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Gender Influence on Schizophrenia-Relevant
Abnormalities in a Cuprizone

Demyelination Model

Brenda Valeiras,1* Mar�ıa Victoria Rosato Siri,1* Mart�ın Codagnone,2 Anal�ıa Rein�es,2

and Juana Mar�ıa Pasquini1

The aim of this study was to determine whether early demyelination can impact behavior in young adulthood. For this pur-
pose, albino Wistar rats of either sex were exposed to cuprizone (CPZ) in two different intoxication protocols: one group was
intoxicated before weaning (CPZ-BW), from postnatal day 7 (P7) to P21, through maternal milk, whereas the other group was
intoxicated after weaning (CPZ-AW), from P21 to P35. After treatment, rats were returned to a normal diet until P90 when
behavioral studies were performed. Both treatments produced marked demyelination in the corpus callosum and retraction of
cortical myelin fibers. The subsequent normal diet allowed for effective remyelination at P90. Interestingly, CPZ-AW corre-
lated with significant behavioral and neurochemical changes in a gender-dependent manner. CPZ-AW treatment altered both
the number of social activities and the latency to the first social interaction in males, while also highly compromising
recognition-related activities. In addition, only P90 males treated AW showed a hyperdopaminergic striatum, confirmed by an
increase in tyrosine hydroxylase expression and in dopamine levels. Our results suggest that the timing of demyelination sig-
nificantly influences the development of altered behavior, particularly in adult males.
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Introduction

Schizophrenia is a severe psychiatric disorder affecting 0.5–

1% of the population worldwide. It is characterized by

positive symptoms such as delusional ideas, hallucinations,

disordered thinking, often with a later emergence of negative

symptoms, including low levels of emotional arousal, mental

activity and social drive, and several cognitive impairments,

particularly in attention, memory, and executive functions

(Kaplan and Sadock, 1971).

Although each theory is supported by evidence, no clear

mechanism has so far been able to explain all the alterations

in physiological processes associated with schizophrenia. Most

studies have originally focused on alterations in neurons and

gray matter; however, the fact that more than one brain area

is affected, the increased neuronal density and the disconnec-

tivity observed, all suggest that neurodevelopmental problems

also occur in white matter, especially in oligodendrocytes

(OLGs) and in the myelin that these cells produce. This is

strongly supported by the parallelism between age of disease

onset and myelination timing.

Several results provide a quantitative cellular correlation

of white matter changes in some neuropsychiatric diseases,

such us unipolar and bipolar depression or schizophrenia (Hof

et al., 2003; Novak et al. 2013; Rajkowska et al., 1999; Torrey

et al., 2004; Uranova et al., 2004; Yu et al., 2014). At molecu-

lar level, a microarray study comparing the gene expression

patterns of schizophrenic and control subjects revealed that the

expression of a series of genes related to OLG and myelin were

consistently downregulated in schizophrenic brains (Aston

et al., 2005; Dracheva et al., 2006; Hakak et al., 2001; Katsel

et al., 2005; Tkachev et al., 2003; Shimizu et al., 2014);

among others, these genes included myelin-associated
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glycoprotein, myelin basic protein (MBP), proteolipid protein

(PLP) (Zhu et al., 2012), and myelin OLG glycoprotein.

The aim of this study was to determine whether early

demyelination is able to induce altered behavior in young adult

rats. For this purpose, we evaluated two models of cuprizone

(CPZ)-induced demyelination differing in the period of intoxica-

tion, either from P7 to P21 or from P21 to P35. Our results

suggest that both experimental designs can induce cellular and

biochemical changes, whereas only the second one correlates with

behavioral changes evaluated in adulthood. We have also found

differences between sexes that have never been mentioned before

in association with the CPZ model. In this scenario, we propose

that demyelination develops behavioral alterations characteristic

of schizophrenia’s symptomatology in young adult male rats.

Materials and Methods

Animals
Albino Wistar rats were housed under 12-h-light/12-h-dark cycles.

All efforts were made to reduce the suffering and the number of ani-

mals used. Animal care for this experimental protocol was in accord-

ance with the NIH guidelines for the Care and Use of Laboratory

Animals. Guides were approved by an ad hoc committee of the

School of Pharmacy and Biochemistry, University of Buenos Aires.

Experimental Design: CPZ-Induced Demyelination
A group of animals was subjected to a control diet (C). Another

group was generated by feeding the mother with pulverized regular

chow pellets supplemented with an 0.6% CPZ diet for 2 weeks,

(P7–P21); the offspring were named the “CPZ before weaning”

(CPZ-BW) group. A third group was fed the same CPZ milled

chow for 2 weeks after weaning (P21–P35) (CPZ-AW). All animals

were housed with their mothers from birth until weaning at P21.

The parameters studied have shown no significant gender differences

at P21 and P35; for this reason, the results of two genders were ana-

lyzed together. In contrast, significant gender differences were

observed in behavioral experiments at P90 when the results were

analyzed separately. The experimental design is shown in Fig. 1.

Brain Sections
Rats were anesthetized with a xylazine–ketamine mixture (75—

10 mg/kg) and intracardiacally perfused with phosphate-buffered

saline, pH 7.4, and ice-cold 4% paraformaldehyde. Brains were

removed and postfixed overnight at 4�C. Brains were then cryopre-

served by placing them in 15 and 30% of sucrose—2 days in each

solution—at 4�C before freezing at 280�C or slicing. A cryostat

(Leica CM 1850) was used to obtain 30-mm-thick brain coronal sec-

tions. The Paxinos and Watson’s stereotaxic atlas (Paxinos and Wat-

son, 1986) was used to locate the chosen brain structures eventually.

All brain slices were kept at 220�C in a solution containing 50% of

glycerol until used for immunofluorescence studies.

Myelin Isolation and Chemical Analysis
Myelin membrane was isolated as described by Norton and Poduslo

(1973). The purified myelin was used immediately or stored at

280�C for further analysis. Aliquots of purified myelin were used for

the determination of dry weight and total protein (Bradford, 1976)

and for protein separation by SDS-PAGE (Laemmli, 1970). Electro-

pherograms were stained with Coomassie Brilliant Blue R-250. Other

aliquots were extracted with 2:1 v/v chloroform:methanol according

to the methods described by Folch et al. (1957), and the total lipid

extract washed was used for the determination of phospholipid (lipid

phosphorous) (Chen et al., 1957) and galactolipids (galactose) (Hess

and Lewin, 1965). The factors used to calculate the total amount of

galactolipids and phospholipids were 4.6 and 24.2, respectively.

Northern Blot Analysis
Total RNA was isolated from myelin fractions of control and

CPZ-BW animals at P21. The TRIzolV
R

Reagent method was per-

formed according to the manufacturer’s instruction (Life Technolo-

gies). RNA concentration was determined by absorbance at

260 nm; purity was evaluated by the A260/A280 ratio; integrity

was assessed by ethidium bromide staining (10 mg/mL) under

ultraviolet light. RNA (24 mg) was size-fractionated using 1.0%

w/v agarose gel containing 18% v/v formaldehyde and later trans-

ferred to polyvinylidene difluoride membranes. cDNA probes and

blots hybridization were performed as described by Escobar Cab-

rera et al. (1997).

Immunohistochemistry
Immunohistochemistry was performed as described by Rosato Siri

et al. (2013). Primary antibody specifications: anti-MBP (Marker of

myelin); Gift from Dr. A. Campagnoni, UCLA; Rabbit, Polyclonal;

working dilution (wd) 1:500. Anti-corpus callosum (CC)1/APC

(Marker of mature OL); Calbiochem, San Diego, CA; Mouse,

Monoclonal; wd 1:100. Anti-GFAP (Marker of astrocytes; Neuro-

mics Antibodies, Edina. CA; Chicken, IgY polyclonal; wd 1:500.

Anti-CD11b (Marker of microglial cells); Chemicon International,

Temecula. CA; Mouse, IgG monoclonal; wd1:100. Anti-ED1

(Marker of reactive microglia); Neuromics Antibodies, Edina. CA;

Mouse, Monoclonal; wd 1:100. Anti-tyrosine hydroxylase (TH)

(Marker of dopaminergic neurons); Millipore, Temecula, CA;

FIGURE 1: Schematic representation of the experimental design.
Blue bars represent normal diet, whereas yellow ones show peri-
ods when animals were fed a diet containing 0.6% w/w CPZ. For
each experimental condition, red labels indicate siblings sacri-
ficed at P21, P35, or P90; brains were then processed for immu-
nohistochemical analyses. For all three groups, behavioral tests
were performed at P90. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Mouse, Monoclonal; wd 1:100. Primary antibody incubation was

carried out at 4�C overnight, whereas incubation with the

fluorochrome-conjugated secondary antibody was done for 2 h at

room temperature. Secondary antibodies anti-rabbit, anti-mouse, or

anti-chicken were purchased from Jackson Immunoresearch and were

used in a dilution of 1:500; H€oechst dye was added together with

the secondary antibody solution.

Microscopy and Image Analysis
Digital images were acquired with an Olympus BX50, equipped with

a CoolSnap digital camera. Quantitative analysis of MBP and TH

immunostaining was performed with the Image ProPlus software by

measuring integrated optical density (IOD). CC11, GFAP1, and

ED11 cells were quantified with Image J by means of the “analyze

particle” function; the measurement procedure was applied, allowing

FIGURE 2: MBP immunodetection at P21 and P35. Coronal brain sections of rostral/caudal CC region and frontal cortex from P21 con-
trol (A, C, and E), P21 CPZ-BW (B, D, and F), P35 control (J, M, and P), P35 CPZ-BW (K, N, and Q), and P35 CPZ-AW (L, O, and R) ani-
mals. G and S: Quantitative data are expressed as the mean IOD 6 SD (n 5 12–16 animals; 4 slices of each animal, 10 randomly selected
counting frames of 0.1 mm2/slice) from rostral and caudal CC regions, respectively. H: Chemical analysis of myelin fractions. I: Myelin
protein patterns and expression levels. Loading and transferring were corrected by signal normalized against 18S rRNA. Statistical analy-
ses: one-way ANOVA followed by Tukey’s post hoc test. Significant differences were observed (compared with control: *P < 0.05, ***
P < 0.001). CC: corpus callosum; cortex: frontal cortex; CPZ-BW: cuprizone before weaning (P7 and P21). P: total myelin proteins. PL:
phospholipids of myelin fraction. GL: galactolipids of myelin fraction. CNPase: 20–30 cyclic nucleotide 30-phosphohydrolase. Dotted boxes
indicate image location on a representative coronal section. Scale bars: 100 lm (CC) and 200 mm (CORTEX).
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for the visualization of on-focus nuclei surrounded by the specific

marker. In each experimental group, quantifications were performed

by randomly applying counting frames in four slices of each animal.

Concentrations of Dopamine, Serotonin, and Their
Metabolites
High-performance liquid chromatography (HPLC)-coupled electro-

chemical detection (Heikkila et al., 1984) of DA, DOPAC, 5-HT, and

5-hydroxyindolacetic acid was achieved using a Varian 5000 liquid

chromatograph coupled to an electrochemical detector (BAS LC-4C).

Brains were collected and the striatum dissected, homogenized, and

deproteinized in 0.2 N of perchloric acid (1/20). Homogenates were

centrifuged and 50 mL of supernatants was injected onto a 12.5-cm 3

4 mm Nova-Pak C18 reverse phase column (Waters) developed in

250-mL mobile phase (0.076 M NaH2PO4�H2O; 5.24 mL/L PICB8,

0.99 mM EDTA, and 6% methanol) 1.3 mL/min. Neurotransmitter

and their metabolite concentrations were determined on the basis of

tissue wet weight.

Behavioral Testing

Locomotor Activity in an Open Field. Locomotor activity was

measured using an infrared actimeter (Panlab, Barcelona, Spain).

The apparatus consisted of an open field with a plastic enclosure (45

3 45 3 20 cm) surrounded by two square frames, with 16 3 16

infrared emitters each, with an equivalent number of receivers on

the opposite walls of the cage connected to a digital counter. The

lower and upper frames were placed 2 and 10 cm above the floor,

respectively. The test took place in an isolated room between 1:00

and 3:00 p.m. and 24 h before tests, rats were placed in the open

field for a 5-min habituation period. Infrared beams were used to

detect the movement and the total motor activity of each rat was

recorded over a period of 30 min.

FIGURE 3: CC1 immunodetection at P21 and P35. Coronal brain sections of rostral/caudal CC region and frontal cortex from P21 control
(A, C, and E), P21 CPZ-BW (B, D, and F), P35 control (H, K, and N), P35 CPZ-BW (I, L, and O), and P35 CPZ-AW (J, M, and P) animals. G and
Q: Quantitative data are expressed as the mean number/field 6 SD (n 5 12–16 animals; 4 slices of each animal, 10 randomly selected count-
ing frames of 0.1 mm2/slice. Statistical analyses: Student’s t-test with a 95% confidence interval. Significant differences were observed
(compared with control: *P < 0.05, **P < 0.01). Abbreviations, dotted boxes and scale bars are the same as shown in Fig. 2. Boxes: higher
magnifications; scale bars, 20 lm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Exploratory Activity in Open Field. The exploratory activity

was assessed in a small open field, previously described by Schneider

and Przewłocki (2005). The number of rearings and hole-pokings

(animal’s nose inside the hole) were measured during a 3-min time

session.

Social Behavior. Young adult rats (P90) were tested according to

gender in an aquarium measuring 60 3 40 3 40 cm3 (l 3 w 3 h)

with approximately 2-cm-thick wood shaving covering the floor.

The test took place in an isolated room during the dark

phase. The aquarium was illuminated by a 40W red light bulb

mounted 60 cm above. Four days before the experiment, rats from

each group were socially isolated. The stimulus animals were housed

in groups of four per cage. The test consisted in placing one isolated

animal and one stimulus animal into the test cage for 10 min. Ani-

mals were tested in randomized order, and the weight differences

between test partners were kept as small as possible. Behavior was

assessed for each individual animal. Latency, total duration, and fre-

quency of social exploration and contact were measured, including

sniffing or licking any part of the body except the anogenital area,

crawling or mounting (standing on hind legs and putting one or

two forepaws on the back of the conspecific or climbing over the

conspecific), and approaching or following. Anogenital inspection

(sniffing or licking the anogenital area of the other rat) was meas-

ured separately.

Statistical Analysis. For each experimental group: n 5 12–16

(four animals from three/four different litters). The corresponding

number of animals per treatment, sections per subject, and replicates

for consistency are indicated in each figure legend. Data were sub-

jected to parametric tests suitable for normally distributed popula-

tions. Statistical analysis was performed using one-way analysis of

variance (ANOVA) followed by different post hoc tests (GraphPad

Prism, GraphPad Software, La Jolla, CA). P-values of the different

analyses are shown in the figure legends.

FIGURE 4: MBP immunodetection at P90. Coronal brain sections of rostral/caudal CC region and frontal cortex from control females (A,
D, and G) or males (A0, D0, and G0), CPZ-BW females (B, E, and H) or males (B0, E0, and H0), and CPZ-AW females (C, F, and I) or males
(C0, F0, and I0). J and J0: Quantitative data are expressed as the mean IOD 6 SD (n 5 12–16 animals; 4 slices of each animal, 10 randomly
selected counting frames of 0.1 mm2/slice from females and males, respectively. Statistical analyses: one-way ANOVA followed by the
Newman–Keuls post hoc test. No significant differences were observed between groups. Abbreviations, dotted boxes, and scale bars
are the same as shown in Fig. 2. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Valeiras et al.: CPZ Demyelination Induced Behavioral Alterations

Month 2014 5

http://wileyonlinelibrary.com


Results

CPZ Intake Produces Demyelination and OLG Loss
in Both Experimental Groups
CPZ intake from P7 to P21 (CPZ-BW) resulted in a signifi-

cant dysmyelination in both the rostral and the caudal region

of the CC as shown by reduced MBP immunostaining (Fig.

2B,D,G). Myelin analysis in the frontal cortex (CORTEX), a

region known to be affected by CPZ, showed a retraction of

myelin tracks at P21 in the CPZ-BW group compared with

control animals (Fig. 2E,F; red arrowheads). Additionally,

myelin composition and myelin protein patterns were ana-

lyzed by SDS-PAGE. The total protein concentration in iso-

lated myelin of CPZ-BW animals decreased by 29.7%; total

phospholipids and galactolipids decreased by 35.3 and

42.1%, respectively (Fig. 2H). SDS-PAGE of the myelin frac-

tion revealed a decrease in the relative amount of all myelin

proteins (Fig. 2I, left panel). At P21, both MBP and CNPase

mRNAs were lower in CZP-BW (Fig. 2I, right panel).

At P35, CPZ-AW animals were significantly demyelinated

in both rostral and caudal CC (Fig. 2L,O,S). Interestingly, the

loss of myelin in the CPZ-BW group was still pronounced at

P35 (Fig. 2K,N,S), 2 weeks after the return to a normal diet.

In the CORTEX, myelin tracts were retracted in both CPZ-

BW and CPZ-AW respect to control animals (Fig. 2Q,R,P, red

arrowheads). At P21, a significant loss in mature OLG, seen as

a decrease in the number of CC11 cells, was observed in the

CPZ-BW group as compared with control, both in the rostral

and in the caudal regions of the CC (Fig. 3A–D,G). A reduc-

tion was also observed in the CORTEX (Fig. 3E,F,G). At P35

this reduction was still observed in the CPZ-BW group (Fig,

3I,L,O,Q). As expected, in CPZ-AW animals at P35, the

decrease in the number of CC11 cells was evident in all the

regions analyzed (Fig. 3J,M,P,Q). In all cases, OLG loss was

accompanied by an alteration in their characteristic row disposi-

tion in the CC (Fig. 3H, box, white line), which generated a

more disorganized cell distribution (Fig. 3I,J, boxes, asterisks).

Both CPZ-treated groups exhibited myelin restoration at

P90 (Fig. 4). As shown in the quantitative analysis of MBP

immunostaining, no significant differences were found between

males and females treated with CPZ before or after weaning in

FIGURE 5: CC1 immunodetection at P90. Coronal brain sections of rostral/caudal CC region and frontal cortex from control (A, D, and
G), CPZ-BW (B, E, and H), and CPZ-AW (C, F, and I) males. J: Quantitative data are expressed as the mean number/field 6 SD (n 5 12–16
animals; 4 slices of each animal, 10 randomly selected counting frames of 0.1 mm2/slice. Statistical analyses are the same as shown in
Fig. 2. No significant differences were observed between groups. Abbreviations, dotted boxes, and scale bars are also the same as
shown in Fig. 2. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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comparison with control animals, either in the rostral or in the

caudal CC. (Fig. 4B,B0,C,C0,E,E0,F,F0,J,J0). Cortical myelin

fibers of CPZ-BW and CPZ-AW were restored at P90, reach-

ing the same distances as myelin tracks of control animals in

both males and females (Fig. 4H,H0,I,I0). The number of

mature OLG was also analyzed with an anti-CC1 antibody. In

both males and females of the treated groups at P90, the num-

ber of CC11 cells was comparable to the untreated group.

Figure 5 shows representative data from P90 males.

CPZ Treatment Induces Astrogliosis and Microglial
Activation
As expected, an increase in GFAP expression was found

throughout the CC, rostral, and caudal, as well as in the

CORTEX of CPZ-BW compared with control animals at

P21 (Fig. 6B,D,F,G). A remarkably high GFAP expression

was observed in CPZ-BW at P35, even 2 weeks after the

return to a normal diet (Fig. 6I,L,O,Q). This marked astro-

gliosis was also present in CPZ-AW animals at P35 (Fig.

6J,M,P,Q) as compared with control animals. At P90, the

astrocytic population in both treated groups was similar to

control animals in males and females (data not shown).

The microglial response was assessed using an anti-

CD11b antibody, which detects both quiescent and reactive

microglia. At P21, there was an evident change in cell pheno-

type upon CPZ treatment. Although most CD11b1 cells in

the CC of the control group showed the ramified phenotype,

characteristic of quiescent, or inactive microglia (Fig. 7A,A0,

arrows), the ones in the CPZ-BW group were devoid of

branching processes, which is concordant with a reactive

microglial phenotype (Fig. 7B,B0, arrowheads). At P35, the

abovementioned changes in the phenotype of CD11b1 cells

FIGURE 6: GFAP immunodetection at P21 and P35. Coronal brain sections of rostral/caudal CC region and frontal cortex from P21 con-
trol (A, C, and E), P21 CPZ-BW (B, D, and F), P35 control (H, K, and N), P35 CPZ-BW (I, L, and O), and P35 CPZ-AW (J, M, and P) ani-
mals. G and Q: Quantitative data are expressed as the mean number/field 6 SD (n 5 12–16 animals; 4 slices of each animal, 10 randomly
selected counting frames of 0.1 mm2/slice at P21 and P35, respectively. Statistical analyses are the same as shown in Fig. 2. Significant
differences were observed (compared with control: **P < 0.01, ***P < 0.001). Abbreviations, dotted boxes, and scale bars are the same
as shown in Fig. 2. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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were also observed in the CPZ-AW group with predominance

of rod-like reactive microglia (Fig. 7H,H0, arrowhead). In

contrast, in the CPZ-BW group, the CD11b1 population

was composed of both an intermediate phenotype with few

branches and the reactive microglial cells (Fig. 7G0, asterisk

arrowhead, respectively). The quantitation of these reactive

microglial cells was performed, using ED1 as an exclusive

marker of this phenotype, at P21 and P35 (Fig. 7E,L, respec-

tively). In both P90 males and females, CD11b1 cells were

found to be similar in morphology and number, for all the

three experimental groups. In all cases, the predominant cell

phenotype corresponded to ramified inactive microglia, con-

firmed by higher magnifications (Fig. 8, arrows).

CPZ, TH-Immunoreactive Fibers, and Dopamine in
the Globus Pallidus
For further analysis, the expression of TH, a widely used

marker of dopaminergic neurons, was evaluated in the striatum

owing to its key involvement in dopaminergic pathways. The

analysis was particularly focused on the globus pallidus (GP),

which involves less condensed TH1 fibers than the caudate

putamen and hence facilitates the identification of possible dif-

ferences by immunohistochemistry. Among P90 males, both

CPZ-treated groups exhibited higher density of TH-

immunoreactive fibers in the GP, the CPZ-AW group showing

a greater difference from control animals (Fig. 9B0,C0,D0). In

contrast, TH expression in both CPZ-treated groups of P90

females was similar to that of the control group (Fig. 9B,C,D).

On the basis of these results, dopamine concentrations

were evaluated only in P90 control and treated males. To this

end, the whole striata were dissected and the concentrations of

dopamine and its metabolite were determined by HPLC. The

concentrations of dopamine were increased in both CPZ-BW

and CPZ-AW males as compared with controls (Fig. 9E). How-

ever, the most pronounced and statistically significant difference

was found in the CPZ-AW group. The same tendency was

FIGURE 7: CD11b immunodetection at P21 and P35. Coronal brain sections of rostral and caudal CC region from P21 control (A, A0, and
C), P21 CPZ-BW (B, B0, and D), P35 control (F, F0, and I), P35 CPZ-BW (G, G0, and J), and P35 CPZ-AW (H, H0, and K) animals (scale bar,
100 mm). Higher magnifications showed morphological differences between quiescent and activated microglial cells (scale bar, 10 lm). E
and L: ED1 quantitative data expressed as the mean number/field 6 SD (n 5 12–16 animals; 4 slices of each animal, 10 randomly selected
counting frames of 0.1 mm2/slice at P21 and P35, respectively. Statistical analyses: Student’s t-test with a 95% confidence interval (for
P21) and one-way ANOVA followed by Tukey’s post hoc test (for P35). Significant differences were observed (compared with control: *P
<0.05, *** P < 0.001). Abbreviations and dotted boxes are the same as shown in Fig. 2. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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observed in dopamine’s metabolite, DOPAC (Fig. 9E0). The

concentration of serotonin was also studied and although there

was a mild increase in serotonin levels in CPZ-AW animals,

this difference was not statistically significant. As regards seroto-

nin’s metabolite, 5HIIAA, concentrations in both treated groups

were comparable to those of untreated males (data not shown).

Behavioral Analysis

CPZ Treatments Differently Affect Locomotion in Male and

Female Rats at P90. The total locomotor activity of males

from the treated groups was not statistically different from

the control group in any of the six intervals analyzed (Fig.

10A0). When activity in the central compartment of the open

field was analyzed, an increase in males from the CPZ-AW

group was found although this was seen only during the first

interval (Fig. 10B0). In contrast, both CPZ treatments

increased locomotor activity in female rats, particularly owing

to increased activity in the central compartment during inter-

vals 1 and 2 (Fig. 10A,B).

Exploratory activity was evaluated as the number of

total exploratory events, number of rearings or hole-pokings,

and the contribution of each of these exploratory events to

the total activity. Results showed that the exploratory activity

was not affected in a significant way by any CPZ treatment

either in males or in females (data not shown).

Different Social Behavioral Alterations in CPZ-Treated

Males and Females. In analyzing social behavior, a tend-

ency to a decrease was found in the number of social events

and an increment was observed in the latency to the first

social interaction in CPZ-AW males (Fig. 11A0,B0). These

FIGURE 8: CD11b immunodetection at P90. Coronal brain sections of rostral/caudal CC region and frontal cortex from control females
(A, D, and G) or males (A0, D0, and G0), CPZ-BW females (B, E, and H) or males (B0, E0, and H0), and CPZ-AW females (C, F, and I) or males
(C0, F0, and I0). Abbreviations, dotted boxes, and scale bars are the same as shown in Fig. 2. Higher magnifications are also the same as
shown in Fig. 7. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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tendencies were not seen in female rats after any of the CPZ

treatments (Fig. 11A,B).

The analysis of recognition-related social activities

revealed that the number of anogenital inspections in male

rats was equally decreased by the CPZ-BW and CPZ-AW

treatments (Fig. 11C0). Interestingly, only CPZ-AW males

showed a reduction in the total time spent in this activity

(Fig. 11E0), together with a decrease in the mean duration of

each social recognition event (Fig. 11D0). In contrast, anogen-

ital inspection frequency was not affected by any treatment in

female rats (Fig. 11C) although a decrease in the mean dura-

tion of each event and in the total time spent in sniffing/lick-

ing activities was registered in CPZ-AW female rats (Fig.

11D,E). When analyzing other social activities such us follow-

ing/approaching, mounting, crawling, and play behavior,

changes were observed in CPZ-AW but not in CPZ-BW rats.

In addition, the CPZ-AW treatment induced a marked reduc-

tion in the total number of crawlings in males (Fig. 12A0). In

accordance, the total time spent in this activity was markedly

reduced although the duration of each crawling event

remained unchanged (Fig. 12C0,12B0). In contrast, the CPZ-

AW treatment increased the total duration of following–

approaching events in females (Fig. 12C).

Discussion

There has been a relatively recent shift in the field of schizo-

phrenia research, moving from the traditional perspective of

gray matter and altered neurocircuitries, to a new point of

view involving white matter and OLG damage (Chew et al.,

2013). This is strongly supported by new brain imaging studies

which have revealed not only gray matter atrophia, but also

white matter deficits in the frontal and temporal lobes (Janssen

et al., 2008; Lui et al., 2009; Schneiderman et al., 2009). Fur-

thermore, postmortem histological examinations have shown

demyelination or OLG apoptosis in schizophrenic patients

(Aberg et al., 2006; Flynn et al., 2003; Stewart and Davis,

2004; Uranova et al., 2011). In addition, increasing results

have shown that schizophrenia is a neurodevelopmental disor-

der attributed to genetic and environmental factors (Meyer

et al., 2008; Murray et al., 1992; Weinberger, 1995) that affect

normal brain development and significantly contribute to an

increase in the risk of schizophrenia in adulthood (Duce et al.,

2008; Smith, 1992; Wright and Murray, 1993).

This study is mainly focused on investigating whether the

timing of demyelination influences the appearance of abnormal

behavior in adult animals. For this purpose, we evaluated the

effects of two different CPZ-induced demyelination protocols

(CPZ-BW and CPZ-AW) and their similarity to schizophrenia

symptoms. The effective demyelination observed in the CPZ-

AW group has been previously described by our laboratory. In

preliminary studies, our group has analyzed the effects of CPZ

fed to P21 rats at different doses and during 1, 2, and 3 weeks.

We found that CPZ administered in the diet during 2 weeks

at a dose of 0.6% was effective in producing clear biochemical

and histological evidence of demyelination in young rats

(Adamo et al., 2006). Franco et al. (2008) have published that,

in CPZ-fed rats at P35, the CC showed clear signs of demye-

lination when compared with normal controls. At P37, in spite

of the fact that CPZ had been removed from the diet, severe

demyelination was still present. At variance with mice, maxi-

mum demyelination in rats was histologically detected at P42

(1 week after treatment). Histological signs of remyelination

were first observed at P49 (2 weeks after treatment) and pro-

gressive recovery was observed till P56. In contrast, the fact

FIGURE 9: Immunohistochemical analysis of TH-positive fibers and dopamine levels in the GP at P90. Coronal brain sections of striatum
from control (A and A0), CPZ-BW (B and B0), and CPZ-AW (C and C0) females and males, respectively (scale bar, 200 mm). D and D0: Quan-
titative data are expressed as the mean IOD 6 SD (n 5 12–16 animals; 4 slices of each animal, 10 randomly selected counting frames of
0.1 mm2/slice. Statistical analyses are the same as shown in Fig. 2. Significant differences were observed compared with control group:
*P < 0.05, ***P < 0.001. E and E0: Concentration of striatal dopamine and its metabolite, respectively. Data are expressed as pmol/mg
(n 5 4 animals for each group). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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that CPZ treatment in the earliest postnatal period (P7–P21)

affects myelin formation is itself a novel finding. In addition to

abnormal myelin deposition, we observed anomalous myelin

composition, both similar to those found in rats after weaning,

as well as comparable myelin loss in both experimental condi-

tions. The myelin impair observed in CPZ-BW pups might

indicate that a metabolite of CPZ (still not known) reaches the

milk and induces OLG damage.

Along with the well-described increase in the population

of OLG precursors (Adamo et al., 2006; Rosato Siri et al.,

2013), CPZ generates a deleterious effect on mature OLG

(B�enardais et al., 2013; Matsushima and Morell, 2001). CPZ

administration before weaning coincides with the ontogenetic

myelination process and may dramatically affect the few

mature OLG present at this moment and the ones concomi-

tantly maturing, thus producing dysmyelination or a delay in

ontogenetic myelination rather than demyelination. Interest-

ingly, the astrogliosis induced by CPZ was maintained long

after (2 weeks) CPZ removal, together with the characteristic

change in microglial morphology and their activation (seen

by CD11b and ED1markers). It is worth mentioning that

recent study (Blank and Prinz, 2013) has shown that, in

FIGURE 10: Locomotor activity in females and males. Total locomotor activity in the whole area (A and A0), in the central area (B and B0),
and in the periphery (C and C0) for females and males, respectively (n 5 12–16). Statistical analyses: one-way ANOVA followed by the
Tukey–Kramer post hoc test. Significant differences were observed compared with control group: *P < 0.05, **P < 0.01, and ***P < 0.001.
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neuropsychiatric disorders, microglia do not only have immu-

nomodulatory functions but also play an active role in synap-

tic formation. Our data could then indicate that, in a CPZ-

BW scenario, the subsequent myelination process, although

slower, resembles the developmental process in a more profi-

cient way while not compromising the physiological forma-

tion of neural circuits. In contrast, 2-week CPZ withdrawal

in the CPZ-AW treatment leads to an explicit myelin struc-

tural recovery (Matsushima and Morell, 2001; Stidworthy

et al., 2003) with some particular biochemical alterations. For

instance, TH showed differences between genders, with a sig-

nificantly higher level in CPZ-AW males. Also, the measure-

ment of dopamine concentrations in the striatum of P90

males rendered the highest levels in the CPZ-AW group,

whereas treated females had TH and dopamine concentration

levels similar to control animals. Finally, high dopamine levels

have been related to hyperlocomotion although we were

unable to find this behavioral feature in males.

The newest tendency in schizophrenia research is to link

OLG and myelin dysfunction with neurocircuitry abnormal-

ities. Some models have already been proposed on how demye-

lination might induce the hyperdopaminergic state found in

schizophrenic patients, involving a misbalance in glutamate as

well (Rosin et al., 2005; Takahashi et al., 2011). In accordance,

this study can establish a link between a demyelination model,

including retraction of cortical myelin fibers, and the enduring

“dopamine theory of schizophrenia,” through the finding of

high dopamine levels in the striatum of CPZ-treated males. As

the two different CPZ-induced demyelination treatments

clearly exposed a time-dependent effect, and to validate the

neurodevelopmental theory, it is crucial to determine a time-

responsive period. In accordance with other studies

FIGURE 11: Social behavior in females and males. Number of total interactions (A and A0) and latency at the beginning of social activities
(B and B0) for females and males, respectively (n 5 12–16). Statistical analyses: one-way ANOVA followed by Tukey–Kramer post hoc
test. No statistical significance was found. Sniffing/licking and anogenital inspection frequency (C and C0), mean duration of each event
(D and D0), and total duration (E and E0) for females and males, respectively (n 5 12–16). Statistical analyses: one-way ANOVA followed
by Tukey–Kramer post hoc test. Significant differences were observed compared with control group: *P < 0.05.
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FIGURE 12: Social behavior in females and males. Following/approaching, mounting, crawling, and play behavior. Frequency (A and A0),
mean duration of each event (B and B0), and total duration (C and C0) for females and males, respectively (n 5 12–16). Statistical analyses:
one-way ANOVA followed by Tukey–Kramer post hoc test. Significant differences were observed compared with control group:
*P < 0.05. In accordance with the low mounting frequency found in females, values from control group in (B and C) have no standard
deviation because they correspond to the events from the only animal that showed this behavior.



(Makinodan et al., 2009, 2012), our results strongly suggest

that the period between P21 and P35 involves a more com-

plete and less plastic cytoarchitecture, which makes it a critical

time window.

To search for a possible correlation between our demyelin-

ation models and schizophrenia, behavioral tests were performed

at P90. In accordance with schizophrenia symptomatology,

CPZ-AW treatment was the most powerful in affecting several

aspects of social behavior in males but not in females. Different

from CPZ-BW, the CPZ-AW treatment altered both the num-

ber of social activities and the latency to the first social interac-

tion in males, while also highly compromising recognition-

related activities and crawling events. Indeed, CPZ-AW females

showed a paradoxical increase in the time spent in following/

approaching activities. These profound differences between male

and female behavioral performances seem highly relevant as

schizophrenia appears to have higher incidence among males

(Aleman et al., 2003; McGrath et al., 2004, 2008) although the

reason for this differential susceptibility remains unclear. On the

basis of gender differences recently found in the cognitive func-

tions of patients with chronic schizophrenia (Han et al., 2012),

it is believed that the explanation might reside in subtle changes

in neurotransmission, connectivity, and neural electric activity

(Patel et al., 2013). In addition, our study is the first to show

that the timing of demyelination (CPZ-BW vs. CPZ-AW) dif-

ferently affects behavior in a gender-dependent manner.

Regarding the anxiety frequently observed in schizo-

phrenic patients (Achim et al., 2013; Braga et al., 2013; Der-

novsek and Sprah, 2009), it should be mentioned that CPZ-

AW animals exhibited a reduced anxiety index (reduced thig-

motaxis) in the open field test. However, this reduction could

hardly be taken as an anxiolytic trait as it was restricted to

the initial interval characterized by novelty-induced explora-

tion (Simon et al., 1994).

As regards differences between our two experimental

groups, another question remains as to why the effect on behav-

ior is more pronounced in CPZ-AW than in CPZ-BW animals

and, at this point, it should be remembered that both models

produced very similar changes in myelin composition. A study

by Makinodan et al. (2009) showed that CPZ treatment

between P29 and P56 in mice leads to long lasting abnormal

behavior in spite of remyelination, which may be owing to the

plasticity of developing neural circuits. As previously known,

myelin has a major role in the formation of neural circuits and,

in this context, authors speculate that myelination between P29

and P56 could be critical for the formation of neural circuits in

brain areas such as the PFC, which is in fact myelinated later

than other brain regions. This could also explain the effect of

CPZ-AW in our study, considering the comparable intoxication

period (P21–P35) used by Makinodan et al. (2009). The demy-

elination disclosed in CPZ-AW animals at P35 might be the ini-

tial cause of abnormal behavior at P90, primarily because of

secondary and more permanent defects in neural circuits. This

was also supported by the alterations observed in the dopamine

pathway in adult CPZ-AW males, with striatal hyperdopaminer-

gia persistent at P90. The reason why the neurocircuitries of rats

treated before weaning could be less affected by CPZ is another

point of interest. On the basis of the more pronounced dysmye-

lination or retarded myelination observed in immunohistochem-

ical characterization, CPZ-BW animals might have been

expected to present more abnormal behavior (Novak et al.,

2013); however, although their behavior was indeed affected, the

effect was less marked than in the case of CPZ-AW animals.

Even if CPZ cannot fully reflect the actual situation of

human schizophrenia, the changes in myelin, neurotrans-

mitters, and social behavior observed in our study can be

strongly correlated with the pathophysiology of this disease.

They may constitute an in vivo approach to study many

aspects of such a complex human disorder and can also be

used to screen drugs with potential treatment benefits.
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