institute
for Neurosciences of Castile and Leon (INCyL), University
of Salamanca, 37007 Salamanca, Spain

Institute of Biomedical Research of Salamanca (IBSAL),
37007 Salamanca, Spain

@ Springer

(PCD) mice [9, 10, 13, 14]. These animals harbor a mutation
in the Nnal/Ccpl gene, which encodes carboxypeptidase
1 (CCP1), an enzyme responsible for the deglutamylation
of microtubules. A lack of activity of this enzyme triggers
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excessive microtubule polyglutamylation and subsequent
postnatal Purkinje cell death [10, 13]. The neuronal degen-
eration caused by the loss of CCP1 activity is a complex
process involving two clearly distinct phases: a preneuro-
degenerative stage from postnatal day (P) 15 to P18, which
is characterized by nuclear, cytological, and morphological
alterations in Purkinje cells, and a neurodegenerative stage
from P18 onwards, in which Purkinje cells die [14-16].
Purkinje cell degeneration at these ages contributes not
only to motor dysfunction but also to gradual cognitive and
social impairments in PCD mice throughout the cerebellar
degeneration process, as has been reported in other mod-
els in which the cerebellum is affected [14, 17-19]. During
preneurodegeneration, the exploratory and social behaviors
of PCD mutants on C57BL/DBA background are affected,
showing less rearing time and a lack of social preference
compared to wild-type (WT) animals [14, 20]. From the
beginning of the neurodegeneration stage, PCD mutants
were impaired in motor tasks, grooming behavior and mem-
ory recognition, showing lower fall latency in the rotarod
test, differences in the time spent in grooming and a lack
of novelty discrimination compared to the behavior of WT
mice [14, 19]. This animal model recapitulates key features
of the infantile-onset neurodegeneration and cerebellar atro-
phy observed in humans with a monogenic biallelic mutation
in CCP1 [7, 21]. Thus, the PCD mutant mouse is a very suit-
able model for exploring and assessing different therapeutic
approaches for treating severe human degenerative disorders.

The endocannabinoid system plays an essential role in
microtubule-related brain diseases, and some of its com-
ponents have been reported to exert neuroprotective effects
[22-25]. However, to our knowledge, there have been no
studies addressing the use of noncanonical endocannabi-
noids as therapeutic agents for the treatment of these neu-
rodegenerative diseases. In this sense, the endocannabinoid
oleoylethanolamide (OEA) has been shown to prevent
neuronal damage and neuroinflammation in different ani-
mal models of brain disease and mental disorders [26-34].
Moreover, the binding of OEA to peroxisome proliferator-
activated receptor-alpha (PPARa) [35-38] triggers the
expression of different microtubule-associated proteins that
may influence the stability of microtubules, preventing neu-
rons from degenerating [39]. Thus, OEA has emerged as
a promising therapeutic agent for preventing microtubule-
related neurodegeneration and reversing subsequent neu-
robehavioral impairments.

Therefore, the objective of this work was to examine the
effect of OEA on cerebellar degeneration and neurobehav-
ioral defects in PCD mice. To this end, we analyzed the
general cerebellar structure and the morphology and survival
of Purkinje cells after administering OEA at different dos-
ages to PCD mice in vivo. Then, we explored the effect of
OEA on motor, cognitive and social functions, which are

impaired in this animal model. Additionally, we assessed
the involvement of PPAR« receptors in the effects of OEA
observed in vivo. Finally, we employed an additional in vitro
model to identify the cellular mechanisms triggered by OEA,
which could not be properly analyzed in vivo. To this end,
we examined microtubule dynamics and structure in Ccpl-
KO cells by exposing them to different doses of OEA.

Materials and Methods
Animals

Mice were housed under a 12-h/12-h light/dark cycle at
a constant room temperature and humidity and provided
ad libitum access to water and special rodent chow at the
Animal Facilities of the University of Salamanca (Sala-
manca, Spain) or Joseph Fourier University (Grenoble,
France). All animal procedures were approved by Bioethics
Committees of both the University of Salamanca and Joseph
Fourier University and were performed in accordance with
the guidelines established by European (2010/63/UE) and
national legislations (Spanish RD53/2013 and Law 32/2007;
French permit no. 38 07 11). All efforts were made to mini-
mize animal suffering and to use the fewest animals required
to produce statistically relevant results.

WT and mutant pcd” (PCD) mice on a C57BL/DBA
background were obtained from Jackson Labs and employed
for all the in vivo procedures, and WT and Ccpl-KO mouse
embryos were used to isolate cells for the in vitro experi-
ments. Ccpl-KO mice are considered equivalent to the
standard PCD mouse model since like PCD mice, they lack
the expression of Ccpl mRNA [10, 14]. The procedures for
Ccpl-KO-derived cell culture and subsequent in vitro analy-
ses (see below) were standardized at Joseph Fourier Univer-
sity to ensure the feasibility of these experiments.

The in vivo or in vitro studies are described separately
below.

In vivo Studies
In vivo Experimental Design

To facilitate the presentation of the in vivo procedures per-
formed in this study, we provide a summary of the workflow,
experimental groups and sample size for each set of experi-
ments below.

1. Before the start of the in vivo OEA experiments, the
expression of the endocannabinoid PPAR« receptor
in WT and PCD mice during postnatal development
period was measured since PPAR is considered the
main receptor through which OEA exerts its action [33].
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Animals were sorted on the basis of genotype (WT or
PCD) and age at analysis (P7, P15, P17, P22, or P30;
n=4 animals per group).

2. To assess the effect of OEA treatment at the histologi-
cal level, a different set of animals was employed and
analyzed at P30. The experiments were divided into two
phases, as depicted in Fig. 1. In the first set of experi-
ments (Fig. 1, Phase I) we aimed to determine the best
drug dose (0, 1, 5, or 10 mg/kg) and schedule of admin-
istration (chronically from P7 to P21 or acutely at P14
or P16, which is one day before or one day after the
preneurodegenerative process begins, respectively; n=4
animals per group) to identify the optimal therapeutic
dosage of OEA. Based on the results obtained, we per-
formed a second experiment (Fig. 1, Phase II) in which
we refined the critical therapeutic window of OEA by
acutely administering the most effective dose (10 mg/
kg, see results) of OEA at three different ages: P14, P12
and P10 (i.e., one, three and five days before the onset of
preneurodegeneration in PCD mice, respectively; n="7
animals per group). We employed untreated PCD mice
as controls in both experiments (n=4-7 animals).

3. To verify whether the neuroprotective effect of OEA in
PCD mice also translates to an improvement in behavior,
WT and untreated and treated PCD mice (n=8-9 ani-
mals per group) were subjected a wide set of behavioral
tasks (described in detail later). To reduce the number of
animals, only the most effective OEA treatment regimen
was used based on the histological analyses described
above. Moreover, the groups of animals subjected to
behavioral tests were also employed for histological
evaluation of the long-term effect of OEA treatment at
P40.

4. Finally, to confirm the direct involvement of PPAR«
receptors in the observed in vivo OEA effects at both the
histological and behavioral levels, an additional group
of PCD mice was pretreated with the PPAR« antagonist
GW6471 and analyzed at P30 (n=7 animals).

The detailed in vivo experimental methodology is
described below.

Drug Administration

Both OEA (Calbiochem, San Diego, USA) and the PPAR«
antagonist GW6471 (Tocris Bioscience, Bristol, UK) were
freshly prepared on the day of administration to avoid drug
degradation. Both compounds were dissolved separately in
100% ethanol v/v and diluted in H,O Elix. OEA was admin-
istered by intraperitoneal injection (i.p.) at a dose of 1, 5 or
10 mg/kg b.w. according to previous studies [26, 28, 29].
When GW6471 was required, it was administered i.p. at a
dose of 2.5 mg/kg b.w. 15 min before OEA treatment. PCD
control animals were injected i.p. with 0.9% NaCl w/v. All
animals were treated in the morning. The body weight of
each animal was monitored throughout the entire experiment
because OEA has anorexigenic side effects [35, 38, 40].

Tissue Extraction and Preparation

Animals were deeply anesthetized at P7, P15, P17, P22,
P30, or P40 (depending on the experiment) with 10 pl/g
b.w. chloral hydrate (Prolabo, Fontenay-sous-Bois, France)
and intracardially perfused with 0.9% NaCl w/v followed by
5 ml/g b.w. modified Somogyi’s fixative consisting of 4%
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Fig. 1 The experimental in vivo paradigm. The timeline details the two sets of experiments of the OEA treatment, the time points for behavioral
testing and tissue collection, and their relationship with the neurodegenerative process of the PCD mouse
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paraformaldehyde w/v. Cerebella were sectioned sagittally
using a freezing-sliding microtome (Leica Jung SM 2000,
Nussloch, Germany; 30 um thick) and washed in phosphate-
buffered saline (PBS), pH 7.4.

Immunofluorescence

Free-floating sections were incubated at 4°C for 72 h under
continuous rotation in 0.2% Triton X-100 v/v, 5% normal
serum v/v and the following primary antibodies diluted in
PBS: guinea pig anti-CB1 (1:1,000; Frontier Institute, Hok-
kaido, Japan), rabbit anti-PPAR« (1:100; Pierce Antibod-
ies, Rockford, IL, USA), and mouse anti-calbindin D-28k
(Cb28k; 1:1000; Swant, Bellinzona, Switzerland). The
following primary antibodies were employed for comple-
mentary analyses: goat anti-CB2 (1:500, Santa Cruz Bio-
technology, Dallas, TX, USA) and mouse anti-S100 (1:500;
Sigma-Aldrich, St. Louis, MO, USA). Different combina-
tions of these antibodies were used for each experiment.
Then, the sections were incubated with appropriate sec-
ondary antibodies conjugated to Cy2, Cy3, or Cy5 (1:500;
Jackson Laboratories, West Grove, PA, USA) for 2 h at
room temperature and counterstained with DAPI (1:10,000;
Sigma-Aldrich) to identify the cell nuclei. For all histologi-
cal analyses, four equidistant vermis parasagittal sections
were assessed for each mouse.

Quantification of the Endocannabinoid PPARa

The percentage of Purkinje cells expressing PPAR« in par-
asagittal sections of the vermis during postnatal cerebellar
development (P7, P15, P17, P22, and P30) was analyzed by
immunostaining for both PPARa and Cb28k. Only Purkinje
cells with clear Cb28k+ somata and complete nuclei stained
with DAPI were counted to avoid biases. Additionally,
changes in the percentage of these cells expressing PPAR«
in PCD mice were evaluated after OEA treatment at P30.

Density and Morphological Analyses of Purkinje Cells

Both analyses were performed on parasagittal sections of
the vermis immunostained for Cb28k. Only Purkinje cells
with clear Cb28k+ somata and dendritic arbors and com-
plete nuclei stained with DAPI were analyzed to avoid
planimetric biases. Purkinje cell survival was expressed
as the Purkinje cell linear density, which was calculated as
the number of Purkinje cell somata per mm of the Purkinje
cell layer (from lobule I to lobule X of the vermis) in each
section. Then, the following morphological parameters
were analyzed: (1) soma area, (2) length of Purkinje cell
dendritic arbors (i.e., molecular layer thickness), and (3)
length and (4) width of the primary dendrite. These analy-
ses were performed at both P30 and P40 and carried out

using Neurolucida (MBF Bioscience, Williston, Vermont,
USA) and Image] (NIH, USA) software, as previously
described [14].

Behavioral Analyses

A battery of tests of behaviors associated with cerebel-
lar function was performed at P15, P17, P22, P30, and
P40 between 9:00 am and 1:00 pm. Video recordings
were obtained and meticulously analyzed by a researcher
blinded to the experimental conditions (E P-M). After each
trial, the various apparatuses and objects were cleaned
with 70% ethanol v/v.

The rotarod test (Panlab, Barcelona, Spain) was used
to assess motor coordination as previously described
[14]. The rod accelerated at a rate of 0.06 rpm/s from 4 to
40 rpm for 10 min (rod diameter =30 mm). The latency to
fall off was measured in seven trials per day with 20-min
intervals between trials. The mean latency was calculated
for each mouse on each day of the task.

Home-cage behavior analysis was used to characterize
general behavior [14]. After 10 min of habituation, groom-
ing time (innate stereotyped behavior), rearing time (envi-
ronmental exploratory behavior), time spent moving (general
movement), time in activity and resting time were analyzed.
Each animal was assigned to an individual home cage to
avoid the influence of odor emitted from the other animals.

The novel object recognition (NOR) test was performed
to evaluate long-term object recognition memory in rodents
[41, 42]. On the first day (P15), two identical objects placed
in opposite corners of a cage were presented to a single ani-
mal for 10 min. Then, in each of the following sessions (at
P17, P22, P30, and P40), the animals were returned to the
cage, which contained the familiar object and a novel one.
All objects were made of plastic and were of different colors
and shapes but of similar size. Two different measures of
discriminatory behavior were analyzed. The first measure
was the percentage of time exploring the novel (Ty) and
familiar (Ty) objects, which was calculated as follows:

T Tr

%Ty = —— % Ty = .
N T T T T T+ TR

The second measure was the discriminatory index (DI),
which was calculated as follows:

TN _TF

DI = .
Ty+TE

The DI can vary between +1 and —1, with a positive
score indicating more time spent exploring the novel object,
a negative score indicating more time spent exploring the
familiar object, and zero indicating a lack of preference [43].
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The three-chambered social preference test was per-
formed to assess sociability in a white Plexiglas box
(50x 29 cm) divided into three connected chambers [14,
44]. After 10 min of habituation, each mouse was placed in
the three-chambered box containing either a mouse of the
same age and sex or an object, both of which covered by a
similar drilled pencil cup and placed in each of the lateral
rooms of the box. The results were expressed as two differ-
ent measures of sociability and preference. The first was the
percentage of time spent interacting with the animal (T,)
and the object (Ty), which was calculated as follows:

To

TA
%TA == —’%TO - ﬁ
A O

Ty+Tg
Analogous to the DI, the sociability index (SI) was cal-
culated as follows:

TA _TO

SI= .
To+To

In this case, the SI can also vary between +1 and —1, with
a positive score indicating a preference for social interaction,
a negative score indicating an avoidance of social interaction
and zero indicating the lack of any preference concerning
socialization.

In vitro Study
Cell Culture and Transfection

To study whether the effect of OEA is related to changes
in microtubule stability, which is affected in PCD cells, we
employed a standardized in vitro system based on mouse
embryonic fibroblasts (MEFs) since this approach allows
visualization of individual microtubules and measurement
of parameters related to their morphology and dynamics
[14]. The cell culture and transfection techniques required
for these analyses compromise the viability of PCD-derived
neurons and thus the ability to obtain reliable data [14]. For
this reason, CcpI-KO MEFs were employed for these analy-
ses. The animal source of these cells is considered equiva-
lent to PCD mice since they also lack mRNA expression
of Ccpl [10, 14]. All the procedures were standardized in
these PCD-like cells at Joseph Fourier University to ensure
the feasibility and reliability of these experiments. MEFs
from the brains of 13.5-day-old WT and Ccp/-KO mouse
embryos were isolated following standard procedures as pre-
viously described [14, 45, 46]. Briefly, MEFs were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; Life Tech-
nologies, Gibco) supplemented with 10% fetal bovine serum
(FBS) until they reached 80% confluence. Afterwards, to
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visualize microtubules, MEFs were transfected with differ-
ent plasmids; Nucleofector™ Kits for MEFs (Amaxa Bio-
systems) were used to transfect cells with GFP-EB3 to visu-
alize microtubule plus-ends in green (provided by N. Galjart,
Erasmus Medical Center, Rotterdam, The Netherlands) and
m-cherry a-tubulin to visualize the entire microtubule struc-
ture in red (provided by F. Saudou, Curie Institute, Paris,
France) as previously described [14].

Cell Culture Treatments

Cells were divided into experimental groups (n=3 embryos
per group) on the basis of genotype (WT or PCD) and the
concentration of OEA administered (0, 0.1, 0.5, or 1.0 uM)
based on previous works [26]. OEA was dissolved in 100%
DMSO and stored at — 80°C. On the day of the experiment,
OEA was diluted in culture medium (DMEM + 10% FBS)
at the appropriate concentration and added to the cells. Con-
trol (untreated) cells from WT and PCD animals were also
cultured with the same concentration of DMSO to avoid
possible confounding effects.

Analysis of Microtubule Structure and Dynamics

Microtubule dynamics were analyzed using images from
time-lapse videos of GFP-EB3 staining and plusTipTracker
software [47]. Time-lapse videos of transfected MEFs were
captured with an inverted microscope (Axio-vert 200 M;
Carl Zeiss, Inc., Oberkochen, Germany) and a X 100 NA
1.3 Plan-Neofluar oil objective that was controlled with
MetaMorph software (MDS Analytical Technologies,
CA, USA). Images were captured with a charge-coupled
device camera (CoolSNAP HQ; Roper Scientific, Vianen,
The Netherlands) every 3 s for 5 min. The parameters that
were analyzed were growth and shrinking speed; growth
and shrinking mean length; percentage of time in pause,
growing, and shrinking; frequency of catastrophes (changes
from growing to shrinking); frequency of rescues (changes
from shrinking to growing); microtubule curvature (statics);
and microtubule trajectory curvature (movement) based on
previous studies [14, 46, 47]. Briefly, parameters related to
growth and shrinking processes were analyzed using the
complete sequence images time-lapse videos of GFP-EB3
(labels microtubule plus-ends) staining, whereas for static
microtubule curvature analysis, the first image of each video
time-lapse video of m-cherry a-tubulin (labels the entire
microtubule) staining was employed. Additionally, for GFP-
EB3 labeling, we obtained the maximum projection of the
entire time-lapse video, allowing us to reconstruct the move-
ment trajectory curvatures of the microtubule plus-ends as
previously described [14].
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Statistical Analysis

The results are expressed as the means + standard errors of
the mean (SEMs). Homoscedasticity and normality were
checked prior to all of the statistical analyses (Kolmogo-
rov—Smirnov’s and Levene’s tests). Due to the complexity
and variability of the conditions analyzed in the in vivo and
in vitro experiments and to facilitate comprehension, each
statistical test and the variables compared are provided with
the results of each corresponding experiment. All analyses
were performed using SPSS software for Windows V25
(IBM, NY, USA).

Results

Expression of Endocannabinoid Receptors in PCD
Mice

Before starting the in vivo OEA experiment, we analyzed
the expression of components of the endocannabinoid sys-
tem throughout postnatal cerebellar development, focusing
primarily on PPARa since it is considered the main tar-
get through OEA exerts its actions [35]. On the one hand,
PPARa was detected and quantitatively analyzed in the three
cerebellar layers of the cerebellum in both genotypes at all
analyzed (Fig. 2a—c). However, Student’s ¢ test showed that
the percentage of Purkinje cells expressing PPARa was
slightly lower in the mutant animals than in the WT animals
from P15 onward (Fig. 2d; P15, p<0.05; P17, p <0.05; P22,
p <0.05). On the other hand, due to the diffuse expression
and distribution of the canonical cannabinoid receptors CB1
and CB2 in the cerebellum, the analysis of their expression
was qualitatively performed. CB1 receptors were expressed
in the molecular layer from P7 onwards and in the basket
cells of “Pinceaux formation” from P17 onwards. However,
no qualitative differences in CB1 expression were detected
between genotypes at any of the ages analyzed (Fig. 2c).
By contrast, the expression of CB2 seemed to increase in
the PCD mice during the neurodegenerative process (from
P22) and colocalized with the apical radial processes of the
Bergmann glial cells (Supplementary Fig. 1). Anyway, the
finding that PPAR« is expressed in the cerebellum led us
to believe that OEA may exert a neuroprotective effect on
Purkinje cells in PCD mice in vivo.

OEA Administration Increases PPARa Expression
in PCD Mice

After demonstrating that PPAR« is expressed during post-
natal cerebellar development, we assessed the influence of
OEA administration on the expression of PPAR«x in PCD
mice. One-way ANOVA followed by Dunnett’s post hoc

Fig.2 Expression of the PPARa endocannabinoid receptor in the»
cerebellum. (a, b) Sagittal section of the vermis of a WT mouse (a)
and confocal image with tridimensional projection (b) showing the
co-localization of PPARa (green) in Purkinje cells (Cb28k, red) at
P30. (¢) Micrographs showing the expression of the PPARa (red),
CBI1 receptor (green), and Purkinje cells (Cb28k, blue) in WT and
PCD mice throughout the postnatal cerebellar development (P7, P15,
P17, P22, P30); PPARa expression can be observed in the three cer-
ebellar layers at all postnatal ages. The CB1 receptor is expressed in
the molecular layer from P7 onwards. In addition, from P15 onward,
the CB1 receptor begins to be expressed around Purkinje cell somata
(Cb28k positive), leading to the “Pinceaux formation.” (d) Quantifi-
cation of the percentage of Purkinje cells expressing PPAR« at differ-
ent time points of the postnatal cerebellar development; note that this
value is lower in PCD mice than in WT from P15 to P22. (e) Quanti-
fication of the percentage of PCD’s Purkinje cells expressing PPARa
at P30 after different OEA dosages; OEA administration leads to an
increase in the number of Purkinje cells expressing PPARa in the
three different treatments at doses of 5 and 10 mg/kg. Data are rep-
resented as mean+ SEM; n=4 each experimental group; Student’s ¢
test for (d); one-way ANOVA followed by Dunnett’s post hoc test for
(e); *p<0.05; **p <0.01

test revealed an increase in the percentage of Purkinje cells
expressing PPARa in PCD mice when OEA was adminis-
tered at doses of 5 and 10 mg/kg, independent of the sched-
ule of administration (Fig. 2e, Supplementary Fig. 2; 5 mg/
kg, p<0.05; 10 mg/kg, p<0.01).

OEA Prevents Alterations in the Morphology
of Purkinje Cells

We then analyzed the effect of OEA administration on pro-
gressive morphological alterations in PCD Purkinje cells.
Our first objective was to determine the effectiveness of
different OEA doses (1, 5, or 10 mg/kg) and administra-
tion schedules (chronically from P7-P21 or acutely at P14
or P16) on the maintenance of Purkinje cell morphology
(Fig. 3a—h). One-way ANOVA followed by Dunnett’s post
hoc test was performed to compare each dose and adminis-
tration schedule vs. control treatment. Analysis of the data at
P30 showed that chronic and acute administration of both 5
and 10 mg/kg OEA prior to the preneurodegenerative stage
ameliorated morphological alterations in Purkinje cells
(Fig. 3i-1). In contrast, when OEA was administered at P16,
only the highest dose, 10 mg/kg, was effective in alleviating
some of the morphological changes (Fig. 3i-1).

Then, we carried out a second set of experiments to
improve further the therapeutic effect of OEA in vivo. Based
on the previous results and to reduce animal suffering, we
administered a single injection of the most effective dose of
OEA (10 mg/kg) prior to preneurodegeneration. We com-
pared the effect of OEA administration at three time points
(P14, P12, P10, i.e., one, three or five days before the onset
of neurodegeneration in PCD mice, respectively) by one-way
ANOVA followed by Bonferroni’s post hoc test (Fig. 4). The
results of this analysis showed that acute administration at
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Fig.3 In vivo effect of different OEA dosages on the morphology
and survival of the Purkinje cells of the PCD mouse analyzed at
P30 (first set of experiments). (a—d) Micrographs of PCD cerebellar
vermis slices labeled with calbindin (Cb28k, green) after different
OEA treatments: control (a), chronic administration from P7 to P21
of 5 mg/kg (b), acute administration of 10 mg/kg at P14 (c), acute
administration of 10 mg/kg at P16 (d). (e-h) Micrographs of Purkinje
cells labeled with calbindin (Cb28k; red) in PCD animals treated
with different dosages of OEA: control (e), chronic administration
from P7 to P21 of 10 mg/kg (f), acute administration of 10 mg/kg at
P14 (g), acute administration of 10 mg/kg at P16 (h). (i-1) Quanti-

fication of the OEA effect on different morphological parameters of
PCD Purkinje cells; note that the chronic and acute administration
at P14 have a stronger neuroprotective effect than the acute admin-
istration at P16 in all the parameters evaluated. (m) Quantification of
PCD Purkinje cell survival at different OEA dosages; note that both
chronic administration at a dose of 5 mg/kg and acute administration
at P14 at a dose of 10 mg/kg prevented Purkinje cell death. Data are
represented as mean + SEM; n=4 each experimental group; one-way
ANOVA followed by Dunnett’s post hoc test for (i-m) * p<0.05;
*#p <0.01
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the three time points prevented morphological alterations at
P30 (Fig. 4i-1). Furthermore, this neuroprotective effect fol-
lowed an inverted U-shaped time-response curve, with acute
administration at P12 being the most effective administra-
tion time point for preventing Purkinje cell morphological
alterations, as the morphological parameters reached val-
ues similar to those of WT animals (Fig. 4i-1). Next, we
decided to determine whether this neuroprotective effect of
OEA administered at P12 was maintained over time. How-
ever, the results at P40 showed that the values of only two
of the parameters analyzed (soma area and primary dendrite
length) were maintained (Supplementary Fig. 3).

OEA Administration Decreases Purkinje Cell Death

One-way ANOVA followed by Dunnett’s post hoc test was
performed to compare the effect of different OEA doses
used in the first set of experiments on Purkinje cell sur-
vival. The results showed that chronic administration of
OEA at a dose of 5 mg/kg (p <0.05) but not 1 or 10 mg/
kg from P7-P21 had a preventive effect on Purkinje cell
death (U-shaped response). OEA administration at P14 also
ameliorated this degeneration, but only at a dose of 10 mg/
kg (p <0.05). In contrast, when OEA was administered at
P16, that is, after preneurodegeneration had already started,
the treatment had no effect on Purkinje cell death (Fig. 3m).
Thus, similar to the findings related to Purkinje cell mor-
phology, OEA seems to increase Purkinje cell survival only
when it is administered prior to the onset of preneurode-
generation. As before, we compared the effect of acute
preventive treatment at P14, P12, and P10 on Purkinje
cell survival by performing one-way ANOVA followed
by Bonferroni’s post hoc test. The results confirmed that
acute administration of OEA (10 mg/kg) reduced Purkinje
cell degeneration when administered prior to the onset
of preneurodegeneration at either P12 (p <0.01) or P14
(p <0.05). This effect also followed an inverted U-shaped
time-response curve, with OEA administration at P12
being the most effective treatment (Fig. 4m; p <0.01). OEA
administration at P10 had no effect on Purkinje cell density.
Moreover, the number of Purkinje cells in animals treated
at P10 seemed to be even lower than that in untreated PCD
mice, probably due to the deleterious effects of OEA at
very early stages (Fig. 4m). Indeed, the weight of the PCD
animals treated at P10 was significantly lower than that of
the rest of the PCD animals (Supplementary Table 1).

Effect of OEA on Motor Coordination
Once both the neuroprotective properties of OEA were

demonstrated histologically and the most effective thera-
peutic time window was identified, we wondered whether
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the cellular neuroprotective effects of OEA could be trans-
lated into an improvement in behavioral impairments in PCD
mice. To answer this question and to reduce the number of
animals employed in the study, we analyzed the effect of
only the most effective OEA treatment regimen (10 mg/kg,
i.p. at P12) on the motor, cognitive, and social behavior of
PCD mice throughout the entire neurodegenerative process
(at P15, P17, P22, P30, and P40). First, to study motor coor-
dination, we subjected mice in the three experimental groups
(WT mice, PCD mice and PCD mice treated at P12) to the
rotarod test (Fig. 5a). One-way repeated-measures ANOVA
results revealed that rotarod data test violated sphericity (p
Mauchly’s test <0.01). They exhibited statistically signifi-
cant differences within the ‘day of testing’ factor (p <0.01)
and the ‘experimental group’ factor (p <0.01) separately;
and in the interaction between both factors ‘experimental
group’ * ‘day of testing’ (p <0.01), for the four criteria of
the multivariate analysis (Pillai’s trace, Wilks’ Lambda,
Hotelling’s trace and Roy’s largest root). Graphic represen-
tation of the rotarod test data showed that the general motor
performance of the three experimental groups diverged over
time (which can explain the interaction between factors, see
“Discussion”), with the most significant differences being
between the WT and PCD mice (Fig. 5b). The performance
of the WT mice in the rotarod test gradually improved until
P30 and then stabilized, probably due to learning (Fig. 5b).
However, treated PCD mice showed similar behavior as
WT mice until P22 but then gradually exhibited motor
behavior that was more similar to that of untreated PCD
animals (Fig. 5b). To evaluate further the possible differ-
ences between the three experimental groups within each
day of testing, we performed one-way ANOVA followed
by Bonferroni’s post hoc test on each day of rotarod test-
ing. These results revealed that the motor behavior of WT,
untreated PCD and treated PCD mice was similar at P15
(p>0.05), but differed from each other from P17 onwards
(Fig. 5b; P17, p<0.01; P22, p<0.01; P30, p <0.01; P40,
p <0.01). First, the motor coordination of PCD mice (both
untreated and treated) was affected compared to that of WT
animals since the beginning of preneurodegeneration except
for P15 (untreated PCD mice: p <0.01 for P17, P22, P30,
and P40; treated PCD mice: p <0.01 for P17, P22, P30 and
P40). However, PCD animals treated with OEA showed an
improvement in the performance of the rotarod test at P22
and P30 compared to untreated PCD mice (Fig. 5b; P22,
p <0.05; P30, p <0.05). Unfortunately, this amelioration was
not detected at P40 when motor behavior of both treated and
untreated PCD were similar and no differences were detected
between these two experimental groups (p > 0.05). These
finding indicates that although OEA treatment did not com-
pletely restore the normal motor coordination of PCD mice,
it contributed to improving it since the motor behavior of
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Fig.4 In vivo effect of different acute administration of OEA on the
morphology and survival of the Purkinje cells of the PCD mouse
analyzed at P30 (second set of experiments). (a—d) Micrographs of
PCD cerebellar vermis slices labeled with calbindin (Cb28k, red) at
different OEA acute administrations at a dose of 10 mg/kg: control
(a), at P14 (b), at P12 (c¢), and at P10 (d); an increase in the Purkinje
cell density can be qualitatively observed when OEA is administered
at P12. (e-h) Micrographs of Purkinje cells labeled with calbindin
(Cb28k; red) in PCD animals administered with OEA (10 mg/kg) at
P14 (f), P12 (g), and P10 (h); a notable improvement in the Purkinje
cell arborization can be qualitatively observed when OEA is admin-
istered at P12. (i-1) Quantification of the effect of OEA on Purkinje
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cells morphology; note that the neuroprotective effect of OEA admin-
istered acutely follows an inverted U-shaped time-response curve,
with acute administration of OEA at P12 being the most effective
treatment for stabilizing Purkinje cell morphology, as the morpho-
logical parameters reached values similar to those of WT animals.
(m) Quantification of the effect of OEA on Purkinje cell survival.
Data are represented as mean+SEM; n=7 each experimental group;
one-way ANOVA followed by Bonferroni’s post hoc test for (i-m);
*p<0.05, ¥¥p <0.01 for differences between experimental group and
control group (PCD without treatment); #p <0.05, ##p <0.01 for dif-
ferences between the different OEA treatments. Data from WT ani-
mals has been used only as a reference, not to compare
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Fig.5 Analysis of the effect of OEA on motor coordination and gen-
eral behavior along cerebellar degeneration. (a, b) Representation and
quantification of the rotarod test at different ages for WT, PCD, and
treated PCD mice; note that both treated and untreated PCD motor
behavior was impaired from P17 onward; however, OEA treatment
improve the rotarod motor task of PCD animals at P22 and P30
although it did not completely restore it. In this graph, **p <0.01 for
differences between WT and PCD experimental groups; #p <0.05,
for differences between PCD experimental groups (i.e., treated
and untreated PCD). (c-h) Representation and quantification of the
parameters analyzed in the home-cage behavior analysis at different
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ages; note that the general behavior is similar for the three experi-
mental groups until P17. From P22 onward treated PCD behavior is
always halfway between WT and nontreated PCD until P40, at which
time no OEA effect was observed. (i) Profile representation of the
percentage of time displacing, grooming, and rearing with respect
to the total amount of time active; note that WT and treated PCD
behave similarly at all ages analyzed until P30. Data are represented
as mean + SEM; n=8-9 each experimental group; one-way ANOVA
followed by Bonferroni’s post hoc test for (b), (d-h); *p<0.05;
*#p <0.01
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Fig.6 Analysis of the effect of OEA on recognition memory along
cerebellar degeneration. (a) Schematic representation of the NOR
test and the objects employed. (b—e) Analyses of the percentage of
time exploring familiar and novel objects at different ages for WT,
PCD, and treated PCD animals; the preference for new objects is
maintained in treated PCD mice until P30. (f) Chart showing the dis-
crimination index at different ages for WT, PCD, and treated PCD
mice; note that this index is similar in WT and treated PCD until P30,

treated mice was midway between that of WT and untreated
PCD animals at P22 and P30.

OEA Treatment Normalizes the General Behavior
of PCD Mice

Second, for the home-cage behavior test (Fig. 5¢), one-
way ANOVA followed by Bonferroni’s post hoc test was
performed for each parameter measured. Overall, the three
experimental groups showed similar results with respect to
grooming time, exploratory behavior and displacement at
P15 and P17 (Fig. 5d, e). Conversely, from P22 onward,
these three variables were different between the WT and
PCD animals (Fig. 5f~h). The grooming time, exploratory
behavior, and displacement of the treated PCD mice were
increased compared to those of the untreated PCD ani-
mals at P22 and P30 (grooming P22, p <0.01; grooming

always resulting in a positive score greater than zero, which means
there is a preference for novel objects. (g) Quantification of the num-
ber of visits to both objects at P30 and P40; no differences were
observed at P30 while at P40 a decrease in the number of visits was
detected in nontreated PCD. Data are represented as mean+ SEM;
n=_8-9 each experimental group; Student’s ¢ test for (b—e); one-way
ANOVA followed by Bonferroni’s post hoc test for (f, g); *p <0.05;
**p <0.01

P30, p <0.05; exploration P22, p <0.01; exploration P30,
p <0.01; displacement P22, p <0.05; displacement P30,
p<0.05; Fig. 5f, g), being more similar to the values of
the WT mice. However, this effect was not maintained at
P40, at which time no differences were detected between the
groups of PCD mice (Fig. 5Sh). To allow better visual com-
prehension, in Fig. 5i, the percentages of time dedicated to
grooming, exploration and displacement with respect to total
activity time are depicted as a triangle for each experimental
group, with each of the vertices representing on the ana-
lyzed parameters (grooming, exploration and displacement).
Briefly, the general behavior triangles of the WT mice and
both groups of PCD mice were similar at P15 and P17. How-
ever, at P22, the triangle of the untreated PCD mice started
to differ, while that of the treated PCD mice remained iden-
tical to that of the WT mice. Finally, at P30 and P40, the
triangle of the treated PCD mice was positioned midway
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Fig.7 Analysis of the effect of OEA on social behavior along cerebel-
lar degeneration. (a) Schematic representation of the three-chambered
social preference test. (b—f) Quantification of the percentage of time
spent exploring the chamber, containing either an intruder or an
object, by WT, PCD, and treated PCD at different ages; note that the
normal social behavior was impaired in nontreated PCD mice from
P17 onward, whereas treated PCD animals maintained a normal social
pattern until P30. (g) Chart showing the sociability index at differ-
ent ages for WT, PCD, and treated PCD animals; similar values were

between that of the WT and untreated PCD mice, which was
consistent with the rofarod results and histological analyses.

OEA Administration Prevents Memory Impairments
Until P30

Long-term memory recognition was assessed by the NOR
test. Comparison of the percentage of time spent exploring
the novel and familiar objects by each experimental and age
group by Student’s ¢ test (Fig. 6a) showed that WT mice
spent a greater percentage of time exploring the novel object
than the familiar object at all analyzed ages (Fig. 6b—e; P17,
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observed in WT and treated PCD mice until P30, at which time the
treated PCD subjects showed an intermediate score between WT and
nontreated PCD mice. (h) Quantification of the number of visits to
both objects at P30 and P40; a decrease in the number of visits was
detected in nontreated PCD mice at P40. Data are represented as
mean+SEM; n=8-9 each experimental group; Student’s ¢ test for
(b-f); one-way ANOVA followed by Bonferroni’s post hoc test for (g,
h); *p<0.05; *¥*p <0.01

p<0.01; P22, p<0.01; P30, p<0.01; P40, p<0.01). PCD
mice showed the same behavior at P17 (p <0.01) and P22
(p<0.01), but at P30 and P40, no differences were detected
between the time exploring the novel and familiar objects.
The treated PCD mice spent a greater percentage of time
exploring the new object than the familiar object until P30,
indicating that OEA administered at P12 preserved long-
term memory recognition (Fig. 6b—e; P17, p <0.01; P22,
p<0.01; P30, p<0.01). However, at P40, no differences
were detected in this group, which is consistent with the
histological results and the results of the previous behavioral
tests (Fig. 6e and Supplementary Fig. 3).



Oleoylethanolamide Delays the Dysfunction and Death of Purkinje Cells and Ameliorates. ..

1761

PC density (PCs/mm)

250

200

» 150

Time (s

50

GW6471 + OEA P12
(2.5/10 mg/kg)

GW6471 + OEA P12
(2.5/10 mg/kg)

. . e .
Purkinje Cell survival d Soma area Dendritic arbor length
* *% *% *
f % * ! 250 T I ] 150 T - * ]
I 1T 1 i r 1T 1
<~ 200 120
£ . [
5 150 § I 5 %0
[
] S £ g B
: g 100 g 60 +
O -
I %]
1 50 30
0 0
PCD OEAP12 GW6471 PCD OEA P12 GW6471 PCD OEAP12 GW6471
+ OEA P12 + OEAP12 + OEAP12
Primary dendrite length g Primary dendrite width h Motor coordination
5
*% *% *% *% *% *
T T 1 T T 1 80 r T 1
E 4
T g_ 3 L § g %
L] 1 = 8
5 ) - L 1
; 2 1 5
g T
1 L I 1
0 0
PCD OEAP12 GW6471 PCD OEAP12 GW6471 PCD OEA P12 GW6471
+ OEAP12 + OEA P12 + OEAP12
General behavior J Novel object discrimination Sociability preference
[*ﬁIL‘ 100 100
{ *% *%
80 80 |
I T § []
B g 60 . 1_ g 60
bt b3 & 5 » i =
*k Kk *% % x 40 X 40
—ir i i §
i ' 2
¥ 2 20 20
0
Grooming Exploration  Displacement PCD OEAP12 GW6471 PCD OEAP12 GwWe471
+ OEAP12 + OEAP12
O Familiar M Novel [0 Object M Animal

@ Springer



1762

E. Pérez-Martin et al.

«Fig.8 The neuroprotective effect of OEA treatment is mediated by
PPAR« receptors.(a, b) Micrographs of cerebellar vermis (a) and
a Purkinje cell (b) labeled with calbindin (Cb28k, red) of a mouse
treated with the PPARa antagonist GW6471 (2.5 mg/kg, i.p.) and
OEA (10 mg/kg, i.p. P12). (c—g) Histological quantification of the
effect of GW6471+OEA at P12 on the Purkinje cell survival (c)
and on Purkinje cell morphology (d-g); note that the neuroprotec-
tive effect of OEA observed was abolished when PPARa receptor
was blocked by GW6471. (h—k) Motor, cognitive and social analysis
of PCD mice treated with GW6471 +OEA at P12; note that animals
pretreated with the antagonist of PPARa showed the same behavior
as untreated PCD mice, suggesting that OEA exerts its neuroprotec-
tive effect via a PPARa-dependent pathway. Both histological and
behavioral analyses were performed at P30. Data are represented as
mean=+SEM; n=5 each experimental group; one-way ANOVA fol-
lowed by Bonferroni’s post hoc test for (c—i); Student’s ¢ test for (j,
k); *p<0.05; **p <0.01

In parallel, one-way ANOVA followed by Bonferroni’s
post hoc test was performed to analyze the DI. The results
presented in Fig. 6f show no differences between WT and
treated PCD animals from P17 to P30; both groups of ani-
mals had positive values, indicating that more time was
spent examining the novel object. Although a positive DI
was maintained for the treated PCD mice at P40, it was
between the DIs of WT and untreated PCD mice. Finally,
the DIs of untreated PCD mice were positive until P30, when
they became negative, indicating that the mice exhibited no
preference toward the novel object.

The number of visits to both objects was analyzed at all
ages to avoid possible biases derived from motor alterations
in PCD mice. ANOVA followed by Bonferroni’s post hoc
test did not reveal differences in the number of visits between
the experimental groups at P17, P20 and P30. However, at
P40, the number of times that PCD mice visited both objects
was lower than the number of times WT or treated PCD ani-
mals visited the objects (Fig. 6g). This finding showed that
ataxia affected the ability of PCD mice to perform this task
at P40, which may have interfered with the results obtained
at this age (see “Discussion”).

Normal Social Behavior Is Maintained After OEA
Administration Until P30

Social behavior was assessed by the three-chambered
social preference test. The percentage of time interacting
spent with a hidden animal or object was compared by
each experimental and age group using Student’s ¢ test. The
results of this test (Fig. 7a) showed a preference for social
contact in WT animals at all ages (Fig. 7b—f; P15, p<0.01;
P17, p<0.01; P22, p<0.01; P30, p<0.01; P40, p<0.01),
while PCD mice showed a nonsocial preference from P17
onward, spending the same percentage of time exploring
the compartment containing the mouse as the one contain-
ing the object (Fig. 7b—f; P17, p>0.05; P22, p>0.05; P30,
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p>0.05; P40, p>0.05). Conversely, treated PCD mice spent
a larger percentage of time exploring the chamber contain-
ing the mouse than the one containing the object until P30,
indicating recovery of normal social behavior up to this age
(Fig. 7b—e; P15, p<0.01; P17, p<0.01; P22, p <0.01; P30,
p <0.01). Unfortunately, this effect was not observed at P40,
at which point treated PCD mice and untreated PCD mice
spent the same percentage of time exploring both compart-
ments (Fig. 7f; p> 0.05).

One-way ANOVA followed by Bonferroni’s post hoc test
was performed to analyze the SI. The results presented in
Fig. 7g show that the SIs of WT mice remained positive
at all ages analyzed. Likewise, the treated PCD mice had
similar SIs as WT animals until P30, at which point the SIs
of treated PCD mice remained positive but diverged from the
SIs of WT mice. Finally, the SIs of PCD mice were close to
0 or negative at all ages analyzed, indicating that these mice
preferred to behave in a nonsocial manner.

The number of visits to both compartments was also ana-
lyzed at all ages. ANOVA followed by Bonferroni’s post hoc
test revealed differences only at P40, at which point the total
number of visits made by the PCD animals was lower than
that made by the WT and treated PCD mice (Fig. 7h). This
result may have distorted the results of the three-chambered
test at P40.

The In vivo Neuroprotective Effects of OEA Are
Mediated by PPARa

To test whether the endocannabinoid PPARa mediates the
neuroprotective effects of OEA observed in PCD mice at
both the histological and behavioral levels, the PPAR«
antagonist GW6471 (2.5 mg/kg b.w., i.p.) was injected into
an additional group of mice 15 min before OEA treatment
(10 mg/kg b.w., i.p.). Histological and behavioral experi-
ments were performed as described above. The results of
histological analyses at P30 (Fig. 8) showed that the admin-
istration of the PPARx antagonist fully blocked the neuro-
protective effect of OEA on all the parameters related to
Purkinje cell morphology and survival (Fig. 8a—g; p <0.01
for all histological parameters). Regarding Purkinje cell sur-
vival, a lower density of Purkinje cells was observed in ani-
mals pretreated with GW6471 than in untreated PCD mice
(Fig. 8c; p<0.01). Therefore, the PPARa antagonist not only
abolished the neuroprotective effect of OEA on Purkinje cell
survival but also increased Purkinje cell death. In addition,
the improvements in motor, cognitive and social behavior
observed in treated PCD mice were fully suppressed when
PPAR«x was blocked prior to OEA treatment (Fig. 8h—k).
These results indicate that PPAR« is the main receptor
involved in the actions of OEA in PCD mice.
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Fig.9 In vitro effect of OEA on WT and Ccpl-KO microtubule
dynamics of MEFs.(a) Analyses of WT and Ccp/-KO microtubule
growth and shrinking rates; OEA administration affects both parame-
ters and experimental groups in a dose-dependent manner, although a
higher OEA concentration is required in Ccpl-KO cells. (b) Analyses
of WT and Ccpi-KO static microtubule curvature; OEA administra-
tion decreased Ccpl-KO microtubule curvature but did not affect WT
curvature. (¢) Analyses of WT and Ccp/-KO microtubule trajectory

OEA Increases Microtubule Dynamics and Restores
Microtubule Shape In vitro

After demonstrating that OEA exerts its neuroprotective
effects in vivo in PCD mice at both the histological and
behavioral levels through PPARa and given that excess

curvature; OEA did not affect trajectory curvature in any of the two
genotypes. (d, e) Examples of WT and Ccp/-KO microtubule cur-
vature (d) and trajectory (e) in control and OEA-administered cells
(1.0 pM) and the corresponding graphical representation. Data are
represented as mean+SEM; n=3 embryos per experimental group;
a.u.=arbitrary units; one-way ANOVA followed by Dunnett’s post
hoc test for (a—c); *p <0.05

microtubule polyglutamylation in mutant cells triggers
alterations in both the dynamics and structure of micro-
tubules [10, 13, 14], we wondered whether the molecu-
lar effect of OEA could be related to these microtubule
characteristics. To answer this question, we employed an
additional in vitro MEF model that allowed us to visualize
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individual microtubules since these analyses cannot be
properly performed in vivo due to the structural complex-
ity and highly branched dendritic trees of Purkinje neurons.
One-way ANOVA followed by Dunnett’s post hoc test was
employed to compare the effect of the different OEA doses
vs. control treatment (untreated WT and untreated Ccpl-KO
cells) separately for each genotype. The results showed that
OEA modified the dynamics and structure of microtubules
in cells of both genotypes (Fig. 9). Regarding microtubule
dynamics, OEA increased the growth and shrinkage rates of
both WT (p <0.05) and Ccpl-KO (p <0.05) microtubules
(Fig. 9a). However, the OEA concentration required for a
significant effect was higher in CcpI-KO cells (1.0 uM) than
in WT cells (0.1 and 0.5 uM). Similarly, the mean growth
and shrinkage lengths were also increased in cells of both
genotypes after OEA treatment, and the same OEA concen-
tration was required (Supplementary Table 2). In contrast,
WT microtubules underwent a decrease in the percentage
of growing time (p <0.05) and an increase in the percent-
age of time in pause (p <0.05), whereas no effect on these
parameters was seen for Ccp/-KO microtubules (Supple-
mentary Table 2). Regarding microtubule structure, OEA
did not affect the static curvature of WT microtubules at
any concentration (Fig. 9b). Conversely, OEA decreased
Ccpl-KO microtubule curvature at all the concentrations
tested (Fig. 9b; p <0.05 for all analyses), making the micro-
tubules appear similar to WT microtubules. Last, OEA did
not seem to affect the curvature of the microtubule trajectory
in cells of any genotype (Fig. 9c). These findings suggest
that the molecular effect of OEA may be related to micro-
tubule dynamics and structure since OEA influenced these
microtubule features in Ccpl-KO (PCD-like) cells.

Discussion

In the present work, we explored the neuroprotective effects
of the endocannabinoid OEA and its influence on the cer-
ebellar integrity and behavior of PCD mice on C57BL/
DBA background strain. Overall, OEA delayed Purkinje cell
degeneration and reversed behavioral impairment through
the endocannabinoid receptor PPAR« in this model of cer-
ebellar neurodegeneration.

PPAR« is considered the main target of OEA [35-38]. Its
expression was detected in the three layers of the cerebel-
lum in mice of both genotypes. However, in the Purkinje
cells of PCD mice, PPAR« receptor expression decreased
from P15 to P22, indicating that the pcd mutation affects
the expression of elements of the endocannabinoid system
in both the preneurodegenerative and neurodegenerative
stages. Changes in PPARa expression may be reflect plas-
ticity of the cerebellum in an attempt to prevent neuronal
death, which is in accordance with previous studies [26, 28,
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29, 33]. Nevertheless, the detection of PPARa expression
in Purkinje cells led us to design an experiment to assess
the effects of OEA in vivo. Indeed, the administration of
OEA to PCD animals increases the expression of PPARaq,
as previously described [32]. This finding may be related
to plasticity of Purkinje cells aimed at preventing neuronal
death, which is consistent with the general neuroprotective
effects exerted by OEA that we observed in PCD mice. In
contrast, the expression of the CB1 and CB2 receptors was
not affected. Although a putative effect of OEA on these
receptors cannot be excluded, the activity of OEA is con-
sidered to be linked to PPAR« [33-35, 37], thus supporting
our hypothesis (see also the later discussion of the use of the
PPAR« antagonist GW6471).

OEA altered the in vitro dynamics and structure of micro-
tubules in cells of both genotypes, causing microtubules
from PCD-like cells to be similar to those from WT cells.
Since OEA normalizes some of the microtubule character-
istics impaired in the microtubules of PCD-like cells, we
speculate that the preventive effect of OEA on Purkinje cell
morphology alterations may be related to its crucial effects
on cytoskeletal structures within these cells. Previous find-
ings have shown that the binding of OEA to PPAR« triggers
the expression of different proteins (i.e., MAP-2 and GAP-
43) that are related to microtubule stability and structure and
neuronal growth [37]. Thus, the re-establishment of PCD
microtubule shape by OEA may reflect the maintenance of
the morphology of Purkinje cell dendritic arbors and the
prevention of Purkinje cell death in PCD mice. The observed
effects of OEA in vivo are in line with previous results, both
in relation to its pharmacokinetics and effective time win-
dow [24, 27, 29, 31]. On the one hand, OEA administration
prevents Purkinje cell morphological defects and decreases
cell loss when it is administered prior to preneurodegenera-
tion (i.e., chronic administration from P7 to P21 and acute
administration at P14, P12 and P10). On the other hand, this
neuroprotective effect follows an inverted U-shaped time-
response curve, with acute administration at P12 being the
most effective treatment, especially regarding dendritic arbo-
rization maintenance. Specifically, abnormalities in neural
arborization are associated with numerous neurological dis-
orders, such as schizophrenia, epilepsy, Alzheimer’s disease
and autism spectrum disorder [48-51, 52]. Hence, our findings
highlight the potential therapeutic use of OEA as a neuro-
protective drug, not only for cerebellar diseases.

Although the cerebellum has long been consid-
ered to be a purely motor structure, recent studies have
revealed that it also plays an important role in nonmo-
tor functions such as cognitive and affective behavior
[14, 17, 18], among others. A previous study conducted
in our laboratory demonstrated that cerebellar degenera-
tion at an early age in PCD mice leads to motor, cog-
nitive and social alterations [14, 19, 20], mimicking
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the features of human neurodevelopmental disorders
in which the cerebellum is involved [7, 18, 21]. It is
important to consider that impairments in PCD behavior
take place when morphological alterations in Purkinje
cells are exacerbated or when these cells are lost, and
no other brain regions or neural cell population are
affected [14, 53-55]. Thus, the effect of OEA in stabiliz-
ing Purkinje cell arborization and increasing Purkinje
cell survival should result in functional improvements.
Indeed, the results of this study revealed that OEA ame-
liorated all the behavioral defects observed in the PCD
mutant mice until P30, which is in agreement with the
histological findings. The results of the rotarod test
show that the general motor behavior of the treated PCD
mice was halfway between that of the WT and untreated
PCD mice from P22 to P40. However, the improvements
observed in WT mice from P30 onward due to learning
[56] was not detected in treated mice. The divergent motor
behavior translated into a different trajectory curve in the
graph would explain the interaction observed between the
analyzed factors. These findings revealed that the neuro-
protective effects exerted by OEA at both morphological
and cell survival levels contributed to improve the motor
task performance of the PCD mice although they were not
enough to completely restore its motor defects. Regarding
overall behavior, our results are in agreement with previ-
ous studies showing that general cerebellar degeneration
is manifested as changes in the time spent in grooming,
rearing, exploration and displacement [14, 19, 20, 57, 58].
In this sense, the administration of OEA led to reestablish-
ing normal behavioral patterns, with treated PCD mice
exhibiting behavior similar to that of WT animals up to
P30. In our study, no hypolocomotor effects related to high
doses of OEA were observed [29, 40, 59]. In addition, it
was recently found that normal cognitive and social abili-
ties require normal cerebellar activity [14, 17, 18, 60, 61].
In this context, the results obtained in the NOR and social
preference tests revealed that OEA protects against the
impairments observed in the mouse model of cerebellar
degeneration employed in this study. These findings are
in agreement with those of other studies in which other
endocannabinoids mainly restored or improved cognitive
function in different mouse models of brain damage [25,
32, 62—65]. Furthermore, it should be noted that, as far as
we know, our study is the first to show that OEA has the
effect of maintaining normal social behavior in mice with
affective deficits related to cerebellar dysfunction.
Overall, OEA was observed to have a neuroprotective
effect at both the histological and behavioral levels until
P30. Although the changes in two of the five parameters
measured were maintained at P40 at the histological level
(soma area and primary dendrite length), this was not the
case for any behavioral changes. In addition, it should be

noted that motor impairments in PCD mice at this age could
be responsible for the results obtained in the memory and
the social preference tests at P40; therefore, no conclusive
results can be drawn. Regardless of this, it is important to
note that we managed to delay the degeneration in PCD mice
and increase the temporal window in which other therapeu-
tic approaches could be employed synergistically to fight
against rapid and aggressive neurodegeneration [58, 66, 67].

Finally, the neuroprotective effects of OEA treatment
in PCD mice were mainly mediated by PPAR« since the
administration of the PPARa antagonist GW6471 fully
reversed the OEA-mediated effects at both the cellular and
behavioral levels. In the particular case of Purkinje cell sur-
vival, our results showed that the inhibition of PPAR« before
OEA treatment not only abolished the preventive effect of
OEA but also increased Purkinje cell death. This finding
may be related to apoptosis since PPARa inhibition can pro-
mote programmed cell death [68]. Although we cannot dis-
card a direct or indirect effect on other different neural cell
types and/or the implication of other molecular interactions
[29, 69, 70], our findings confirm the direct involvement
of PPARa [36-38] in the neuroprotective effects of OEA
observed in this study. Indeed, these results are consistent
with the absence of changes in the expression of other clas-
sical endocannabinoid receptors in PCD mice.

In conclusion, although the molecular mechanism under-
lying the effect of OEA requires further study, its neuropro-
tective effect is apparent at both the histological and behav-
ioral levels. This neuroprotective effect may be related to the
re-establishment of cytoskeletal properties and the ensuing
maintenance of the structure of Purkinje cells in the cerebel-
lum and, therefore, improvements in impaired behavioral
functions. These findings provide evidence supporting the
clinical use of OEA as a potential pharmacological molecule
for limiting severe neurodegenerative processes.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13311-021-01044-3.
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