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ABSTRACT  

Introduction: The current schizophrenia (SZ) treatments remain unsatisfactory for treating all the 

disorder symptoms. Moreover, antipsychotics produce several adverse effects and show sex-

dependent responses. Recently, new strategies have been proposed to prevent the emergence of 

symptoms, such as cannabidiol (CBD) and sodium nitroprusside (SNP). Nevertheless, the sex-

dependent effects of these compounds are poorly addressed. 

Materials and methods: We investigated the prophylactic efficacy of CBD and SNP in positive- and 

negative-like behaviors, as well as cognitive impairments in a ketamine (KET) rodent model of 

schizophrenia in both sexes. Specifically, we pretreated Wistar rats with CBD and SNP (alone or in 

combination) for 21 days during brain development (12 to 32 postnatal days). After an interval of 10 

days, we induced schizophrenia-like impairments by KET injections. Behavioral alterations were 

assessed by the evaluation of locomotion in the open field test (OFT), sucrose preference test (SPT), 

and novel object recognition (NOR) test. 

Results: We show for the first time KET sex-dependent effects. Females were more sensitive than 

males to KET-induced hyperlocomotion and NOR long-term memory impairments, while in males, 

KET treatment decreased sucrose consumption and reduced NOR short-term memory performance. 

CBD or SNP pretreatment alone had limited prophylactic efficacy. However, the CBD-SNP 

combination decreased hyperlocomotion and prevented NOR deficits in both sexes. Notably, 

multivariate analysis associated with machine learning classification indicated that CBD-SNP 

prophylactic efficacy is superior in females. Also, unsupervised clusterization indicated distinct 

behavior phenotypes in both sexes.  

Conclusion: Our data provide the first preclinical evidence of CBD-SNP sex-dependent prophylactic 

efficacy in an animal model of schizophrenia. 
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Keywords: schizophrenia, sex, ketamine, prophylactic, cannabidiol, sodium nitroprusside 

INTRODUCTION 

Schizophrenia (SZ) is a debilitating mental disorder characterized by positive and negative 

symptoms, as well as cognitive deficits1,2. Even though antipsychotic medication ameliorates mainly 

positive symptoms, antipsychotics have poor efficacy in treating cognitive impairments and generally 

exhibit adverse effects3,4. In addition, the symptoms of schizophrenia and the efficiency of 

antipsychotics are sex-dependent; men have more negative symptoms and high rates of treatment 

non-responders, while women have a higher occurrence of positive symptoms and are more 

susceptible to developing side effects with antipsychotics5,6. Interestingly, healthy women volunteers 

are also more affected by KET-induced psychotic symptoms than men7,8. However, few studies have 

considered sex differences in the effectiveness of antipsychotics9,10.   

Recently, pharmacological intervention during brain development has been proposed as a new 

strategy to prevent SZ symptoms11. These approaches comprehend SZ as a neurodevelopmental 

disorder with late symptoms potentially preventable12,13. Indeed, subjects with high clinical risk for 

psychosis, when treated during the prodromal stage with atypical antipsychotics, had decreased 

transition rates to psychosis and improved positive symptoms14,15. However, earlier brain 

development stages could be an even more interesting time window to prevent later symptoms of 

SZ16,17. Unfortunately, early antipsychotic treatment is discouraged due to tolerability and safety 

issues17,18. Besides, there still a lack of evidence that pharmacological interventions during brain 

development prevent later SZ symptoms.  

In rodents, the KET model is typically used as a translational pharmacological model of SZ19,20. 

Subchronic KET injections produce positive-like symptoms and cognitive deficits, such as 

hyperlocomotion and impairments in the novel object recognition (NOR) task respectively21–24. The 

KET model is also sensitive to typical and atypical antipsychotics, making it a valuable tool for 

investigating the antipsychotic potential of new drugs25. Nevertheless, similar to clinical studies, there 



54 
 

is a paucity of preclinical work with females, although some evidence indicates that female rats are 

more sensitive than males to KET effects8,26.  

Cannabidiol (CBD) and sodium nitroprusside (SNP) have been proposed as new 

pharmacological treatments during the development of SZ27,28. CBD is the major non-

psychotomimetic compound of Cannabis sativa and presents safe antipsychotic effects in humans 

and rodents29. In patients with high clinical risk for psychosis, CBD partially normalizes blood oxygen 

level-dependent (BOLD) signals in mesolimbic structures30. Furthermore, chronic CBD treatment 

during adolescence decreases hyperlocomotion and memory impairments in SZ animal models31–33. 

SNP is a donor of nitric oxide capable of reverting positive symptoms in humans and hyperlocomotion 

in rodents34–36. During adolescence, SNP treatment prevented the development of SZ-like behaviors, 

such as hyperlocomotion, social interaction deficits, and memory impairments in an animal model37. 

Interestingly, in clinical studies, it seems that the efficacy of CBD and SNP as antipsychotics is higher 

in younger subjects38,39. Moreover, due to their different mechanisms of action, the combination of the 

two drugs becomes an interesting alternative to be investigated27. However, the possible sex-specific 

prophylactic effects of CBD and SNP, alone or combined, during development in SZ animal models 

are still unknown.  

In the present study, we evaluated whether pretreatment with CBD and SNP, alone or in combination, 

would decrease the emergence of SZ-like behavior in the KET model. To test our hypothesis, rats 

were pretreated with CBD and/or SNP during development, and their behaviors were evaluated at 

adulthood after KET-induced impairments. We analyzed the ambulatory and exploratory activity in 

the OFT, the anhedonia state using the SPT and the recognition memory in the NOR test. All the 

experiments were performed with male and female rats to investigate the sex-dependent effects of 

the drugs. 

 

MATERIALS AND METHODS 

Animals 
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Male (n = 75) and female (n = 71) Wistar rats were delivered to the local animal facility on a 

postnatal day (P)10, and the treatments started at P12. On P21, the rats were weaned and housed. 

The pups stayed with their mother for breastfeeding during the 21 days of pretreatment, then were 

separated into four animals per cage until the beginning of the experiments. Animals were housed in 

a 12-h light-dark cycle (lights on at 7 a.m.) at a constant temperature of the colony room of 21±2ºC. 

Water and food were provided ad libitum. All the procedures followed the National Council for the 

Control of Animal Experimentation guidelines and were approved by the local ethics committee 

(Ribeirão Preto Medical School, University of São Paulo; protocol: 62/2016). 

 

Experimental Design 

The experimental design was the same for both sexes, and is summarized in Figure 1-A. First, 

P12 rats were submitted to a pretreatment once daily for 21 days with vehicle (VEH), CBD, SNP, or 

both (CBD-SNP). After a 10-day interval, the animals were submitted to saline 0.9% (SAL) or KET 

treatment once daily for 5 days, followed by the behavioral tests.  

 

Drugs 

CBD (BSPG-Pharm, United Kingdom; 1 mg/kg i.p.) was diluted in Tween 80 and in saline (2% 

of Tween 80 and 98% of NaCl 0.9% solution). SNP (Cristalia, Brazil; 2.5 mg/kg i.p.) was freshly 

dissolved in 5% glucose. All the pretreatment solutions were injected in a volume of 1 ml/kg/day. VEH 

pretreatment consisted of saline (0.9% w/v, Isofarma, Eusébio, Brazil) administered for 21 days, 

except every 5 days, when we administered a glucose injection (5% w/v, Isofarma, Eusébio, Brazil) 

instead of saline. During the treatment, subjects received saline or KET (Cristalia, Brazil; 30 mg/kg 

i.p.) diluted in 0.9% NaCl in a volume of 10 ml/kg/day. The care and doses chosen were based on 

previous studies31,36,39,40. 
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Behavioral tests 

Open Field Test 

Locomotor activity was evaluated in the OFT on the last day of treatment. Thirty minutes after 

the last SAL or KET injection, rats were placed in the OFT apparatus center for 20 min (Figure 1-B). 

The OFT was performed and analyzed as described previously by our group34. 

 

Sucrose Preference Test  

The SPT was conducted over 3 days (P48-P50) (Figure 1-C) as previously published by our 

group34. The subjects were placed alone in cages with free access to one bottle of water and another 

one of 1% w/v sucrose solution. SPT was measured as the ratio of sucrose consumed to total fluid 

consumed and values converted to a percentage. 

 

Novel Object Recognition Test 

The NOR test was also based on a protocol performed previously by our group33,41 and was 

applied on the same days as the SPT (Figure 1-D). Briefly, the NOR protocol consisted of three 

phases: habituation on the first day (P48), training and test 1 on day 2 (P49), and test 2 on the third 

day (P50). In the training session, rats were allowed to explore two equal objects. Thirty minutes (test 

1) and 24 H after (test 2) the training section, a new object replaced one of the previous objects and 

the animals were allowed to explore them. In the NOR task, object exploration was defined by the 

time spent sniffing or touching the object (t), and NOR performance was evaluated by the 

Discrimination Index (DI)42. Based on previous work which considered individual differences in the 

NOR protocol43,44, DI was calculated as: DI = (ttest – thabit), where ttest = (tnovel - tfamiliar / ttotal 

time) and thabituation = (tobject A – tobject A’ / ttotal time).  
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Data analysis 

Radar chart 

All behavioral measures were used to compose radar charts, which were constructed 

performing a Min-Max normalization between each behavioral variable for all the experimental 

groups: Z = [x – min(x) / max(x) – min(x)]. Radar charts are useful for presenting multivariate data and 

assessing the profile of treatments, both in clinical or basic research45–47. 

 

Multivariate analysis 

 Multivariate analysis was performed using Matlab (2019, The MathWorks Inc.), Scikit-learn48 

and Yellow Brick49 packages in Python. Pearson's correlation was used to infer a bivariate linear 

relationship between behavioral attributes. For correlograms, the behavioral features were sorted by 

hierarchical agglomerative clustering using the average linkage method and correlations as metrics. 

Specifically, we eliminated multivariate outliers for correlation analysis that could indicate spurious 

correlations by applying the Local Outlier Factor (LOF)50. The LOF indicated two outliers for the female 

group, while in the males, no outlier was detected. For the rest of the multivariate analysis, no outliers 

were excluded. 

 

Linear Discriminant Analysis 

 We used linear discriminant analysis (LDA) for dimensionality reduction while maintaining 

class-discriminatory information. The objective of the LDA is to find a projection - linear combinations 

of original space features - that maximizes differences between different class means, while 

minimizing the within-class variation51,52.  

         The behavioral features were z-scored, separating males from females, using the Control, KET, 

CBD-KET, SNP-KET and CBD-SNP-KET groups and eliminating redundant features (such as 

distance and velocity). We performed a multivariate normality test as indicated in Trujilo-Ortiz et al., 
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200253. Female and male groups did not reject the null hypothesis that the sample came from a 

multivariate normal distribution (p > 0.05). 

         We used the Scikit-Learn algorithm48 with a singular value decomposition solver and three 

components for LDA dimensionality reduction. Original data were projected in the first two LDA 

dimensions (LD1 and LD2). For each feature, we calculated the LDA loadings as the scaled 

eigenvectors and explained variance as the scaled eigenvalues. Distances between groups in the two 

dimensional LDA were measured by Euclidean's distance between every observation of a treatment 

group and all the observations of the KET group. This calculation gave us a distribution of distances 

that were compared using the Kolmogorov-Smirnov test. 

 

Classification  

 We used logistic regression to build a classification model to estimate treatment efficacy. We 

constructed a simple binary model in which subjects of different treatments would be classified as 

control-like or ketamine-like based on discriminant components from LDA. We used logistic 

regression as a classifier (since LDA as a classifier makes more restricted assumptions about the 

data) using LASSO, 'L1' regularization avoiding overfitting and providing a more parsimonious 

decision boundary than a LDA algorithm54. The logistic regression model was performed via the scikit-

learn function using a bilinear solver. We also tested other classification algorithms such as Support 

Vector Machines and k-Nearest Neighbors that produced similar results to the one of the logistic 

regression (Figure S1).  

         To compare the probabilities of animals being classified as control or KET, we calculated the 

Jensen-Shannon divergence between the averaged control probability distribution (calculate from the 

logistic regression model) and the probability distribution of the remaining groups. Jensen-Shannon 

divergence is based on the Kullback-Leibler divergence formally described in Endres et al., 200355. 

Jensen-Shannon divergence was calculated for each animal about the probability distribution of the 

control group, and group results were compared using one-way ANOVA. 
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Clusterization 

 We performed unsupervised clusterization analysis using an agglomerative hierarchical 

algorithm to establish the behavioral relationship between subjects. We used the ward method to 

define clusters, and the metric used was Euclidean distance. We used this approach for LDA scores 

and original variables. An optimal number of clusters was estimated using the Elbow method56. 

However, final definition was based on parsimonious interpretability of the results (Figure S2). 

 

Statistical Analysis 

Levene’s and Lilliefors tests were used to evaluate whether the data were parametric. Data 

from OFT and SPT were analyzed by two-way analysis of variance (ANOVA) (treatment vs sex or 

pretreatment vs treatment). NOR data were analyzed by repeated-measures three-way ANOVA 

(pretreatment vs treatment vs time). Multiple comparisons were performed using Newman-Keuls post 

hoc test (NK). The Kruskal-Wallis test following Dunn’s test analyzed the divergence of the probability 

distribution of each sex. All results are expressed as mean ± SEM (standard error of mean), and 

statistical significance was set at p < 0.05. 

RESULTS 

Distinctive sex-dependent effects of ketamine  

To evaluate sex-dependent effects of KET on behavioral assessments, we investigated the 

difference between control and experimental groups of both sexes (Control-M, Control-F, KET-M, and 

KET F, n = 8-10 per group). Our data show that KET treatment induces hyperlocomotion in both 

sexes; however, hyperlocomotion is higher in females (Treatment-Sex effect: F(1,34) = 5.553, p < 0.05; 

NK significance: Control-M vs KET-M, Control-F vs KET-F, KET-M vs KET-F, Control-M vs KET-F, 

Control-F vs KET-M) without significant differences in percentage of time spent in the center (Sex 

effect: F(1,34) = 4.145, p < 0.05; no NK significance). In males, KET treatment decreases the sucrose 
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consumption (Treatment-Sex effect: F(1,34) = 22.26, p < 0.01; NK significance: Control-M vs KET-M, 

Control-F vs KET-M, KET-F vs KET-M). In addition, males submitted to KET treatment decreased DI 

in the NOR 30 min test, while in females, KET decreased DI in the NOR 24 H test (Treatment-Sex-

Time effect: F(1,34) = 6.006 p < 0.05; NK significance: Control-M NOR 30 vs KET-M NOR 30, Control-

F NOR 24 vs KET-F NOR 24, Control-F NOR 30 vs KET-M NOR 30; Control-M NOR 24 vs KET-F 

NOR 24) (Figure 1-E). 

 Interestingly, we observed in males and females a tendency to show opposite correlations 

between total distance and sucrose consumption; whereas males showed a negative correlation (r = 

-0.3676, p = 0.13), females presented a positive correlation (r = 0.4346, p = 0.07) (Figure 1-F). Indeed, 

bivariate correlations, using all the different groups, indicated a sex differential relationship between 

all behavioral features, despite not being statistically significant (Figure 1-G).  

 

Prophylactic effects of CBD associated with SNP decreased positive-like and cognitive impairments 

in males 

After investigating the sex-dependent effects of the KET-model, we assessed in male rats the 

prophylactic efficacy of CBD and/or SNP on KET-induced impairments (n = 8-12 per group) (Figure 

2). CBD pretreatment did not prevent hyperlocomotion (Treatment effect: F(1,36) = 17.50, p < 0.01; NK 

significance: Control vs KET, Control vs CBD-KET, CBD vs KET, CBD vs CBD-KET). However, CBD 

pretreatment alone increased the proportion time in the center (Pretreatment effect: F(1,36) = 5.343, p 

< 0.05; Treatment effect: F(1,36) = 6.974, P < 0.05; NK significance: Control vs CBD; CBD vs KET, CBD 

vs CBD-KET). CBD did not modify sucrose consumption. However, CBD prevented KET-induced 

deficits in the 30 min NOR test (Time-Treatment effect: F(1,38) = 4.124, p < 0.05; Time-Pretreatment 

effect: F(1,38) = 8.082, p < 0.01; NK significance: Control NOR 30 vs KET NOR 30, CBD NOR 30 vs 

KET NOR 30, CBD-KET NOR 30 vs KET NOR 30) (Figure 2-A).  

Similar to CBD pretreatment, SNP did not prevent KET-induced hyperlocomotion (Pretreatment-

Treatment effect: F(1,31) = 4.164, p < 0.05; NK significance: Control vs KET, SNP vs KET) and did not 
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affect the proportion in the time spent in the center. However, SNP pretreatment alone decreased the 

sucrose consumption (Pretreatment effect: F(1,31) = 6.238, p < 0.05; Treatment effect: F(1,31) = 9.314, p 

< 0.01; NK significance: Control vs SNP, Control vs KET, Control vs SNP-KET). Regarding cognitive 

effects, SNP presented prophylactic efficacy in the 30 min NOR test (Time-Pretreatment effect: F(1,30) 

= 11.53, p < 0.05; Time-Treatment effect: F(1,30) = 5.174, p < 0.05; NK significance: Control NOR 30 

vs KET NOR 30; SNP NOR 30 vs KET NOR 30, SNP-KET NOR 30 vs KET NOR 30) (Figure 2-B).  

When we explored the prophylactic effects of CBD-SNP pretreatment, CBD-SNP decreased 

KET-induced hyperlocomotion (Pretreatment-Treatment effect: F(1,32) = 4.817, p < 0.05; NK 

significance: Control vs KET, KET vs CBD-SNP-KET, Control vs CBD-SNP-KET, CBD-SNP vs KET) 

without significant effects in the proportion center. In SPT, CBD-SNP pretreatment did not decrease 

sucrose consumption like SNP pretreatment, but did not prevent KET effects either (Treatment effect: 

F(1,32) = 10.93, p < 0.01; NK significance: Control vs KET, Control vs CBD-SNP-KET). However, CBD-

SNP pretreatment prevented KET effects in 30 min in the NOR test (Pretreatment-Treatment-Time 

effect: F(1,32) = 5.422, p < 0.05; NK significance: Control NOR 30 vs KET NOR 30, CBD-SNP NOR 30 

vs KET NOR 30, CBD-SNP-KET NOR 30 vs KET NOR 30) (Figure 2-C).  

 

Prophylactic effects of CBD associated with SNP decreased positive-like and cognitive impairments 

in females 

In females, as seen before, KET behavior impairments were even more robust than in males.  

Pretreatment with CBD and SNP, particularly in combination, was more effective as well (Figure 3). 

CBD pretreatment in females decreased hyperlocomotion (Pretreatment-Treatment effect: F(1,37) = 

11.28, p < 0.01; NK significance: Control vs KET, Control vs CBD-KET, CBD vs KET, CBD vs CBD-

KET, KET vs CBD-KET), but in females CBD alone did not increase the proportion of time spent in 

the center. CBD pretreatment decreased sucrose preference after KET treatment (Pretreatment-

Treatment effect: F(1,37) = 5.565, p < 0.05; NK significance: Control vs CBD-KET, CBD vs KET, KET 

vs CBD-KET) and  did not prevent 24 H NOR test deficits (Treatment effect: (1,36) = 15.22, p < 0.01; 
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Pretreatment-Treatment effect: F(1,36) = 8.052, p < 0.01; NK significance: Control NOR 30 vs KET NOR 

30, Control NOR 24 vs KET NOR 24, Control NOR 24 vs CBD NOR 24, Control NOR 24 vs CBD-

KET 24) (Figure 3-A).  

SNP pretreatment in females decreased hyperlocomotion (Pretreatment-Treatment effect: F(1,32) 

= 8.474, p < 0.01; NK significance: Control vs KET, SNP vs KET, KET vs SNP-KET) without effects 

in the proportion of time spent in the center. Similar to males, SNP pretreament decreased sucrose 

consumption (Pretreatment effect: F(1,32) = 22.98, p < 0.01; NK significance: Control vs SNP, Control 

vs SNP-KET, SNP vs KET, KET vs SNP-KET) and did not prevente KET deficits in the NOR test 

(Pretreatment-Treatment effect: F(1,32) = 6.634, p < 0.05; NK significance: Control NOR 30 vs KET 

NOR 30, SNP NOR 30 vs KET NOR 30, Control NOR 24 vs KET NOR 24) (Figure 3-B).  

In combination, CBD and SNP pretreatment in females decreased hyperlocomotion 

(Pretreatment-Treatment effect: F(1,30) = 6.524, p < 0.05; NK significance: Control vs KET, Control vs 

CBD-SNP-KET, CBD-SNP vs KET, CBD-SNP vs CBD-SNP-KET, KET vs CBD-SNP-KET) without 

affecting the proportion of time spent in the center. Improved cognitive parameters evaluated by the 

NOR test (Pretreatment-Treatment effect: F(1,30) = 30.09, p < 0.01; NK significance: Control NOR 30 

vs KET NOR 30, CBD-SNP NOR 30 vs KET NOR 30, CBD-SNP-KET NOR 30 vs KET NOR 30, 

Control NOR 24 vs KET NOR 24, CBD-SNP NOR 24 vs KET NOR 24, CBD-SNP-KET NOR 24 vs 

KET NOR 24) and decreased sucrose preference after KET treatment (Pretreatment-Treatment 

effect: F(1,30) = 5.844, p < 0.05; NK significance: KET vs CBD-SNP-KET) (Figure 3-C). 

 

 Sex-dependent efficacy of CBD-SNP prophylactic effects in KET model  

         To evaluate and compare the efficacy of different treatments, we initially applied LDA for 

dimensionality reduction and identified behavioural features that better distinguish each group in 

males and females (Figure 4). LDA in males revealed that the LD1 component discriminated control 

and KET groups and is associated with total distance (Pearson's correlation with original variables, 

R2 = 0.63, p < 0.01), reduced sucrose consumption (R2 = -0.55, p < 0.01) and cognitive deficits in 
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NOR 30 min (R2 = -0.63, p < 0.01). LD2 is mainly correlated with decreased performance in the 30 

min NOR cognitive test (R2 = -0.66, p < 0.01) and discriminates part of the treated animals (Figure 4-

A). The discriminant analysis classifier based on LD1 and LD2 explained variance of 90.38% in males 

(Figure S2-A). We observed a similar efficacy in the different treatment groups to be classified as 

control-like animals (41.66% CBD-KET, 75% SNP-KET and 55,55% CBD-SNP-KET, Figure 4-B). LD1 

and LD2 scores were similar in treatment groups (Figure S2-B). Also, there was no difference in the 

divergence of probability distribution between the KET group and treatment groups (H(4,37) = 7.904, 

p > 0.05) (Figure 4-C). Likewise, the cumulative distribution function of the Euclidean distance of 

treated animals and KET subjects was not different (Kolmogorov-Smirnov test, p > 0.05) (Figure S2-

B).  

         In females, LDA clearly distinguished KET from the control group by LD1 that is associated with 

low values in locomotion (R2 = -0.72, p < 0.01) and sucrose consumption (R2 = -0.45, p < 0.01) and 

higher values in NOR 30 min (R2 = -0.58, p < 0.01) and NOR 24 H test performance (R2 = -0.76, p < 

0.01). LD2 was correlated with low sucrose consumption (R2 = -0.77, p < 0.01) and increased time in 

the center (R2 = 0.49, p < 0.01) and discriminated mainly treated animals (Figure 4-D). LD1 and LD2 

explained variance of 88.59% in females (Figure S2-A). The logistic regression model with the LDA 

in females showed an increased number of animals in the CBD-SNP-KET classified as control 

(44.44% CBD-KET, 50% SNP-KET and 100% CBD-SNP-KET, Figure 4-E). In females, the CBD-

SNP-KET group had a higher LD1 score compared to other groups, reflecting a distinct behavior 

feature (Figure S2-B). The divergence of probability distribution of all treatment groups is distinct from 

the  KET group (H(4,33) = 21.96, p < 0.05), and, remarkably, the CBD-SNP-KET group (H(4,33) = 

21.96, p = 0.0001, KET vs CBD-SNP-KET). Indeed, CBD-SNP-KET presented a higher distance of 

KET subjects than the  SNP-KET and CBD-KET groups, although SNP presented a higher distance 

than the CBD group (Kolmogorv-Smirnov test, p < 0.01) (Figure S2-C). 

 

Sex-dependence of distinct behavior phenotypes  
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Next, we used unsupervised hierarchical clustering to reveal different subpopulations of 

treated animals. Since the classification model produces a binary response (control-like or KET-like), 

we aimed at a more descriptive approach that could identify different clusters based on behavioral 

phenotype independently of group labels. 

In males, we identified 4 clusters of behavioral phenotype based on LDA score (Figure 5-A) 

(Figure S3-A). Cluster 1 is described by low locomotion and cognitive score, being composed of a 

mixture of groups. Cluster 2 presents an entirely control-like phenotype and is composed of control 

animals and treated animals. Cluster 3 comprises treated animals, mainly CBD, and is characterized 

by a marked improvement in cognitive measure. Lastly, cluster 4 presents behavioral features of a 

psychotic-like phenotype: increased locomotion and reduction of sucrose consumption and NOR 1 

scores. Consistently, cluster 4 is mainly formed by KET animals. The confidence intervals for each 

male cluster are summarized in table S1. 

In females, cluster analysis produced a conspicuous picture with 3 distinct phenotypes based 

on LDA score (Figure 5-E) (Figure S3-B). Cluster 1 comprises KET animals presenting: increased 

locomotion, increased sucrose consumption, and cognitive deficits. Cluster 2 comprises control 

animals and part of the CBD-SNP-KET group, presenting a control-like phenotype. As an intermediary 

phenotype cluster, cluster 3 is composed mainly of the CBD and SNP treatment, and despite 

presenting an improvement in the NOR test and decreased hyperlocomotion, it appears that sucrose 

consumption is reduced. The entire female confidence intervals cluster is summarized in table S2. 

Finally, we conducted an unsupervised clustering with all groups of both sexes (Figure S4). 

We observed the formation of three distinct clusters in which positive- and anxiety-like behaviors are 

more closely correlated, while negative- and cognitive-like behaviors describe another feature cluster. 

In cluster 1, we found the behavioral phenotype of the typical control animal, composed of the majority 

of the Control animals (80% for both sexes) and the CBD-SNP-KET female group (50%). Cluster 2 

can be interpreted as an intermediate phenotype between clusters 1 and 3 and has, on average, good 

cognitive performance and reduced locomotion but reduced sucrose consumption. This cluster is the 

most mixed, having most animals of the KET-male group and part of treatment groups. Cluster 3 is 
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defined by a behavioral phenotype typical of KET impairments, formed by the majority of the KET-F 

(90%) and CBD-KET-F (66.66%), besides part of the KET-M and SNP-KET-F group (37.5% for both 

groups). 

DISCUSSION  

Considering preliminary data in the literature, we hypothesized that the combination of CBD 

and SNP would be an interesting prophylactic treatment to be investigated in a KET model of SZ in 

both sexes. In general, KET elicited sex-dependent impairments, but both male and female rats 

presented hyperlocomotion and memory impairments. Females had a better pharmacological 

response profile than males to CBD-SNP pretreatment. To our knowledge, this is the first evidence of 

sex-dependent KET response and prophylactic efficacy of CBD and SNP in combination in an animal 

model of SZ. 

Basic research studies pointed to sex differences in animal models7,57,58. Similar to our results, 

other studies show that females rats presented higher locomotor activity24,57,59 and male mice 

presented decreased sucrose consumption60, but it was not investigated in a KET model of SZ. 

Females showed a positive correlation between total distance and sucrose preference, while in males, 

the opposite occurred, a negative correlation (Figure 1). This difference suggests that females have 

more addictive-like behavior, increasing hyperlocomotion and increasing sucrose consumption, while 

males present with the typical KET symptoms, with psychosis and anhedonia-like behavior. In 

general, females responded better to the pretreatments tested, which is interesting from a 

translational perspective, considering that women benefit more from traditional antipsychotics than 

men6,57.  

There is long-standing evidence of CBD antipsychotic effects61,62. When CBD is chronically 

administered in younger subjects, both positive-like symptoms and cognitive impairments improve 

substantially. Peres et al. described that CBD treatment for 30 days during peri-adolescence 

decreased hyperlocomotion induced by the maternal immune activation with poly I:C33. In addition, 

this same CBD treatment prevented hyperlocomotion, prepulse inhibition, and contextual fear 
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conditioning deficits observed in the SHR strain model of schizophrenia31. Osborne et al. reported 

that twice-daily CBD administered for three weeks reversed cognitive and working memory deficits, 

reflected in NOR and rewarded T-maze tests, respectively32. However, our results show that CBD 

pretreatment alone diminished hyperlocomotion exclusively in females, while cognitive impairments 

were prevented only in male rats. Curiously, the first clinical evidence of the antipsychotic effect with 

CBD was in a young woman63. 

Several studies have described SNP antipsychotic-like effects as well34,37,64. Our group 

conducted the first clinical work reporting the antipsychotic effects of SNP, demonstrating that a single 

dose infusion was sufficient to improve SZ positive, negative and cognitive symptoms36,64. In SZ 

animal models, Maia de Oliveira et al. described that pretreatment with SNP reversed KET-induced 

hyperlocomotion for up to 1 week after administration35. In addition, Diana et al. demonstrated that 

treatment with SNP during the periadolescence could prevent behavioral abnormalities that model 

positive, negative, and cognitive symptoms in the SHR model37. Other studies showed that both pre-

and treatments with SNP were sufficient to reduce hyperlocomotion. However, it was not enough to 

reverse cognitive deficits34. In opposition, Wang and colleagues. in a recent work also described that 

SNP pretreatment was insufficient to decrease psychotic-like behavior in a model induced by MK-

801, another NMDA antagonist40. Accordingly, our data showed that SNP pretreatment alone 

prevented hyperlocomotion only in females, but the cognitive impairments were reduced in both 

sexes.  

The CBD and SNP mechanisms of action are not completely known, but there is evidence in 

the literature about their antipsychotic mechanism. Briefly, synaptic plasticity impairments induced by 

KET could be reversed or prevented by CBD affecting neuronal activation and synaptic plasticity in 

cortico-mesolimbic circuits65–69. Also, CBD showed an ability to increase hippocampal neurogenesis, 

activate 5HT1A receptors, and inhibit anandamide reuptake70–72. The antipsychotic effect exerted by 

SNP is mainly related to its capacity to donate NO27,37. Due to this characteristic, SNP can ultimately 

modulate molecular events that act directly on NMDA receptors, possibly correcting their 
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dysfunction73. Further studies are required to investigate physiological and molecular changes 

associated with the prophylactic effects of CBD and SNP.  

Our multivariate analysis possesses an exploratory character since, for more robust 

conclusions, it would be necessary to investigate a more significant number of animals per group. 

However, these analyses are interesting because they show how the variables interact despite the 

mean value. Thereby, we were able to identify groups that were not obvious previously and set up 

behavioral clusters with the same characteristics. Furthermore, it indicates some important patterns 

between treatments and sex differences. For example, the findings in females suggest that control 

behavior phenotype is close to CBD-SNP treatment, while in males, CBD-SNP indicates a milder 

effect (Figure 4).  On the other hand, it also shows significant variability between animals, even in the 

same regimen treatment (Figures 4 and 5). Ketamine injections seem to produce markedly different 

behavior phenotypes in males and females (Figure 5). Nevertheless, they corroborate that females 

were more affected by KET, while the results are more heterogeneous in males. It is interesting to 

note that this could explain the diminished therapeutic response to pre-treatments in males. These 

data corroborate the need for multivariate analyses in basic research to highlight the individuality of 

animals and aspects that do not appear in univariate analyses74. 

In conclusion, we can state that a different therapeutic approach was proposed for SZ-like 

symptoms in both sexes for the first time, which is interesting from a translational point of view since 

men and women show differences in SZ. We revealed optimistic results with the combination of CBD 

and SNP pretreatment, two drugs different from current antipsychotics and with a safer profile of side 

effects. We have also shown that pretreatment after pregnancy and before periadolescence could be 

an exciting approach for investigating new proposals for SZ treatment. However, our findings may be 

a consequence only due to pharmacokinetics, an interaction between CBD-NPS. Without the plasma 

dosage and their correlations, doubts in this regard remain, and further studies are needed. 
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FIGURES LEGENDS 

Figure 1 – Experimental design and ketamine sex-dependent effects. (A) Experimental design. 

(B) Open field test (OFT). After the last SAL or KET injection, locomotor activity was evaluated in the 

OFT by total distance travelled and proportion of time in the center of the arena.  (C) Sucrose 

preference test (SPT). Rats were individualized in cages containing two bottles, one with water and 

one with  sucrose solution,  for 3 days. (D) Novel object recognition (NOR). The NOR test consisted 

of three phases: habituation, training following test 1, and test 2. (E) Sex-dependent effects of KET 

treatment. (F) Behavioral features correlations in male and females after KET treatment. Pearson's 

correlation between total distance and sucrose consumption in male rats (left) and female rats (right). 

(G) Correlation between behavioral features including all experimental groups. Right: Correlogram of 

behavioral features in all-male groups. Left: Correlogram of behavioral features in all-female groups. 

*p < 0.05.  

 

Figure 2 – Prophylactic effects of cannabidiol and sodium nitroprusside pretreatment on 

schizophrenia-like impairments in males. (A) CBD pretreatment prevented ketamine-induced 

deficits in the 30 min NOR test. (B) SNP pretreatment prevented deficits in the 30 min NOR test, 

although it decreased sucrose consumption when administered alone. (C) Pretreatment with CBD 

and SNP decreased positive-like and cognitive impairments KET-induced. *p < 0.05; **p < 0.01. 

 

Figure 3 – Prophylactic effects of cannabidiol and sodium nitroprusside pretreatment on 

schizophrenia-like impairments in females (A) CBD pretreatment prevented KET-induced deficits 

in the OFT and in the 30 min NOR test. (B) SNP prevented KET-induced deficits in the OFT, although 

it decreased sucrose consumption when administered alone (C) Pretreatment with CBD and SNP 

prevented KET-induced positive-like symptoms, sucrose preference and cognitive impairments. *p < 

0.05; **p < 0.01. 
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Figure 4 – Multivariate effects of treatment in males and females. (A) Linear discriminant analysis 

in males. (B) Percentage of male animals classified as control. (C) The comparative divergence 

between control probability distribution suggests proximity of behavioral phenotype of KET and 

pretreatments group. (D) Linear discriminant analysis in females. (E) Percentage of female animals 

classified as control. All females in the CBD-SNP-KET group are classified as control. (F) 

Pretreatment female groups present a distinct comparative divergence from the control group, 

especially the CBD-SNP-KET group. *p < 0.05; **p < 0.01. 

 

Figure 5 – Identification of clusters using behavioral features. (A) Dendrogram of the 4-cluster 

formation in males and their LDA analysis components followed by their stacked bars and radar plot. 

(B) Dendrogram of the 3-cluster formation in females and their LDA analysis components followed by 

their stacked bars and radar plot. Stacked bar plot, representing the percentage of animals from each 

group on the identified clusters. Radar plot representing the mean values of the normalized behavioral 

features by cluster in males. 
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SUPPLEMENTARY MATERIAL 

 

Figure S1 - Classification algorithms to estimate treatment efficacy produced similar results. 

(A-B) Support Vector Machines and k-Nearest Neighbors in male rats. (C-D) Support Vector 

Machines and k-Nearest Neighbors in female rats. 

 

Figure S2 - Linear discriminant scores and the empirical distribution of treated groups. (A) 

Explained variance of the male (right) and female (left) linear discrimination. (B) LD1 and LD2 score 

of treatment groups in males (right) and females (left) (LD Score-Treatment effect: F(2,20) = 6.675, p < 
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0.01; NK post hoc significance: CBD-SNP-KET LD1 vs CBD-KET LD1, CBD-SNP-KET LD1 vs SNP-

KET LD1). (C) The empirical cumulative distribution function for the distances of treated subjects and 

KET animals in males (right) and females (left). 

 

Figure S3 - Distortion score using the elbow method for male and female clusterization. (A) 

Distortion scores indicating 4 clusters in male groups. (B) Distortion scores indicating 3 cluster 

formations in female groups.  
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Figure S4 – Behavioral characteristics describe marked differences between all experimental 

groups. (A) Dendrogram of the agglomerative cluster and normalized behavioral features for each 

individual. Results indicate the formation of three distinct and interpretable clusters. (B) Cluster 

formation on a three-dimensional plot of the most descriptive behavioral features followed by radar 

plot.  

 

Tables – Descriptive values of the data in male clustered groups presented in figure 5 A (Table 1) 

and female clustered groups shown in figure 5 B (Table 2). 
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Figure S4 – Behavioral characteristics describe marked differences between all experimental 

groups. (A) Dendrogram of the agglomerative cluster and normalized behavioral features for each 

individual. Results indicate the formation of three distinct and interpretable clusters. (B) Cluster 

formation on a three-dimensional plot of the most descriptive behavioral features followed by radar 

plot.  
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