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ARTICLE INFO ABSTRACT

Keywords: Perineuronal nets (PNNs) are cartilage-like structures of extracellular matrix molecules that enwrap in a net-like
Perineuronal nets manner the cell-body and proximal dendrites of special subsets of neurons. PNNs stabilize their incoming con-
Cerebellum nections and restrict plasticity. Consequently, they have been proposed as a candidate mechanism for drug-
Chondroitinase ABC . . C e e .

. induced learning and memory. In the cerebellum, PNNs surround Golgi inhibitory interneurons and both
Addiction s . . . . .
Cocaine inhibitory and excitatory neurons in the deep cerebellar nuclei (DCN). Previous studies from the lab showed that

cocaine-induced conditioned memory increased PNN expression in the granule cell layer of the posterior vermis.
The present research aimed to investigate the role of cerebellar PNNs in cocaine-induced conditioned preference.
For this purpose, we use the enzyme chondroitinase ABC (ChABC) to digest PNNs at different time points of the
learning process to ascertain whether their removal can affect drug-induced memory. Our results show that PNN
digestion using ChABC in the posterior vermis (Lobule VIII) did not affect the acquisition of cocaine-induced
conditioned preference. However, the removal of PNNs in Lobule VIII -but not in the DCN- disrupted short-
term memory of conditioned preference. Moreover, although PNN digestion facilitated the formation of
extinction, reinstatement of cocaine-induced conditioned preference was encouraged under PNN digestion. The
present findings suggests that PNNs around Golgi interneurons are needed to maintain cocaine-induced
Pavlovian memory but also to stabilize extinction memory. Conversely, PNN degradation within the DCN did
not affect stability of cocaine-induced memories. Therefore, degradation of PNNs in the vermis might be used as
a promising tool to manipulate drug-induced memory.

1. Introduction

Perineuronal nets (PNNs) are mesh-like structures of extracellular
matrix molecules (ECM), such as hyaluronan, chondroitin sulfate pro-
teoglycans (CSPGs), link proteins, and tenascins that wrap the cell-body
and proximal dendrites of special subsets of neurons (Carulli et al., 2006;
Dauth et al., 2016; Giamanco and Matthews, 2012; Slaker et al., 2016).
The majority of PNNs are found surrounding fast-spiking parvalbumin+
(PV+) GABAergic interneurons (Celio and Chiquet-Ehrismann, 1993;
Hartig et al., 1992; Kosaka and Heizmann, 1989). However, they are

also present around excitatory neurons (Morikawa et al., 2017; Wegner
et al., 2003). In the cerebellum, PNNs surround Golgi GABAergic in-
terneurons and Lugaro cells in the cerebellar cortex and both excitatory
and inhibitory neurons in the DCN (Carulli et al., 2006, 2020; Corvetti
and Rossi, 2005; Crook et al., 2007).

Emergence of PNNs correlates with developmental critical periods,
synaptic refinement, and myelination to restrict juvenile plasticity and
regulate adult synaptic plasticity processes (Dityatev et al., 2007; Piz-
zorusso et al., 2002). PNNs stabilize incoming connections and restrict
plasticity (Corvetti and Rossi, 2005; Foscarin et al., 2011; Lensjg et al.,
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2017a, 2017b; Pizzorusso et al., 2002), and because of the stability of
their components, they have been proposed as a key mechanism through
which drug-induced long-lasting memories could be maintained (Sorg
et al., 2016). Preclinical studies have shown that drug-induced condi-
tioned preference (Blacktop et al., 2017; Carbo-Gas et al., 2017; Gil--
Miravet et al., 2019; Guarque-Chabrera et al., 2022; Jorgensen et al.,
2020; Slaker et al., 2015; Traver et al., 2019; Xue et al., 2014), drug
self-administration (Blacktop et al., 2017; Blacktop and Sorg, 2019;
Chen et al., 2015; Coleman et al., 2014; Roura-Martinez et al., 2020;
Sanchez-Hernandez et al., 2021; Vazquez-Sanroman et al., 2017), and
drug withdrawal (Roura-Martinez et al., 2020; Sanchez-Hernandez
et al., 2021; Van Den Oever et al.,, 2010; Vazquez-Sanroman et al.,
2015a, 2015b) regulate PNN expression in different brain regions,
including the cerebellum.

Although the traditional role of the cerebellum was mainly linked to
motor control, increasing evidence in the last two decades has pointed to
its involvement in a broader spectrum of brain functions such as rein-
forcement learning (Carta et al., 2019; Kostadinov and Hausser, 2022;
Wagner et al., 2017), aversive learning (Frontera et al., 2020; Sacchetti
et al., 2005), and executive functions (Deverett et al., 2019). Direct and
indirect reciprocal connectivity between the cerebellum and other brain
regions can explain these unexpected cerebellar roles. In particular, the
cerebellum modulates activity in the medial prefrontal cortex (Chen
et al., 2014; Forster and Blaha, 2003; Gil-Miravet et al., 2021), limbic
regions (Frontera et al., 2020; Sacchetti et al., 2005), basal ganglia
(Bostan and Strick, 2018), striatum (Chen et al., 2014), and VTA (Carta
et al., 2019; Gil-Miravet et al., 2021). Dysfunction of all these regions
underlie substance use disorder (SUD) and other neuropsychiatric dis-
orders that exhibit comorbidity with SUD (Miquel et al., 2019).

Studies of cue reactivity in patients with SUD have shown cerebellar
activation when drug-related cues are presented (for a review see
Moulton et al., 2014; Moreno-Rius and Miquel, 2017). Preclinical
studies from our lab evidenced increased neural activity in granule cells
and PNN expression around Golgi interneurons (Carbo-Gas et al., 2014a,
2017). Remarkably, these cerebellar signatures were exclusive of those
animals that expressed conditioned preference towards cocaine-related
cues and correlated with the expression of drug-induced conditioned
preference in lobules VIII and IX, ruling out the possibility that cere-
bellar activity results from unconditioned stimulating properties of
cocaine or movements performed during the test. Moreover, an infra-
limbic deactivation not only facilitated the acquisition of
cocaine-related memory but also increased the expression of PNNs
around Golgi interneurons in these posterior medial lobules (VIII and IX)
(Guarque-Chabrera et al., 2022).

Broadly used to digest PNNs is the bacterial enzyme chondroitinase
ABC (ChABC). ChABC digests the chondroitin sulfate glycosaminogly-
cans of the CSPG and the hyaluronan (Briickner et al., 1998; Fox and
Caterson, 2002; Prabhakar et al., 2005), disrupting the macromolecular
PNN arrangement and promoting neuronal plasticity (Corvetti and
Rossi, 2005; Pizzorusso et al., 2002). ChABC has been used to investigate
the role of PNNs in drug addiction. Removal of PNNs in the amygdala
promotes extinction of drug-related memories (Xue et al., 2014), dis-
rupted cocaine-induced conditioning in the prelimbic (PL) (Slaker et al.,
2015), and reduced cocaine-self administration in the anterior hypo-
thalamic area (Blacktop et al., 2017; Blacktop and Sorg, 2019). There-
fore, PNN digestion may be a promising strategy to manage the
over-consolidated drug-related Pavlovian memories that lead to relapse.

Here, we sought to investigate the role of cerebellar PNNs in the
formation, short-term memory, extinction and reinstatement of drug-
induced conditioned memories. We focused on lobule VIII given that
our previous research pointed to neuronal activity and PNN expression
in this lobule as highly correlated to the expression of cocaine-induced
conditioned preference. For this purpose, we use the enzyme ChABC
to digest PNNs at various time points of the learning process to ascertain
whether their degradation can affect drug-induced memories.
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2. Materials and methods

The National Centre for the Replacement, Refinement and Reduction
of Animals in Research (NC3Rs) has published in 2010 the ARRIVE
(Animals in Research: Reporting In Vivo Experiments) guidelines (Kil-
kenny et al., 2010) that had been recently updated as ARRIVE 2.0
(Percie du Sert et al., 2020a, 2020b). These guidelines consist in a
20-item checklist of 10-essential (basic in a manuscript) and 10-recom-
mended (to add context to the study) items that need to be included in a
manuscript to promote transparency, rigorousness, and reproducibility
of animal research. We complied with the guidelines and as they
recommend, we also created flowcharts to illustrate every step we took
on each experiment (appendixes A and B).

2.1. Subjects

The present study includes 67 male Sprague-Dawley rats (Janvier, ST
Berthevin Cedex, France). Rats arrived at the animal facilities (Jaume I
University, Spain) weighing ~125 (~P28) and ~225 (~P38) g. The
rationale of using animals of two different ages was based on both the
requirements for stereotaxic surgery and the necessity to terminate the
different experiments with animals having similar ages (>P63, young
adults) to be able to compare between conditions.

Then, rats were housed individually with temperature and humidity
controlled and under standard conditions in a 12-h light-dark cycle
(from 8:00 a.m. to 8:00 p.m.), with access to food and water ad libitum.
Before the experiments started rats were handled for 2 days. Animal
procedures were approved by the local Animal Welfare Ethics Com-
mittee and Empowered Body (2014/VSC/PEA/00208; 0139) and
adhered to the European Community Council directive (2010/63/EU),
Spanish directive (BOE 34/11370/2013), and local directive (DOGV 26/
2010).

2.2. Pharmacological agents

Cocaine hydrochloride (Alcaliber S.A., Madrid, Spain) was dissolved
in a 0.9% saline solution and administered intraperitoneally (IP). Saline
solution was used as a control vehicle. Anesthesia was induced using a
cocktail of ketamine (100 mg/kg) (Ketamidor 50 mL, 100 mg/mL;
Richterpharma AG, Wels, Austria), and xylazine (10 mg/kg) (Xylazine
hydrochloride >99% (HPLC); CAT# X1251; Sigma-Aldrich, Madrid,
Spain) or anesthetized with isoflurane (1000 mg/g) (Isoflutek 250 ml,
Laboratorios Karizoo S.A., Barcelona, Spain) (induction at 3.00% and
maintenance through the whole surgery at 2.00%) using a Isotec 5 iso-
flurane anesthesia vaporizer (Datex-Ohmeda Inc., Madison, WI). PNN
digestion was achieved by intracranial infusions of 25 U/mL of the
enzyme ChABC (Chondroitinase ABC from Proteus vulgaris BSA free;
CAT# C3667; Sigma-Aldrich, Madrid, Spain) dissolved in aqueous
0.01% BSA (Bovine Serum Albumin cold ethanol fraction, pH 5.2,
>96%; CAT# A4503; Sigma-Aldrich, Madrid, Spain).

2.3. Stereotactic surgery and enzymatic digestion

The Rat Brain in Stereotaxic Coordinates (Paxinos and Watson,
1998) atlas were used to calculate the coordinates for our enzymatic
digestions. In the experiment 1 in which we performed the infusions
before conditioning, we used older animals (arrival: ~225g (~P38))
that received the surgery weighing ~270 g (~P45). In those experi-
ments in which the animals were conditioned before receiving the
enzymatic digestion, experiments 2-4, we accounted for the weight
gains of the rats through the time prior to the surgery, so we started the
training with younger animals (arrival: ~125 g (~P28); training start:
~175 g (~P35)) that received the surgery weighing ~350 g (~P53).

Rats were anesthetized with a cocktail of ketamine/xylazine or iso-
flurane and placed in a stereotaxic apparatus (Kopf Model 902; David
Kopf Instruments, Tujunga, CA, USA). A small craniotomy was
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performed using a 0.9 mm drill bit (Burrs for Micro Drill; CAT#
19008-09; Fine Science Tools, Heidelberg Germany). Intracranial in-
fusions were performed by placing a stainless steel guide cannula (23-
gauge external diameter) in the posterior vermis (medial cerebellum)
(lobule VIII; LVIID) (AP: —14.5; ML: 0; DV: —4.5) (Figs. 2B, 3B and 5B),
or in the DCN, the medial (Med) (AP: —11.4; ML: +1; DV: —6), the
interposed (Int) (AP: —11.3; ML: +2.5; DV: —5.8), and the lateral (Lat)
(AP: —11.4; ML: £+3.6; DV: —6.2) nuclei (Fig. 4B) (Paxinos and Watson,
1998). Then, a removable stainless steel injector (30-gauge external
diameter) connected to a 10 pl Hamilton syringe (Microliter Syringe
Model 701 N; Cat# 80300; Hamilton Bonaduz AG, Bonaduz,
Switzerland) was inserted into the previously placed guide cannula, and
1 pL of ChABC (25 U/mL) or vehicle (aqueous 0.01% BSA; sham group)
were infused (0.50 pL/min) into the targeted area using an infusion
pump (11 Plus dual Syringe; Cat# HA702209; Harvard Appatarus,
Holliston, MA, USA). After the infusion was completed, the injector
remained in place for 3 min to allow for proper diffusion and to avoid
liquid aspiration. Then, the guide cannula and injector were removed
and the wound was sutured. Rats were left undisturbed for four days
after surgery for recovery and received analgesic treatment with
meloxicam (Metacam 20 mL, 5 mg/mL; Boehringer Ingelheim, Barce-
lona, Spain) every 24 h for two days.

A B
Conditioning

15m CS+

Preference test
30m
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2.4. Behavioral protocols

All protocols involving animals took place within the first 5 h of their
light cycle, 2 h after the lights were turned on. All behavioral procedures
were conducted in a black opaque corridor (90 x 20 x 60 cm) con-
taining three equal chambers (30 x 20 x 60 cm). One day before the
conditioning training, animals were habituated to the apparatus in a 30-
min session without the olfactory cues used as CS+/CS-. For condi-
tioning (Fig. 1A), extinction (Fig. 1D), and reinstatement (Fig. 1E), two
equally preferred olfactory cues, lavender or rose, were used as CS-+/CS-
(Guarque-Chabrera et al., 2022). Two drops of lavender or rose
fragrance were put on gauze and presented inside a steel ball with holes
that hung on the walls of the two lateral chambers (Fig. 1).

2.4.1. Conditioning

To test the effect of enzymatic digestion of PNNs on the acquisition of
cocaine-induced memory, animals received ChABC or vehicle infusions
in the posterior cerebellar vermis (LVIII) five days before the initiation
of conditioning (Fig. 2A-C). Then, the scents were associated with
cocaine (10 mg/kg) or saline injections (IP), acting as CS+ and CS-
respectively (Fig. 1C). For each pairing session, rats were confined in one
of the lateral chambers of the apparatus for 15 min with one of the ol-
factory cues (Fig. 1A). Eight cocaine- and eight saline-paired sessions
were conducted on alternate days (Fig. 1C). A preference test was

Fig. 1. Schematics of behavioral paradigms and
cocaine/saline administration schedules. (A) Rep-
resentation of the corridor for conditioning. Animals
were confined in one of the lateral chambers of the
CS' apparatus for 15 min with one of the olfactory cues

| (lavender or rose) for each pairing session. Eight CS+
(dark gray) cocaine- and eight CS- (light gray) saline-

O paired sessions were conducted on alternate days. (B)

| Layout in the preference test. (C) Distribution of the
cocaine/saline administration schedule for condi-

Cocaine/Saline

Drug free

tioning. (D) Top schematic depicts the layout during
forced extinction training. Rats were confined in one
of two compartments in the presence of CS+ (top) and
saline was administered as represented in the bottom
schedule. (E) For reinstatement, conditioned memory
was reactivated by a cocaine injection (10 mg/kg) in

C
BN NNENNNN-.

the presence of the CS+ (bottom) 24 h before the
preference test (bottom). C: Cocaine; Sa: Saline; T:

Test.

CSaCSaCSaCSaCSaCsSaCSacCsaT

CS-
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D E
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carried out 48 h after the last cocaine administration (Figs. 1C and 2A).
Olfactory cues and their locations in the lateral arms were counter-
balanced between animals.

2.4.2. Preference test

In order to prevent any cue but the olfactory ones to guide behavior,
the apparatus was rotated 90° from its original position and rats were
placed in the central chamber. Rats were free to move throughout the
three chambers of the corridor in a 30-min drug-free test in which CS+
and CS— olfactory cues were presented simultaneously, one on each
opposite lateral arm of the corridor (Fig. 1B). All the test sessions were
videotaped and scored by a blind observer. The first 10 min were not
considered in order to allow the animal to explore the new location of
the olfactory cues. Preference score was calculated as [Time Spent in
CS+/((Time Spent in CS+) + (Time Spent in CS—))] x 100.

2.4.3. Short-term memory

We infused ChABC or vehicle into LVIII (Fig. 3A) or the DCN
(Fig. 4A) after the acquisition (Acq) test. Following 4 days of ChABC
infusion, we conducted another preference test (Ret) to assess short-term
memory of cocaine-induced conditioned preference.

2.4.4. Extinction

To test the effects of PNN removal on extinction, we used a forced
extinction procedure (Fig. 1D). Twenty-four hours after the Acq test,
animals underwent surgery to receive ChABC or vehicle infusions in
LVIII (Fig. 5A-C). Only those rats showing preference for the CS+ >50%
were infused with ChABC/vehicle and underwent extinction training.
Four days after surgery, rats received saline injections and were confined
with the CS+ in one of the lateral chambers. Every three CS + -saline
pairings, rats were tested for their conditioned preference. Extinction
training lasted a total of 6 saline parings and 2 preference tests (Extl,
Ext2) (Fig. 1D).

2.4.5. Reinstatement

After forced extinction, rats were left undisturbed for 8 days in their
home cages and another preference test was carried out to assess the
duration of extinction (ExtLT) (Figs. 1E and 5A). Then, rats received a
cocaine injection (10 mg/kg, IP) and were immediately confined in one
of the lateral chambers with the CS + for 15 min (Fig. 1E). The next day,
a new preference test (Reins) was performed to assess reinstatement of
the original cocaine-cue association (Figs. 1B and 5A).

2.5. Perfusion protocol and brain sampling

All animals were perfused transcardially 90 min following the last
preference test on each behavioral protocol. Rats were deeply anes-
thetized with sodium pentobarbital (30 mg/kg) (Dolethal 100 mL,
Vetoquinol E.V.S.A., Madrid, Spain) and perfused using first saline
(0.9%) with heparin (0.006%) (Heparin sodium salt from porcine in-
testinal mucosa; CAT# H3393; M Sigma-Aldrich, Madrid, Spain) and
then paraformaldehyde (4%) (Paraformaldehyde, powder, 95%; CAT#
158127; M Sigma-Aldrich, Madrid, Spain). Cerebella were extracted and
stored with the same fixative for 24 h at room temperature. Then, the
tissue was immersed in sucrose solution (30%) with sodium azide (2%)
(Sodium azide BioXtra; Cat# S8032; Sigma-Aldrich, Madrid, Spain)
until the brain sank at 4 °C. Brain tissue was covered them with Neg-
50™ (Richard Allan Scientific Neg 50™; Cat# 6502; Thermo Fisher
Scientific, Barcelona, Spain) and fast frozen by immersion in liquid ni-
trogen. Then, four series of sagittal (the posterior cerebellar cortex) or
coronal (the DCN) sections of the cerebellum were performed at 40 pm
with a cryostat microtome (Microm HM560, Thermo Fisher Scientific,
Barcelona, Spain) and were stored at —20 °C in cryoprotectant solution.
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2.6. Immunofluorescence labeling

The degree of enzymatic digestion using ChABC was determined by
Wisteria floribunda agglutinin (WFA) immunolabeling on free-floating
sections. Sagittal sections of the cerebellum were selected according to
the lateral coordinates from —0.72 to 0.72 mm, comprising the whole
vermis (Paxinos and Watson, 1998). ChABC digestion in the DCN was
determined in coronal sections of the cerebellum and brainstem ac-
cording to the coordinates —10.52 to —11.80 mm from bregma,
comprising the whole DCN (Paxinos and Watson, 1998). After several
rinses with phosphate-buffer saline with 0.1 M Triton X-100 (1%) (Cat#
T9284; Sigma-Aldrich, Madrid, Spain) (PBST), cerebellar sections were
incubated overnight at 4 °C with biotinylated WFA (1:200; Lectin from
Wisteria floribunda; CAT# L1516; Sigma Aldrich, Madrid, Spain), which
binds to the glycosaminoglycan chains of the proteoglycans that form
the PNN structure (Hartig et al., 1992), dissolved in PBST. The next day,
and after several rinses, tissue was incubated in PBST using
Cy3-streptavidin (1:200; CAT# 016-160-084; Jackson Immunoresearch
Europe Ltd, Suffolk, UK) for 120 min at room temperature. Once fluo-
rescence reaction occurred, cerebellar sections underwent several rinses
and were mounted using Mowiol (Calbiochem, Merck Chemicals and
Life Science, Madrid, Spain), and stored at 4 °C until imaging.

2.7. Image acquisition and analysis

The effects of ChABC on cerebellar PNNs were assessed within the
apical region of the granule cell layer (GCL) in LVIII of the vermis
(Fig. 2F-H, 3F, 5F), and in the DCN (Fig. 4F). Tile-scan (3 x 3) Z-stack
images (25 steps) were acquired using a confocal microscope (Leica
DMi8, Leica Microsystems CMS GmbH, Wetzlar, Germany), with a 20x
objective, a zoom of 2, and 2048 x 2048 px. Laser intensity (1%), gain
(650), and offset (—1) were maintained constant in each acquisition.
Leica Application Suite X (LAS X, Leica Microsystems CMS GmbH,
Wetzlar, Germany) was used to perform a maximal projection of the tile-
scan Z-stacks. Animals with digestion misplacement were not included
in the statistical analysis. Image analyses were performed blindly using
FLJI free software (Schindelin et al., 2012). We quantified WFA intensity
(brightness range 0-255; data expressed as arbitrary units of intensity,
AU of intensity) in two different ways. For general ECM assessment, we
measured WFA intensity by drawing a square ROI in the dorsal region of
the GCL (avoiding the white matter) (Figs. 2I, 3G and 5G) and in the
DCN (Fig. 4G). To analyze WFA intensity within the PNN, we randomly
selected 15 pixels in the net surrounding the soma (Figs. 4I and 5I) and
calculated the average intensity of 10 PNNs in the GCL or 20 PNNs in the
DCN per animal (Carbo-Gas et al., 2017; Carulli et al., 2020; Foscarin
et al., 2011; Sanchez-Hernandez et al., 2021; Vazquez-Sanroman et al.,
2015a). Then, the proportion of weak (0-85 AU of intensity), medium
(86-170 AU of intensity), and strong (more intense) (171-255 AU of
intensity) PNNs was estimated on the Sham and ChABC groups when
possible.

2.8. Experimental design and statistics

One of the reasons that has led the scientific community into a
reproducibility and replicability Wasserscrisis is the misuse of p values
when using null hypothesis significance testing (frequentist statistics)
(Anderson, 2019; Greenland et al., 2016; Nuzzo, 2014; Wasserstein and
Lazar, 2016; Zingg et al., 2020). To overcome the issues derived from
null hypothesis rejection based on p < 0.05, estimation statistics, also
known as “the new statistics” (Cumming, 2012; Cumming and
Calin-Jageman, 2017), focuses on the magnitude of the effect (the effect
size) (Cohen, 1988) and its precision/uncertainty (confidence intervals,
CI) (Altman et al., 2000). This encourages to gain a deeper under-
standing of the metrics used, and how they relate to the natural pro-
cesses being studied. Moreover, CIs not only provide a 95% chance of
covering the underlying population mean but also, they are 83%
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prediction intervals (chance of covering any future experiment’s mean)
(Cumming and Maillardet, 2006). Consequently, we focused the report
of our statistical analyses on description, effect sizes estimations, and the
estimation of their uncertainty (95% confidence intervals), rather than
statistical significance (we also reported p values) (Bernard, 2019; Cal-
in-Jageman, 2018; Calin-Jageman et al., 2019; Ho et al., 2019).

Sample size was calculated using G*Power (Heinrich Heine Univer-
sity Dusseldorf, North Rhine-Westphalia, Germany) (Faul et al., 2007).
We first calculated the effect size of a previously published research
(Guarque-Chabrera et al., 2022) resulting in an effect size of 1.80
(Cohen’s d). Then, establishing 5% type I error and 20% type II error
rates for an a = 0.05 and power of 80%, and using the estimated effect
size for two experimental groups, we obtained a total sample size of 12
animals, resulting in a minimum of 6 animals per group. We have two
experimental groups that received the same dose and cocaine schedules.
The ChABC group (N = 33) underwent enzymatic digestion of cerebellar
PNNs, while the Sham group (the control group; N = 34) underwent the
same surgery procedure but received vehicle infusions instead.

All statistical analyses were performed using R Statistical language
(version 4.1.2; R Core Team, 2021). Even though Shapiro-Wilk tests
yielded normality on our data, we preferred to use non-parametric sta-
tistics/distribution-free methods to analyze the data. These estimations
make fewer assumptions about the nature of the distributions, are robust
with samples n < 20, and can be used to analyze both categorical or
continuous data.

First, we used the function hdpbci (bootstrap, 5000 reshuffles) of the
rogme package (Rousselet et al., 2017) to estimate the median (Mdn) of
our groups. Then, to compare the magnitude of preference for the CS+
and WFA intensity between the two groups, we used the functions
shifthd pbci (for independent groups; bootstrap, 5000 reshuffles) and
shiftdhd pbci (for matching pairs; bootstrap, 5000 reshuffles) of the
rogme package to assess for differences between the medians of two
groups, the magnitude of this differences (Aygn = Mdn; — Mdny)
(Baguley, 2009; Ho et al., 2019; Michel et al., 2020), and their 95%
confident intervals (Cls) to report the effect sizes. These functions of the
rogme package use the Harrell-Davis quantile estimator with a percentile
bootstrap  approach to calculate any decile and the
between-groups/within-group differences of the decile of interest. As a
result, when the zero value is not included in the CIs the difference is
considered statistically significant at an alpha threshold of 0.05 and
without being concerned about the Type [ error, in a frequentist sense. In
our case, we estimated the decile 5, which corresponds to the median,
the difference between the medians of two groups, and their corre-
sponding 95% Cls. We used the function p.adjust from the stats package
to correct the significance level by adjusting for multiple comparisons
using the FDR method (Benjamini and Hochberg, 1995).

Next, we analyzed our experimental groups at a distribution level.
First, we used the function boot.overlap (bootstrap, 5000 reshuffles) of
the overlapping package (Pastore, 2018; Pastore and Calcagni, 2019) to
calculate the kernel density estimation (KDE) of two distributions and
the overlap (OV) between them. This function estimates the area inter-
sected by two probability density functions and is a measure of how
similar two distributions are. This estimate is a distribution-free index
that can be used with any kind of distribution and even in the presence
of multimodality. Then, we used the function cidv2 of the rogme package
to obtain the probability of superiority (PS) between two distributions
and its 95% CI. This is the probability that when randomly sampling a
score from each of two groups, the observation from the second group
will be larger than the observation from the first group (Ruscio, 2008).
Both indexes, OV and PS, will be reported as a % with their corre-
sponding 95% CI.

In the cases in which we had repeated measures (successive tests) to
assess the preference for the CS+, we performed Sign tests to assess the
direction of the change as the proportion of animals that increased or
decreased their preference score between two tests. First, we used the
function binom.test of the mosaic package (Pruim et al., 2017) to assess
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whether the proportion of success (proportion of decreased scores)
within each group is different than chance (0.5). Subsequently, we used
the function prop test of the rstatix package (Kassambara, 2021) to esti-
mate differences in the proportions of change between groups. This
function returns a chi-squared test (y?) estimation and the CI of the
difference of the success proportions between both groups. We used
these CIs and the magnitude of the difference between these proportions
(Achi = Pr; — Pry) as the effect size.

We also used ;(2 to evaluate the frequency distribution of weak,
medium, and strong PNNs (Carbo-Gas et al., 2017; Carulli et al., 2020;
Foscarin et al., 2011; Sanchez-Hernandez et al., 2021; Vazquez-Sanro-
man et al., 2015a, -2015b) between the Sham and the ChABC group, as it
has been shown that stronger PNNs might represent the maintenance
mechanism of drug-related memory. To calculate the y? with two de-
grees of freedom we used the function chisq test of the rstatix package.
Then, we performed post hoc comparison by using the function prop_test
of the rstatix package and calculated the difference between the pro-
portions of PNNs on each category between groups, obtaining the effect
sizes (Acyi = Pr; — Pry) and their 95% Cls.

Finally, as an approach to modelling the relationship between the
preference for cocaine cues and ECM and PNN expression, we used
Spearman’s rank correlation coefficient (rho). Before calculating the
correlations, and since the ECM/PNN expression in both groups is very
different, we normalized the preference scores and the WFA intensity
scores (min-max normalization between 0 and 1 using the formula x’ =
(x-min(x))/((max (x)-min(x)); this preserves the relationships of the
original variables while converting them to a common scale) to facilitate
the visualization of the data. We used the functions cor-.test of the stats
package (R Core Team, 2021) and spearmanRho of the rcompanion
package (Mangiafico, 2022) to calculate rho with its 95 %CI (bootstrap,
5000 reshuffles) and the exact p value.

Descriptive statistics for each group will be reported as Mdn [95%
CI]. Statistical analysis results comparing two groups will be reported as
effect size (4 group1-grop2 = difference between medians [95% CI]) and
exact p value, OVgoyup1-groupz = % of overlap [95% CI1, PSgroup1-groupz = %
of superiority [95% CI], and 2 estimate (and post hoc comparisons in
case of more than 1 degree of freedom) with its effect size (4group1-group2 =
difference between proportions [95% CI]) and exact p value, and rho
[95% CI] with its exact p value.

3. Results

3.1. PNN removal in lobule VIII did not affect the acquisition of cocaine-
induced conditioned preference

The enzymatic digestion of PNNs in the cerebellar cortex prior to
cocaine-induced preference conditioning (Fig. 2) resulted in a median
preference score of 67.19 [55.70, 81.09] for the ChABC (n = 7) group
and a score of 59.36 [50.3, 68.31] for the Sham group (n = 8). A test
comparing both medians yielded an effect size of —7.83 [-24.59, 6.66]
(Ash_cn) and a p value of 0.3416 (Fig. 2C). Then, we analyzed both
groups at the distribution level. We observed that their distributions
overlapped 59 [27, 92] % (OV) and that there was a 64 [34, 87] %
chance that a score picked at random from the ChABC group would have
been a higher score than a score picked at random from the Sham group
(PS) (Fig. 2D). However, the fact that the range of the CIs of these es-
timators extends above and below 50% suggests that both distributions
are quite similar.

General ECM enzymatic-digestion assessment in the apical region of
the GCL (Fig. 2H) was performed before (Fig. 2I) and after conditioning
(Fig. 2J). Four days after ChABC infusion, WFA intensity decreased in
the ChABC group (5.14 [3.88, 7.55]) when compared to the Sham group
(70.33 [63.42, 76.04]) (Asp_cnh = 65.20 [57.86, 71.11], p = 5.91E-74;
Fig. 2E and F, II). Similar results were observed after the Acq test
(Fig. 2J). ECM analysis yielded lower WFA intensity for the ChABC
group (17.08 [14.66, 19.26]) than in the Sham group (79.18 [73.38,
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Fig. 2. Enzymatic digestion of PNNs in lobule VIII of the vermis does not affect acquisition of cocaine-induced preference conditioning. (A) Experiment
timeline. (B) Schematic diagram of a sagittal section of the vermis depicting the injection site in lobule VIII (LVIII). (C) Behavioral effects of the infusion of ChABC
(Ch, gray dots) or Vehicle (Sh, red dots) on cocaine-induced preference conditioning. (D) Sham and ChABC kernel density estimation of the % of preference for the
CS + distributions with overlap (OV) and probability of superiority (PS) estimations and their 95% confidence intervals (95%CI) between both distributions. Dashed
lines represent the median of each distribution, and the blue arrow represents the difference between them. (E) A representative confocal image (4 x 6 tile scan, 20x
with a zoom of 2, and 2362 x 2362 px) of Wisteria floribunda agglutinin (WFA) staining in an animal 4 days after ChABC infusion in lobule VIII. Lobule IX was
unaffected and works as a control for by ChABC-induced PNN digestion. (F) Representative magnifications of lobules VIII (LVIII; treated) and IX (untreated). ML:
molecular layer; GCL: granule cell layer; wm: white matter. (G) Representative maximal projections of confocal images (3 x 3 tile scan, 25-step z-stack, 20x objective
with a zoom of 2, and 2048 x 2048 px) of WFA staining in LVIII for the Sham (top panels) and the ChABC (bottom panels) groups after the preference test (23 days
after ChABC infusion). Dashed squares represent the magnified regions in the images on the right (25-step z-stack maximal projections, 63x objective with a zoom of
2, and 2048 x 2048 px). Sham group magnification showing a PNN. (H) Schematics of a sagittal section of the different layers of the cerebellar cortex in LVIII. ML,
molecular layer. WM, white matter. PCL, Purkinje cell layer. GCL, granule cells layer. Dashed line represents the area of the GCL where WFA intensity was assessed.
General extracellular matrix WFA intensity assessment 4 days (I) and 22 days (after the Acq test) (J) following ChABC infusion. (C, I, J) Left to right. On the left axis:
dot plot with jitter to avoid overlap between the points (semitransparent dots; each dot represents the score of each animal), and median (horizontal lines) plot with
95% CI (vertical lines). On the right axis we present the effect size as the difference between medians (4; horizontal line) and its 95% CI (vertical line). Sham (n = 8);
ChABC (n = 7).
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85.74]) (Asp_cnh = 62.10 [55.97, 68.69], p = 7.43E-73; Fig. 2G, J). No
PNN was found either before or after conditioning training. Therefore,
the acquisition of preference for cocaine-related cues was not affected
despite  WFA immunolabeling confirmed that ChABC effectively
removed PNN expression in LVIII (Fig. 2E and F).

3.2. PNN digestion in lobule VIII disrupted cocaine-induced short-term
memory

Following the Acq test, animals were randomly divided into Sham
and ChABC groups for intra cerebellar infusions (Fig. 3). On the Acq test,
both Sham (58.02 [54.47, 63.00]; n = 10) and ChABC (57.37 [50.54,
66.95]; n = 10) groups exhibited similar preference scores (4sy_cn [95%
CI] = 0.66 [-9.84, 9.84], p = 0.8840; Fig. 3C) and distributions (OVsp_ch
=45 [19, 70] %; PSsp_cnh = 47 [23, 73] %; Fig. S1A). Thus, the acqui-
sition test results in two equal distributions of 10 animals. Then, we
infused ChABC/vehicle in LVIII (Fig. 3A and B) and performed another
preference test to evaluate the short-term retention of memory (Ret). In
this second test, the Sham group (58.02 [54.47, 63.00]) showed a higher
preference score than the ChABC (48.02 group [43.23, 56.801) (Ash_ch
[95% CI] = 26.30 [17.81, 36.49], p = 6.00E-8; Fig. 3C). Moreover,
when comparing both distributions, we found minimum overlap
(OVshch = 13 [2, 24] %; Fig. 3D) between their kernel density estima-
tions, and a low probability that a random score selected from the
ChABC group is higher than a randomly selected one from the Sham
group (PSsn_cn = 0 [0, 26] %; Fig. 3D). These two estimates and the KDEs
of both groups allow us to confirm that both groups are different after
PNN removal in LVIIL

The Sham group increased its preference score on the Ret test
(AAcqg-Rer [95% CI] = —16.30 [-21.31, —11.57], p = 1.85E-6; Fig. 3C).
Moreover, an analysis of the preference score distributions over tests
revealed a small amount of overlap in the Sham group (OVacgre: = 13
[2, 24] %; Fig. 3D) and showed a high probability of preference scores in
the Ret test to be greater than those of the first test (PSacq_re: = 91 [65,
98] %; Fig. 3D). Looking at the KDE, we can also visually see a clockwise
shift of the median scores in the Acq test regarding to the Ret test in the
Sham group, indicating an increase in preference scores (Fig. 3D).
Conversely, when comparing the preference scores of the ChABC group
throughout tests (Acq vs Ret), we observed a decrease in preference in
the Ret test (Apcq-rer [95% CI] = 9.34 [4.02, 17.08], p = 0.0051; Fig. 3C).
The analysis of the distributions in the two tests showed a 55 [28, 82] %
of overlap (Fig. 3D) and a lower probability of the scores in the Ret test
to be greater than those of the first test (PSacqgrer = 23 [8, 49] %;
Fig. 3D), thus revealing a reduction in preference (Fig. 3D).

To further understand the difference between Sham and ChABC
groups, we quantified the proportion of change between both tests
(slopegraph in Fig. 3C). In the Sham group, we observed that 0 [0, 4] %
(p = 2.46E-125) of the animals decreased their preference score (100%
of the animals increased their scores in the Ret test) while 90 [82, 95] %
(p = 4.21E-69) of the animals treated with ChABC decreased their
preference for the CS+ in the Ret test. When we calculated the propor-
tion of change between both groups, we observed a difference of —90
[-96, —84] % (Asp_ch) between them ()(2 = 163.64, p = 1.82E-37),
revealing a changed in opposite directions.

Histological analyses confirmed that PNN digestion after the Acq test
effectively reduced WFA expression in LVIII in 4 days (Fig. 3E). General
ECM enzymatic-digestion assessment in the apical region of the GCL
(Fig. 3F) showed a reduction of WFA intensity in the ChABC group (Mdn
[95% CI] = 6.91 [5.80, 7.29]) when compared to the Sham group (Mdn
[95% CI] = 63.23 [61.27, 69.06]) (Ash_ch [95% CI] = 59.32 [54.56,
62.59], p = 3.02E-161; Fig. 3E, G). No PNNs in LVIII were found after
ChABC infusion.
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Our results showed that enzymatic digestion with ChABC in LVIII
was not only able to prevent incubation of conditioned preference but
also to disrupt short-term conditioned memory. Therefore, our findings
suggest that intact PNNs around Golgi interneurons of the posterior
vermis are needed to maintain short-term cocaine-induced Pavlovian
associations.

3.3. PNN digestion in the DCN did not affect cocaine-induced short-term
memory

In the present experiment, we wanted to test whether the digestion of
PNNs in the DCN would affect short-term retention of cocaine-induced
memory (Fig. 4). As we did in the previous experiment, animals were
randomly divided into Sham and ChABC groups after the Acq test. On
this test, both groups showed very similar preference scores (Ash_ch
[95% CI] = —1.30 [-17.67, 9.82], p = 0.8056; Fig. 4C) and distributions
(OVshch = 61 [34, 88] %; PSsp_cn = 56 [30, 78] %; Fig. S1B), (Sham
(60.90 [44.89, 70.05]; n = 10) and ChABC (67.47 [55.05, 72.31]; n =
10)). Then, we infused ChABC in the DCN (Fig. 4A and B) and performed
the Ret test. In this second preference test, the Sham group (62.21
[55.90, 70.43]) showed a similar preference score (Asp_cn [95% CI] =
4.12 [-9.01, 14.89], p = 0.5156; Fig. 4C) to that of the ChABC group
(60.35 [53.18, 70.04]). Moreover, the distributions of both groups were
analogous (OVgh_cr, = 66 [34, 98] %; PSgh_ch = 45 [22, 70] %; Fig. 4D).
Then, we compared preference scores of each group over the Acq and
Ret tests. For the Sham group, similar preference scores were observed
for both tests (Aacqg—rer [95% CI] = —3.57 [-14.87, 5.64], p = 0.3460;
Fig. 4C) resulting in very close distributions (OVgsp_cp = 71 [42, 100] %;
PSshch = 59 [33, 81] %; Fig. 4D). Similarly, comparable preference
scores were observed for both tests in the ChABC group (4acg-rer [95%
CI] = 1.86 [-2.98, 9.02], p = 0.5588; Fig. 4C), generating alike distri-
butions (OVgr_cr = 76 [47, 100] %; PSsh_ch = 44 [22, 69] %; Fig. 4D).

Next, we quantified the proportion of change between both tests
(slopegraph in Fig. 4C). We observed that 20 [13, 29] % (p = 1.12E-09)
of the animals in the Sham group and 57 [47, 67] % (p = 0.1933) of the
animals in the ChABC group decreased their preference for the CS+ in
the second test. When we compare the proportion of change of both
groups, we observed a difference of —37 [-50, —25] % (Asn_cn) between
them (5% = 29.11, p = 6.84E-8), revealing greater proportion of change
in the ChABC group.

Histological analyses confirmed that ChABC reduced WFA expres-
sion in DCN (Fig. 4E). General ECM enzymatic-digestion assessment
(Fig. 4F) showed a reduction of WFA intensity in the ChABC group (Mdn
[95% CI] = 13.84 [12.58, 16.04]) when compared to the Sham group
(Mdn [95% CI] = 75.59 [68.54, 82.27]1) (Ash_cn [95% CI] = 61.75
[54.11, 68.28], p = 4.39E-10; Fig. 4E, G). Interestingly, we were able to
find several weak PNNs after ChABC infusion in the DCN. Nevertheless,
WFA intensity assessment yielded complementary results to those ob-
tained for the ECM assessment. PNNs in the ChABC group (Mdn [95%
CI] = 34.78 [32.81, 37.51]) exhibited reduced WFA intensity (Asn_ch
[95% CI] = 84.44 [56.93, 108.76], p = 9.11E-59; Fig. 4E, I) when
compared to those in the Sham group (Mdn [95% CI] = 119.23 [90.48,
145.32]). As expected, we found a different frequency distribution of
weak, medium, and strong PNNs between both groups (42(2) = 206.72,
p = 1.29E-45) (Fig. 41 and J). Post hoc analyses resulted in a larger
proportion of weak PNNs in the ChABC group than in the Sham group
(?(1) = 206.64, p = 7.73E-47; Agh_cp, [95% CI] = —69 [-76, —76] %),
while the proportion of medium ()(2(1) =133.79, p = 6.08E-31; Agp_ch
[95% CI] = 52 [44, 59] %) and strong (y°(1) = 38.36, p = 5.89E-10;
Agn_ch [95% CI1 =18 [12, 23] %) PNNs were greater in the Sham than in
the ChABC group.

Our results suggest that PNNs in the DCN might not be necessary for
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short-term maintenance of cocaine-induced conditioning. Nevertheless,
although we did not observe any difference in the magnitude of pref-
erence between tests or groups, we observed a similar direction of
change to that found under LVIII digestion.

3.4. Digestion of PNNs in lobule VIII facilitated extinction and
reinstatement of cocaine-induced conditioned preference

To test the effects of an enzymatic digestion of PNNs in the cerebellar
cortex on extinction (Fig. 5), rats were conditioned to cocaine and then,
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only animals that showed preference for the CS + underwent forced-
extinction training (Fig. 1D) and reinstatement (Fig. 1E).

After conditioning, rats were randomly assigned to the ChABC or
Sham groups. In the Acq test, rats from the ChABC (65.43 [64.05,
68.57]; n = 6) and Sham (67.24 [62.57, 73.35]; n = 6) groups exhibited
similar preference scores (Asn_cn [95% CI] = 1.81 [-3.85, 7.90], p =
0.5696; Fig. 5C) and distributions (OVsy_cp = 39 [10, 67] %; PSsh_ch =
43 [15, 76] %; Fig. S1C). Then, they received ChABC/vehicle in LVIII
and 5 days later they underwent forced-extinction training.

On the first extinction test (Ext1l) the ChABC (51.73 [44.35, 60.86])
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Fig. 3. Enzymatic digestion of PNNs in the posterior vermis after testing for preference disrupts cocaine-induced short-term memory. (A) Experiment
timeline. (B) Diagram of a sagittal section illustrating the injection site in the posterior vermis, lobule VIII (LVIII). (C) Behavioral effects of ChABC infusion (Ch, gray)
or Vehicle (Sh, red) on cocaine-induced preference conditioning. Left panel: 1) dot plot with jitter to avoid overlap between points (semitransparent dots; each dot
represents the score of each animal); 2) jittered median plot with error bands, representing the medians (horizontal lines) with 95% confidence interval (95% CI;
vertical lines and error bands); and 3) jittered slopegraph showing the direction of the change of each animal from the first (Acquisition, Acq) to the second (short-
term memory, Ret) preference test (semitransparent lines). Right panel: we present the effect sizes (for the within-group and between-groups comparisons) as the
difference between medians (4; vertical lines) and their 95% CI (horizontal lines). (D) Sham and ChABC kernel density estimation of the % of preference for the CS +
distributions with overlap (OV) and probability of superiority (PS) estimations and their 95% ClIs between both distributions. Left to right: Shacq Vs Shget, Chacq Vs
Chget, and Retgy, vs Retcp,. Dashed lines represent the median of each distribution and blue arrow represents the shift of the median between Acq and Ret tests, and the
difference between medians for the Sham and ChABC groups in the Ret test. (E) Representative confocal images of Wisteria floribunda agglutinin (WFA) staining 5
days after vehicle/ChABC infusion. Top and bottom panels represent the Sham and the ChABC groups respectively. From left to right: posterior cerebellum (5 x 5 tile
scan, 20x with a zoom of 2, and 2362 x 2362 px), lobule VIII (LVIII) magnification (3x 3 tile scan, 25-step z-stack, 20x objective with a zoom of 2, and 2048 x 2048
px), dashed line magnification (25-step z-stack maximal projections, 63x objective with a zoom of 2, and 2048 x 2048 px). Sham group magnification shows a PNN.
(F) Schematics of a sagittal section of the different layers of the cerebellar cortex in LVIII. ML, molecular layer. WM, white matter. PCL, Purkinje cell layer. GCL,
granule cells layer. Dashed line represents the area of the GCL where WFA intensity was assessed. (G) General extracellular matrix WFA intensity assessment. Left to
right. On the left axis: dot plot with jitter to avoid overlap between the points (semitransparent dots; each dot represents the score of each animal), and median
(horizontal lines) plot with 95% CI (vertical lines). On the right axis we present the effect size as the difference between medians (4; horizontal line) and its 95% CI
(Avertical line). Sh: Sham (n = 10); Ch: ChABC (n = 10). Acq: preference test 24 h after cocaine-induced conditioning; Ret: preference test 5 days after ChABC infusion.

group showed a reduction of preference (Asy_cn [95% CI] = 14.94 [1.52,
23.73], p = 0.0116; Fig. 5C) as compared to the Sham group (66.67
[55.76, 71.571). This effect was also observed when comparing the KDEs
of both groups. Although both distributions partially overlap 40 [3, 76]
% (OVsh_cn), there is only a 11 [2, 44] % (PSsh_cn) chance that scores
from the ChABC group are greater than those from the Sham group
(Fig. 5D).

However, on the second extinction test (Ext2) both groups (Sham:
54.42 [44.30, 60.70]; ChABC: 49.11 [34.18, 66.33]) reached similar
preference scores (Agp_cn [95% CI] = 5.31 [-13.86, 21.07], p = 0.5728;
Fig. 5C). Moreover, a third preference test conducted 8 days later
(ExtLT) confirmed that both groups (Sham: 37.68 [24.96, 48.09];
ChABC: 44.50 [34.00, 55.21]) extinguished their preference for the CS+
(Asn_ch [95% CI] = —6.81 [-22.00, 7.52], p = 0.2924; Fig. 5C). In fact,
we observed a reduction in the preference score in the ExtLT test as
compared to the Acq test in both the ChABC (Aacq_gxezT [95% CI1 = 20.93
[8.84, 34.48], p = 0.0017; Fig. 5D, $2B) and Sham (4acq-kxir [95% CI]
= 29.56 [18.72, 41.13], p = 3.63E-07; Fig. 5D, S2A) groups. Interest-
ingly, after one reinstatement session in which a cocaine injection paired
with the CS+, ChABC-treated rats reinstated (63.03 [55.46, 65.10])
whereas the Sham group did not (45.38 [34.55, 54.09]) (Ash_cn [95%
CI] = —17.66 [-28.76, —6.71], p = 0.0017; Fig. 5C). This can also be
observed when comparing the distributions of both groups. Overlapping
between the two distributions is low 14 [3, 33] % (OVsp_cp) and there is
a 94 [65, 99] % (PSsh_cn) chance that scores from the ChABC group are
greater than those from the Sham group (Fig. 5D), indicating that both
distributions are quite different.

These results were supported by within comparisons in each group.
While in the Sham group there was a decrease in preference scores from
the Acq to the Reins test (4 zcq-Reins [95% CI] = 21.87 [16.69, 33.89],p =
9.11E-07; Fig. 5C, S2A), the ChABC group exhibited similar preference
scores in both tests (4 scq-reins [95% CI] = 2.20 [-0.12, 6.77],p = 0.2124;
Fig. 5C, S2B). Oppositely, the ChABC group increased their preference in
the Reins test regarding the EXtLT (AgxugT Reins [95% CI] = —18.54
[-30.57, —7.94], p = 0.0017; Fig. 5C, S2B) but the Sham group showed
similar preference scores across both tests (Agx7_Reins [95% CI] = —7.69
[-20.39, 3.16], p = 0.3396; Fig. 5C, S2A). Within-group distribution and
sign test results can be found in supplementary results.

Histological analyses confirmed that ChABC before extinction
reduced WFA expression in LVIII of the vermis (Fig. 5E). The cerebellar
samples were taken 24 h after the Reins test and therefore, 25 days after
the ChABC infusion. General ECM enzymatic-digestion assessment
resulted in a reduction of WFA intensity in the ChABC group (24.28
[20.76, 26.98]) when compared to the Sham group (58.68 [48.87,

66.331) (Ash_cn [95% CI] = 34.40 [24.51, 41.95], p = 6.18E-14; Fig. 5F
and G). Scattered PNNs were already found at that time, although WFA
intensity assessment of these PNNs yielded similar results to those ob-
tained for the ECM assessment. PNNs in the ChABC group (76.51 [55.89,
90.65]) showed reduced WFA intensity (Asypcn [95% CI] = 36.56
[13.53, 72.36], p = 0.0028; Fig. 5H and I) as compared to those in the
Sham group (113.07 [93.29, 146.25]). Moreover, we found a different
frequency distribution of weak, medium, and strong PNNs between both
groups O{Z(Z)Shvsch = 23.75, p = 6.97E-06, Fig. 5J). Post hoc analyses
resulted in a larger proportion of weak PNNs in the ChABC group than in
the Sham group (;(2(1) = 23.17, p = 1.48E-06; Agp_cn [95% CI] = —43
[-59, —28] %). The proportion of medium PNNs were greater in the
Sham than in the ChABC group (¥%(1) = 16.21, p = 5.68E-05; Agh_ch
[95% CI] = 37 [20, 53] %) and the proportion of strong PNNs was
similar between both groups (,1/2(1) =2.81, p = 0.0939; Ash_ch [95% CI]
=7 [-1, 14] %). These results suggest the existence of emerging PNNs
around Golgi interneurons that were still maturating at the time of
reinstatement.

Overall, these findings suggest that PNN in LVIII are not required for
the formation of extinction, but for its maintenance. On the contrary,
removal of these PNNs benefit the acquisition of extinction but also
drug-induced reinstatement.

3.5. ECM and PNN expression correlate with preference for cocaine cues

To assess whether there is a relationship between the percentage of
preference for cocaine-related cues (CS+) and the expression of ECM
and PNN, we perfumed Spearman’s rank correlation coefficient (rho)
(Fig. 6, S3). First, we pulled all the animals together with enzymatic
digestion in LVIII and assessed whether there was a relationship between
the % of preference for the CS+ and the intensity (AU) of WFA related to
the ECM. We observed a positive relationship between the two variables
for both the Sham (rho(22) = 0.62 [0.28, 0.88], p = 0.0013) and the
ChABC (rho(21) = 0.71 [0.45, 0.88], p = 0.0002) groups (Fig. 6A).
Moreover, this relationship was maintained for both groups when
correlating both variables individually for the Acq test (Sham: rho(6) =
1.00 [0.99, 1.00], p = 4.96E-05; ChABC: rho(5) = 0.93 [0.58, 0.99] p =
0.0026; Fig. S3A), and the Reins test (Sham: rho(4) = 0.90 [0.32, 0.99],
p = 0.0149; ChABC: rho(4) = 0.94 [0.52, 1.00], p = 0.0167; Fig. S3D).
However, this relationship was lost in the ChABC group in the Ret test,
either with enzymatic digestion in LVIII (Sham: rho(8) = 0.91 [0.64,
0.99], p = 0.0002; ChABC: rho(8) = 0.30 [-0.41, 0.78], p = 0.3983;
Fig. S3B) or in the DCN (Sham: rho(8) = 0.90 [0.53, 1.00], p = 0.0004;
ChABC: rho(8) = 0.56 [-0.24, 0.96], p = 0.0935; Fig. S3C).
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We observed similar positive results regarding the relationship be- Our results show that both cerebellar ECM and PNN expression
tween the % of preference for the CS+ and the intensity (AU) of WFA in seems to be highly related to the degree of the preference displayed
the PNNs (Fig. 6B and C). A positive relationship was observed for both toward cocaine cues. Interestingly, this effect is lost for loose ECM 5 days
groups in the Ret test with digestion in DCN (Sham: rho(8) = 0.92 [0.60, after enzymatic digestion with ChABC, but not for PNNs.

1.00], p = 0.0002; ChABC: rho(8) = 0.71 [0.04, 0.94], p = 0.0218;
Fig. 6B) and the Reins test with digestion in LVIII (Sham: rho(8) = 0.94 4. Discussion
[0.50, 1.00], p = 0.0167; ChABC: rho(8) = 0.94 [0.56, 0.99], p = 0.0048;

Fig. 6C). Perineuronal net functions are still under investigation, but they
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Fig. 4. Enzymatic digestion of PNNs in the DCN after testing for preference does not affect cocaine-induced short-term memory. (A) Experiment timeline.
(B) Schematic diagram depicting the injection site in the deep cerebellar nuclei (DCN). (C) Behavioral effects of the infusion of ChABC or Vehicle on cocaine-induced
preference conditioning for the Sham (Sh, red) and ChABC (Ch, gray) groups. Left panel: 1) dot plot with jitter to avoid overlap between the points showing each
score (semitransparent dots; each dot represents the score of each animal); 2) jittered median plot with error bands, representing the medians (horizontal lines) with
95% confidence interval (95% CI; vertical lines and error bands); and 3) jittered slopegraph showing the direction of the change of each animal from the fist to the
second preference test (semitransparent lines). Right panel: we present the effect sizes (for the within-group and between-groups comparisons) as the difference
between medians (4; vertical lines) and their 95% CI (horizontal lines). (D) Sham and ChABC kernel density estimation of the % of preference for the CS + dis-
tributions with overlap (OV) and probability of superiority (PS) estimations and their 95% CIs between both distributions. Left to right: Shacq VS Shget, Chacq Vs Chges,
and Retgy, vs Retcy. Dashed lines represent the median of each distribution and blue arrow represents the shift of the median (between the Acq and the Ret test) or the
difference between medians (Sham vs ChABC group in the Ret test). (E) Left panels show representative confocal images (3 x 3 tile scan, 25-step z-stack, 20x
objective with a zoom of 2, and 2048 x 2048 px) of WFA staining in two animals with Sham or ChABC infusions in the DCN. Right panels show representative
confocal images (25-step z-stack maximal projections, 63x objective with a zoom of 2, and 2048 x 2048 px) of PNNs in the DCN. (F) Diagram depicting the DCN.
Dashed lines delineate the areas where WFA intensity was assessed. (G) General ECM WFA intensity assessment after the Ret test for the Sham and the ChABC groups.
(H) PNN intensity assessment was done as arbitrary units (AU) of WFA by averaging 15 randomly-placed points around the somatic region of the PNN. (I) PNN
intensity assessment after the Ret test. Small green dots represent each single PNN (20 per animal, 200 per group). (G, I) On the left axis: dot plot with jitter to avoid
overlap between the points (semitransparent dots; each dot represents the score of each animal), and median (horizontal lines) plot with 95% CI (vertical lines). On
the right axis we present the effect size as the difference between medians (4; horizontal line) and its 95% CI (vertical line). (J) Proportion of weak (0-85 AU of
intensity), medium (86-170 AU of intensity) and strong (171-255 AU of intensity) PNNs in the Sham and ChABC groups. Data is shown using stacked bars. Sh: Sham
(‘n = 10); Ch: ChABC (n = 10). Acq: preference test 24 h after cocaine-induced conditioning; Ret: preference test 5 days after ChABC infusion.

involved ion-buffering (Briickner et al., 1993), protection against reinstatement of cocaine-induced memory would be prevented after
oxidative stress (Cabungcal et al., 2013; Morawski et al., 2004), and extinction, as it happens in the PL (Slaker et al., 2015), but we found the
synaptic plasticity (Faissner et al., 2010; Wang and Fawcett, 2012). opposite result.
Perineuronal nets have been proposed as key mechanisms through Alternatively, removal of PNNs could favor cocaine-induced memory
which drug-induced long-lasting memories could be maintained (Car- update during the second test and given that the preference test worked
bo-Gas et al., 2017; Lasek et al., 2018; Slaker et al., 2016; Van Den Oever as an extinction trial the update would benefit extinction and decrease
et al., 2010). It has been suggested that strong PNNs could "stamp in" preference. Still, the crucial point is why PNN disruption after testing
synaptic connections that represent drug-cue associative memory and was able to encourage reinstatement of cocaine-induced memory 3
hamper future synaptic remodeling (Sorg et al., 2016). weeks later. Our hypothesis is that PNNs in the cerebellar cortex are
In the present research, we investigated the role of cerebellar PNNs required for both stabilization of drug-induced conditioned memory and
on acquisition, retention, extinction, and reinstatement of cocaine- the maintenance of extinction. Removal of PNNs did not eliminate
induced conditioned preference. We infused the enzyme ChABC into cocaine-induced memory but originated instability in the memory trace
the posterior vermis and DCN to digest PNNs around Golgi interneurons that could accelerate the formation of extinction memory, since both
and output neurons of the cerebellum, respectively. ChABC effectively kinds of memory partially compete each other (Dunsmoor et al., 2015).
degraded CSPGs and disrupted PNNs in both cerebellar regions as pre- We speculate that if the newly formed extinction memory consolidated
viously shown (Carulli et al., 2020; Corvetti and Rossi, 2005). The the original drug-induced memory would not reappear after 3 weeks.
degradation of PNNs around Golgi cells was evident 4 days after ChABC Therefore, our hypothesis is that extinction memory could not be sta-
infusion and lasted for 3 weeks (Fig. 7). All experiments were conducted bilized without PNNs, and the new cocaine injection was sufficient to
within this temporal window. In the DCN, ChABC also disrupted PNNs, reinstate cocaine-induced memory. We cannot rule out, however, that
although in some animals we found faint emerging PNNs scattered. PNN degradation boosted acute cocaine effects during reinstatement. In
Our findings indicate that enzymatic digestion of PNNs around Golgi fact, one of the functions of PNNs is to protect fast spiking neurons
cells in the posterior vermis did not affect cocaine-induced Pavlovian against oxidative stress (Sorg et al., 2016). It is known that cocaine alters
learning. However, disruption of these PNNs after testing blocked the the redox status and increases the accumulation of reactive oxidative
preference response. After acquisition, conditioned preference increased species (Womersley et al., 2019). Moreover, dynamic regulation of PNN
over time in the Sham group but decreased when PNNs were disrupted. structure depends on metalloproteinases (MMPs) (Ferrer-Ferrer and
The incubation of conditioned preference after repeated tests has been Dityatev, 2018). Given that at the time point of reinstatement we
previously described for cocaine (Sakoori and Murphy, 2005). Never- showed a partial restoration of PNNs around Golgi cells, one would
theless, the role of PNNs in the incubation of preference is still unknown. expect an increase in metalloproteinase activity that could have boosted
Recently, it has been shown that the incubation of a nociceptive effect cocaine effects. In support, MMP inhibition reduces preference for
involves PNN upregulation in the somatosensory cortex (Mascio et al., cocaine (Brown et al., 2017).
2022). In contrast to the cerebellar cortex, digestion of PNNs around the
The present investigation also reveals that the formation of extinc- output neurons in the DCN did not affect cocaine-induced conditioned
tion memory was facilitated after PNN digestion in the posterior vermis. preference. Accordingly, our previous correlational findings indicated
Paradoxically, although extinction appeared to be facilitated under that only PNNs surrounding Golgi interneurons appear to play a role in
PNNs degradation, ChABC- but not sham-reated rats reinstated after drug-related memory (Carbo-Gas et al., 2017). Golgi-bearing PNNs in
receiving a priming injection of cocaine. A detailed examination of the the apical region of the cerebellar vermis increased exclusively when
extinction curve over time showed no differences between the sham and animals expressed cocaine-induced conditioned preference. In contrast,
ChABC groups after 6 extinction trials (the second extinction test). PNN expression in the DCN decreased in all cocaine-treated groups
Our findings suggest a role for cerebellar PNNs in short-term memory regardless of they received cocaine either contingently or randomly
of cocaine-induced conditioned memory. Removal of PNNs could pre- (Carbo-Gas et al., 2017).
vent the stabilization of cocaine-induced memory and undermined its A source of discrepancy in the present investigation arises when
retention. It is also possible that removal of PNN disrupted reconsoli- comparing results between the sham groups in the experiments 2 and 3.
dation of cocaine-induced memory. However, if it were the case, While cocaine-induced conditioned preference incubated in the sham
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group in experiment 2 (Fig. 3C and D) (lobule VIII), this effect was not
replicated for sham-treated rats when the cannula was in the DCN in the
experiment 3 (Fig. 4C and D). Nevertheless, a detailed analysis of the
Acq (test 1) versus Ret (test 2) distributions in this experiment reveals a
similar trend toward increasing conditioned preference in the Ret test.
There is no a clear explanation for this discrepancy, but the more ventral
location and trajectory of the cannula in the DCN could be relevant
factors.

The present findings do not mimic ChABC effects in the PL or the
anterior dorsal hypothalamic area (Blacktop et al., 2017; Slaker et al.,
2015). PNN removal around PV + GABAergic interneurons in these
areas prevented acquisition (Blacktop et al., 2017; Slaker et al., 2015),
reinstatement (Slaker et al., 2015), and reconsolidation of CPP in rats

Neuropharmacology 218 (2022) 109210

(Slaker et al., 2015). Moreover, in contrast to the cerebellum, depletion
of PNNs in the amygdala abolished priming-induced reinstatement of
cocaine- and morphine-induced CPP when ChABC was combined with
extinction training (Xue et al., 2014).

Our research is the first study that explores the role of PNNs around
Golgi interneurons in drug-induced learning and memory. An earlier
study investigated the role of PNNs in the DCN in eye blink conditioning,
a form of Pavlovian motor learning (Carulli et al., 2020). Contrary to our
results, enzymatic digestion of PNNs in the DCN improved eye blink
conditioning but disrupted retention of the motor memory that declined
over time.

Altogether, evidence suggests that the effects of PNN disruption on
drug-related memory rely on the functional specialization of the circuits
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Fig. 5. Enzymatic degradation of PNNs in lobule VIII facilitates the formation of extinction memory but also encourages reinstatement of cocaine-induced
preference memory. (A) Experiment timeline. (B) Diagram of a sagittal section illustrating the injection site in lobule VIII. (C) Behavioral effects of the infusion of
ChABC or Vehicle on cocaine-induced preference conditioning for the Sham (red) and ChABC (gray) groups. Left panels: 1) dot plot with jitter to avoid overlap
between the points showing each score (semitransparent dots; each dot represents the score of each animal); 2) jittered median plot with error bands, representing
the medians (horizontal lines) with 95% confidence interval (95% CI; vertical lines and error bands); and 3) jittered slopegraph showing the direction of the change
in each animal from the first to the second preference test (semitransparent lines). Right and bottom panels represent the effect sizes (for the within-group and
between-groups comparisons) as the difference between medians (4; vertical lines) and their 95% CI (horizontal lines). (D) Sham and ChABC kernel density esti-
mation of the % of preference for the CS + distributions, and overlap (OV) and probability of superiority (PS) estimations with their 95% ClIs between both dis-
tributions. Left to right: Extlgy vs Extlc, and Reinsg, vs Reinsc,. Dashed lines represent the median of each distribution and blue arrow represents the difference
between medians (Sham vs ChABC group in the first extinction test and the reinstatement test; Extl and Reins respectively). (E) Left panels show representative
confocal images (3 x 3 tile scan, 25-step z-stack, 20x objective with a zoom of 2, and 2048 x 2048 px) of Wisteria floribunda agglutinin (WFA) staining in an animal
with Sham and ChABC infusion in LVIIL. Right panels show a magnification of the white dotted squares on the left images (25-step z-stack maximal projections, 63x
objective with a zoom of 2, and 2048 x 2048 px) of PNNs in LVIII. (F) Schematics of a sagittal section of the different layers of the cerebellar cortex in LVIII. ML,
molecular layer. WM, white matter. PCL, Purkinje cell layer. GCL, granule cells layer. Dashed line represents the area of the GCL where WFA intensity was assessed.
(G) General ECM WFA intensity assessment after the reinstatement (Reins) test for the Sham and the ChABC groups. (H) PNN intensity is shown as arbitrary units
(AU) of WFA by averaging 15 randomly-placed points around the somatic region of the PNN. (I) PNNs intensity assessment after Reins test. Small green dots
represent each single PNN (10 per animal, 60 per group). (G, I) Left to right. On the left axis: dot plot with jitter to avoid overlap between the points (semitransparent
dots; each dot represents the score of each animal), and median (horizontal lines) plot with 95% confidence interval (95% CI; vertical lines). On the right axis we
present the effect size as the difference between medians (4; horizontal line) and its 95% CI (vertical line). (J) Weak (0-85 AU of intensity), medium (86-170 AU of
intensity), and strong (171-255 AU of intensity) PNN frequency distribution in the Sham and ChABC groups. Data is shown using stacked bars. Sh: Sham (n = 6); Ch:
ChABC (n = 6). Acq: test after cocaine-conditioning training; Ext1: first extinction test; Ext2: second extinction test; ExtLT: long-term extinction test; Reins: rein-
statement test.
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Fig. 6. Changes in preference for cocaine-related cues are correlated with changes in the expression of both ECM and PNNs. Scatterplots and Spearman’s
rank correlation coefficients (rho) with line of best fit between the % of preference for the CS+ and (A) LVIII ECM expression after Acq (test after cocaine-conditioning
training), Ret (short-term retention test), and Reins (reinstatement test), (B) PNN expression in DCN after Ret, and (C) PNN expression in LVIII after Reins. Sh: Sham
(A:n=24;B:n=10; C: n = 6); Ch: ChABC (A: n = 23; B: n = 10; C: n = 6).

to which PNN-expressing neurons belong (Carbo-Gas et al., 2017). The information will be conveyed to the cerebellar cortex by mossy and
present findings suggest that encoding of drug-induced Pavlovian climbing afferents from the pontine nuclei and inferior olive,
memory does not involve cerebellar mechanisms; otherwise, one could respectively.

expect acquisition to be affected by PNN digestion, as described for the In the cerebellar cortex, Golgi interneurons are essential regulators of
PL cortex (Slaker et al., 2015). PNNs around Golgi interneurons, how- cerebellar plasticity and activity (Armano et al., 2000; D’Angelo et al.,
ever, seem to contribute to maintain cocaine-cue associations. More- 2013, 1999). Their axons inhibit and synchronize activity in granule
over, PNN digestion could undermine the stability of the original cells (Tabuchi et al., 2018). At the same time, Golgi cell activity is
cocaine-olfactory cue engram and facilitate the formation of extinction controlled by glutamatergic inputs from granule cells and mossy fibers
memory. Nevertheless, since removal of PNNs around Golgi cells only (Palay and Chan-Palay, 1974), as well as by GABAergic and glycinergic
destabilizes but not eliminates the original engram, it may be reac- inhibitory interneurons (Dumoulin et al., 2001; Sotelo and Llinas, 1972).
tivated by the unconditioned stimulus (cocaine injection). Therefore, Golgi cells act as a filter for the transmission of neural information from
PNNs in the cerebellar cortex may act as mechanisms for stabilization of the granule cells and mossy fibers to Purkinje dendrites (D’Angelo et al.,
synaptic changes representing drug-cue engrams that were created in 2013; Galliano et al., 2010; Prestori et al., 2019). Importantly, we have
distal regions such as the amygdala, PL and infralimbic cortex. This shown that cocaine-induced conditioned memory is associated with
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represents the score of each animal) showing the evolution of WFA expression
after ChABC digestions in lobule VIII. Sh: Sham (n = 32); Ch: ChABC (Before
Acq, n = 7; Before Ret, n = 10; After Acq, n = 7; After Reins n = 6). Acq: test
after cocaine-conditioning training; Ret: short-term retention test; Reins: rein-
statement test.

increased activity in granule cells and Golgi interneurons bearing strong
PNNs (Carbo-Gas et al., 2014a, 2014b, 2017).

To our knowledge, no study has addressed the functional conse-
quences of PNN removal around Golgi cells. Enzymatic digestion of
PNNs around PV + neurons increase variability of spiking and instability
of the firing patterns (Christensen et al., 2021; Miao et al., 2017). Brown
and Sorg (2022) have speculated that natural dynamic remodeling of
PNN could regulate low and high frequency firing patterns to optimize
neural inputs. PNN alterations could degrade spatiotemporal neural
representations of external information and alter synchronization across
related brain regions.

5. Shortcomings

The bacterial enzyme ChABC not only digests the chondroitin sulfate
glycosaminoglycans of the CSPG and the hyaluronan in the PNN but also
in the loose ECM and white matter (Briickner et al., 1998; Fox and
Caterson, 2002; Prabhakar et al., 2005). White matter in the cerebellar
cortex comprises Purkinje descending GABAergic projections to the DCN
and some glial cells. It has been described that ChABC is able to promote
increased density and total length of Purkinje axons that picks after 7
days and lasts for 21 days after infusion (Corvetti and Rossi, 2005). In
addition, these authors described that ChABC infusion does not disrupt
the relationship between Purkinje axons and myelin sheaths, although
myelinated Purkinje axon were surrounded by a dense meshwork of
unmyelinated in the GCL of ChABC treated cerebella. Hence, we cannot
rule out the contribution of loose ECM degradation and structural
plasticity in Purkinje to the present behavioral effects.

Appendix A. Supplementary data

Neuropharmacology 218 (2022) 109210

The present research did not test the PNN’s role in the expression of
cocaine-induced conditioned memory but only in short-term memory
after its expression. Thus, we do not know whether a prior expression of
the conditioned response could contribute to the present effects. Neither
we investigated sex differences in the expression of PNNs in the cere-
bellum. To our knowledge, no study has addressed this question. Only a
few papers have explored sex differences in PNN expression (Ciccarelli
et al.,, 2021; Gildawie et al., 2020; Guadagno et al., 2020), and no
consistent differences have been found. Nevertheless, males tend to
show a higher PNN expression in several brain regions with sexual
dimorphism as the medial amygdala (Ciccarelli et al., 2021). Future
research will clarify this issue for PNN expression in the cerebellum.
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Appendix A. Flowcharts I. (A.1) Effects of ChABC infusions in the cerebellar lobule VIII vermis before cocaine-induced preference
conditioning. (A.2) Effects of ChABC infusions in the cerebellar lobule VIII vermis before short-term memory
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Appendix B. Flowcharts II. (B.1) Effects of ChABC infusions in the deep cerebellar nuclei before short-term memory. (B.2) Effects of
ChABC infusions in cerebellar lobule VIII vermis before extinction and reinstatement
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