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A B S T R A C T   

Increased dopaminergic activity in the striatum underlies the neurobiology of psychotic symptoms in schizo
phrenia (SZ). Beyond the impaired connectivity among the limbic system, the excess of dopamine could lead to 
inflammation and oxidative/nitrosative stress. It has been suggested that atypical antipsychotic drugs attenuate 
psychosis not only due to their modulatory activity on the dopaminergic/serotonergic neurotransmission but also 
due to their anti-inflammatory/antioxidant effects. In such a manner, we assessed the effects of the atypical 
antipsychotic risperidone (RISP) on the structural neuroplasticity and biochemistry of the striatum in adult rats 
with neonatal ventral hippocampus lesion (NVHL), which is a developmental SZ-related model. RISP adminis
tration (0.25 mg/kg, i.p.) ameliorated the neuronal atrophy and the impairments in the morphology of the 
dendritic spines in the spiny projection neurons (SPNs) of the ventral striatum (nucleus accumbens: NAcc) in the 
NVHL rats. Also, RISP treatment normalized the pro-inflammatory pathways and induced the antioxidant activity 
of the nuclear factor (erythroid-derived 2)-like 2 (Nrf2) in this model. Our results point to the neurotrophic, anti- 
inflammatory, and antioxidant effects of RISP, together with its canonical antipsychotic mechanism, to enhance 
striatum function in animals with NVHL.   

1. Introduction 

Psychosis is defined as an altered mental condition in which the individual

loses contact with reality. An adequate perception and understanding of the

world around us is fundamental for survival (Simons et al., 2017). Thus,

psychosis represents a disabling condition for people who suffer from it.

Moreover, psychosis is the core symptom in schizophrenia (SZ), a mental

disease which affects around 2% of the worldwide population, and whose

etiology is still poorly understood. However, the neurobiology of the positive

symptoms of the disease (psychotic episodes, hallucinations, delusions) has

been associated with dopaminergic hyperactivity of axons from the ventral

tegmental area (VTA) in the mesolimbic brain to the nucleus accumbens 
(NAcc) or ventral (also known as limbic) striatum (McCutcheon et al., 
2019).

The NAcc is a basal ganglia nucleus involved in sensory-motor integration

and is mainly composed of medium-sized spiny projection neurons (SPNs)
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(McCutcheon et al., 2019). These neurons use GABA as the main neuro

transmitter and receive glutamatergic inputs from the prefrontal cortex (PFC),

ventral hippocampus (in rodents, anterior hippocampus in humans) also known

as the limbic hippocampus, and the basolateral amygdala (O'Donnell and 
Grace, 1995). In SZ, there is impaired glutamatergic activity in the NAcc

which through GABAergic activity disinhibits the VTA via the ventral pallidum

(also a GABAergic nucleus), causing hyperactivity of the mesolimbic pathway

(Sonnenschein and Grace, 2020). It has been demonstrated that dendritic

spine morphology can be modulated by dopaminergic activity in the striatum of

mice with increased dopaminergic striatal innervation (Aphakia mice) in a

dose-dependent manner (Alberquilla et al., 2020). In this sense, mesolimbic

hyperactivity can alter the synaptic surface dynamics of the SPNs in the

striatum with rearrangements in the dendritic arbor and dendritic spine

dynamics, as demonstrated in the NAcc of rats exposed to dopaminergic ag

onists (Robinson and Kolb, 1999, 1997).

The modulation of the mesolimbic activity attenuates psychotic symptoms

(Abi-Dargham et al., 2000). Thus, the pharmacological target for atypical

antipsychotic drugs (AADs) is the inverse agonism of dopaminergic D2 re

ceptors in the striatum (Roberts and Strange, 2005), as well as the antag

onism of 5-HT2A and agonism of 5-HT1A serotonergic receptors in the PFC

(Meltzer and Massey, 2011). Also, AADs have antioxidant effects (Hen
douei et al., 2018) and restore the levels of neurotrophic-related molecules in

the peripheral blood of patients with SZ (Martinez-Cengotitabengoa et al., 
2015).

The neonatal ventral hippocampus lesion (NVHL) in the rat is a SZ-related

model which has been used to examine the antioxidant and neurotrophic effects

Fig. 1. A, timeline of the experimental design. B, verification of the ventral hippocampus lesion: representative photographs of sham rats with no macroscopic 
damage in the ventral hippocampus and NVHL rats with visible damage only in the ventral hippocampus region (indicated with the arrowheads). C, representative 
photomicrographs of NAcc sections stained with Nissl method of each group (scale bar = 100 μm). D, the stereological neuronal counting of NAcc neurons revealed 
that RISP tends to increase the number of neurons in both sham and NVHL rats (n = 4/group; two-way ANOVA, βRISP main effect: p = 0.0572). 
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of AADs in the brain (Tendilla-Beltrán et al., 2021). The disruption of the

limbic hippocampus-PFC synaptogenesis around postnatal days (P) 7-9 trig

gers a great number of behavioral abnormalities associated with the symptoms

of the disease (Tseng et al., 2009), which are corrected after the treatment

with AADs (Bringas et al., 2012; Rueter et al., 2004; Tendilla-Beltrán 
et al., 2019b). Also, rats with NVHL have neuronal atrophy and impaired

morphology of the dendritic spines in the NAcc (Tendilla-Beltrán et al., 
2019a).

A previous report of our group points out that RISP treatment at adulthood

improved the contextual challenge to novel environment performance by

restoring the structural neuroplasticity impairments and attenuating the

oxidative/nitrosative stress (O/NS) in the PFC of rats with NVHL (Tendilla- 
Beltrán et al., 2019b). However, since the NAcc is the limbic-motor interface

and represents the main target of the AADs because of their myriad of D2

receptors, describing the RISP effects in this brain area is necessary to un

derstand the mechanisms by which this drug is improving behavior in rats with

NVHL.

The objective of this study was to evaluate the effect of RISP on the

neuronal number and structural plasticity of NAcc SPNs, and on inflammatory

and antioxidant pathways in rats with NVHL, which is a neurodevelopmental

SZ-related model.

2. Materials and methods 

2.1. Animals 

The timeline of the experimental protocol is shown in Fig. 1A. Pregnant

Sprague-Dawley dams (n = 11) with 14–16 gestational days were ob
tained from our facilities (Bioterio Claude Bernard (BUAP), and Harlan). 
After birth (P0), at P7 only male pups (n = 95, 6-8 male pups per litter) 
were randomly assigned for either sham (n = 44) or NVHL surgery (n =
44), seven pups died during surgical protocol (7.3% of mortality). For 
details of animal housing see SI. All procedures described in the present 
study were performed following the BUAP Animal Care Committee 
(FLAG-UALVIEP-17-1) and the Guide for Care and Use of Laboratory 
Animals of the Mexican Council for Animal Care (Norma Oficial Mex
icana NOM-062-ZOO-1999), as well as the Animal Welfare Committee of 
Universidad Complutense following European legislation (2010/63/ 
EU), PROEX 008/18. Also, animal manipulation followed the ARRIVE 
guidelines. All efforts were made to reduce the number of animals used 
and minimize animal suffering in the experiments. 

2.2. Surgical procedures 

NVHL protocol was previously described in detail (Flores et al., 2005, 
1996; Lipska et al., 1993; Monfil et al., 2018; Tendilla-Beltrán et al., 
2019a; Tendilla-Beltrán et al., 2019b), and described in detail in supple

mentary data (SD).

2.3. RISP administration 

At adulthood, animals were randomly assigned either to the vehicle or RISP

group. Once a day from P90-111, animals were administered (i.p.) 0.25 mg/kg 
of RISP (Janssen Pharmaceutica, in 0.25% of glacial acetic acid and 0.1 
M PBS) or vehicle. The RISP dose used in this study has demonstrated a 
behavioral enhancement in animals with NVHL (Rueter et al., 2004) and

anti-inflammatory effects in the brain of rats exposed to lipopolysaccharide

(MacDowell et al., 2013). After this, four experimental groups were obtained

(n = 22/group): (1) sham-vehicle, (2) NVHL-vehicle, (3) sham-RISP, and 
(4) NVHL-RISP. 

2.4. Tissue samples 

For animals employed for the stereological neuronal count (n = 4/group) 
and neuronal morphology assessments (n = 8/group), their behavioral 
performance was assessed before and after treatment and the results 

were reported elsewhere (Tendilla-Beltrán et al., 2019b). Two groups of

rats were used for distinct biochemical assays: one for nitrites, thiobarbituric

acid reactive species (TBARS), and Western-Blot protocols (n = 5/group), 
and another for metallothionein (MT) quantification (n = 5/group). 
These animals were intracardially perfused with 0.9% saline solution 
and then the brain was removed from the skull and the striatum was 
excised and frozen at -80 ◦C until assayed. 

2.5. Histological studies 

2.5.1. Stereological analysis for neuronal counting 
Stereological neuronal counting of the NAcc was assessed as previously

reported (Tendilla-Beltrán et al., 2019b; Vázquez-Roque et al., 2012), and

described in detail in SD. Optical fractionator sampling parameters are shown

in Table 1.

2.5.2. Golgi–Cox stain method 
To evaluate the effects of RISP on structural plasticity in the NAcc SPNs of

NVHL rats, a modified Golgi–Cox stain method was used (Gibb and Kolb, 
1998), as previously described (Flores et al., 2005; Monroy et al., 2020;

Tendilla-Beltrán et al., 2016). For details see SD.

2.5.3. Neuronal reconstruction, Sholl analysis, and dendritic spines 
analysis 

The dendritic complexity, length per branch order, and total dendritic

length of 320 SPNs of the shell of the NAcc (80 per group, 10 per animal) were

estimated using the Sholl analysis (Sholl, 1953). Dendritic spine number and

dendritic spine morphological classification was assessed as previously

described (Monroy et al., 2020; Tendilla-Beltrán et al., 2019a; Tendilla- 
Beltrán et al., 2016). For details see SD.

2.6. Biochemical determinations 

2.6.1. Western blot analysis 
The relative protein levels of the molecules of interest were determined in

cytosolic or nuclear extracts by Western blot as previously described (Martín- 
Hernández et al., 2019a, 2019b), and described in detail in SD. The primary

antibodies used are listed in Table 2. Blots were imaged using the Odyssey 
Fc System (Li-COR Biosciences), quantified by densitometry (NIH 
ImageJ software), expressed in arbitrary units of optical density (O.D.), 
and calculated in comparison with the sham-vehicle group. For 4-HNE, 
p-p38, p-ERK, ERK, p-Smad-2/3, Smad 2/3, and PI3K proteins, the 
quantification of the double band was assessed tracing a region of in
terest area which contained both bands. For p-JNK and JNK proteins, the 
double bands detected were quantified individually and summed for 
each sample. β-actin (1:15000; Sigma-Aldrich, A5441; RRID: 
AB_476744) and GAPDH (1:5000; Sigma-Aldrich, G8795; RRID: 
AB_1078991) were used for loading control for cytosolic and nuclear 
proteins respectively. Neither β-actin nor GAPDH protein levels vary 
among experimental groups. 

2.6.2. Nitrites 
Nitrite concentration was quantified employing the Griess reaction (Green 

et al., 1982), in NAcc homogenates. For details see SD.

Table 1 
Optical fractionator sampling parameters for stereological neuronal counting.  

Parameter Value 

Number of sections (range) 8-10 
Distance between sections 150 μm 
Scan grid 800 × 800 μm 
Counting frame 60 × 60 μm 
Disector height 20 μm 
Guard zones, upper and lower 10 μm 
Average section thickness, range 36.07 μm, 30.5-41.7  
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2.6.3. TBARS 
TBARS concentration in NAcc homogenates was quantified by the thio

barbituric acid method (Das and Ratty, 1987), which is described in SD.

2.6.4. MT quantification 
MT I-II concentration was determined in NAcc homogenates. MT I-II was

quantified with a modified Cd/hemoglobin saturation radioassay (Aburto- 
Luna et al., 2017; Arroyo-García et al., 2020) since these isoforms are the

only ones sensitive to Cd (Braga et al., 2015; Palmiter et al., 1992). For

details see SD.

2.6.5. Protein quantification 
Protein levels were measured using the Bradford method based on the

protein-dye binding principle (Bradford, 1976).

2.7. Statistical analyses 

No software or method for sample size calculation was used, but the sample

size for each probe is in accordance with literature reports. The mean values of

each animal were treated as a single measurement for data analysis. All data in

the figures are presented with the sample dispersion and as the mean ± SEM.

Data analysis was assessed by trained personnel who were blinded to experi

mental conditions. After normal distribution verification, data were analyzed

using two-way ANOVA for total dendritic length, dendritic spine density,

dendritic spine classification, neuronal density, and biochemical assays,

considering lesion and RISP treatment as independent factors. A three-way

ANOVA was employed for data on length per dendritic order and dendritic

arborization, considering lesion, RISP, and branch order or distance to soma as

independent factors. If a significant interaction was detected, the post-hoc 
Newman-Keuls test was assessed. In the graphs multiple comparison 
significance is indicated with asterisks or lowercase letters, the main 
lesion effect is indicated by α, RISP main effect is indicated by β, and 
interaction without significant multiple comparisons results is indicated 
by δ. The full statistical results are presented in Table 3. Regarding MT

quantification, data did not have a normal distribution and was analyzed using

a Kruskal-Wallis probe followed by Dunn's test for multiple comparisons. In 
all cases, a p-value of 0.05 was considered the threshold for statistical 
significance. For data with p > 0.05 and considered significant, the p- 
value is indicated in the graph. Data analysis was carried out using 
GraphPad Prism 9.0. 

3. Results 

3.1. Verification of the lesion 

Coronal sections at the level of the ventral hippocampus were obtained and

stained with cresyl violet (n = 88, sham = 44, and NVHL = 44). Then, 
sections were analyzed, and only animals with limited ventral hippo
campus bilateral lesions were included in the NVHL group. Sham ani
mals did not show any macroscopic lesions or gliosis (Fig. 1B).

3.2. RISP treatment effects on the neuronal number in the NAcc in rats 
with NVHL 

The NVHL did not alter the number of neurons in the NAcc, but ANOVA

analysis revealed that RISP increased the number of neurons in both sham and

NVHL animals in this region (Fig. 1D).

3.3. Effects of the RISP treatment in the SPNs structural plasticity of the 
NAcc in rats with NVHL 

Morphological analysis of NAcc SPNs showed structural alterations in

NVHL rats. The total dendritic length (Fig. 2C), the dendritic length in distal

orders (Fig. 2D), and the dendritic arborization (Fig. 2E) decreased in the

animals with NVHL. RISP administration recovered all the aforementioned

parameters. Regarding the branch order length, the reduction was from the

2nd-4th in the NVHL-vehicle group, which RISP treatment restored (Fig. 2D).

Concerning dendritic arborization, in the proximal levels (0-90 μm to soma) 
there were no differences in the vehicle or RISP-treated animals with 
NVHL, but in distal arbor (from 100 μm onwards to soma) RISP 
increased the arborization length (Fig. 2E). Moreover, the dendritic spine

number and their morphology were analyzed. The NVHL reduced the number

of dendritic spines, and RISP treatment restored it (Fig. 2G). Concerning the

dendritic spine morphological classification, the results are condensed in

Fig. 2H. The NVHL reduced the population of mature dendritic spines

(mushroom-like) in both vehicle and RISP-treated animals. However, RISP

increased the number of mushroom spines as the main effect. The thin spine

population remained unchanged. The number of stubby spines (with a less

functional capability) increased in the NVHL rats in comparison with the sham

animals in the vehicle-treated group, RISP does not affect this spine popula

tion. RISP decreased the number of bifurcated spines in the sham rats and

increased it in the NVHL rats. Multiheaded spines increased in the sham-RISP

group in comparison with all the other groups. Finally, the unclassified spine

population remained unaffected by either NVHL or RISP treatment.

Table 2 
Antibodies used for Western Blot.  

Antibody Supplier/ 
code 
number 

Dilution Fraction RRID 

Rabbit polyclonal anti- 
Thr180/ 
Tyr182phospho-p38 

SCBT/sc- 
17852-R 

1:1000 Cytosolic AB_2139810 

Mouse monoclonal anti- 
p38α/β 

SCBT/sc- 
7972 

1:1000 Cytosolic AB_628079 

Rabbit polyclonal anti- 
Thr202/ 
Tyr204phospho-ERK 

CST/8544 1:1000 Cytosolic AB 
_11127856 

Rabbit polyclonal anti- 
ERK 

CST/4695 1:1000 Cytosolic AB_390779 

Rabbit polyclonal anti- 
Thr183/ 
Tyr185phospho-SAPK/ 
JNK 

CST/9251 1:1000 Cytosolic AB_331659 

Rabbit polyclonal anti- 
SAPK/JNK 

CST/9252 1:1000 Cytosolic AB_2250373 

Rabbit monoclonal anti- 
phospho-Smad2 
(Ser465/467)/Smad3 
(Ser423/425) 

CST/8828 1:1000 Cytosolic AB_2631089 

Rabbit polyclonal anti- 
Smad-2/3 

CST/5678 1:1000 Cytosolic AB 
_10693547 

Rabbit monoclonal anti- 
Smad-4 

CST/38454 1:1000 Cytosolic AB_2728776 

Rabbit polyclonal anti- 
PI3K 

SCBT/ 
sc7189 

1:750 
(1% 
BSA) 

Cytosolic AB_2165408 

Rabbit polyclonal anti- 
Ser437phospho-Akt 

CST/4060 1:1000 Cytosolic AB_2315049 

Rabbit polyclonal anti- 
Akt 

CST/4691 1:1000 Cytosolic AB_915783 

Rabbit polyclonal anti- 
IκBα 

SCBT/ 
sc371 

1:1000 Cytosolic AB_2235952 

Rabbit polyclonal anti- 
NF-κB p65 

SCBT/ 
sc372 

1:1000 Nuclear AB_632037 

Rabbit polyclonal anti- 
iNOS 

SCBT/ 
sc650 

1:750 
(1% 
BSA) 

Cytosolic AB_2298577 

Mouse monoclonal anti- 
4-hydroxynonenal 

R&D 
Systems/ 
MAB3249 

1:500 
(3% 
BSA) 

Cytosolic AB_664165 

Mouse monoclonal anti- 
Keap-1 

R&D 
Systems/ 
MAB3024 

1:1000 Cytosolic AB_2132620 

Rabbit polyclonal anti- 
Nrf2 

SCBT/ 
sc722 

1:1000 Nuclear AB_2108502 

Abbreviations: BSA, bovine serum albumin; CST, Cell Signaling Technology; 
SCBT, Santa Cruz Biotechnology. 
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3.4. Effects of the RISP treatment on O/NS in the striatum of rats with 
NVHL 

Nitrite concentration increased as a consequence of the NVHL, and RISP

reduced it to control levels (Fig. 3A). Protein levels of the inducible nitric oxide

(NO) synthase (iNOS) decreased as a consequence of the RISP treatment in

both sham and NVHL rats (Fig. 3B). O/NS was studied through the quanti

fication of lipid peroxidation-related molecules. TBARS concentration was

reduced in both sham and NVHL animals treated with RISP (Fig. 3C).

Regarding 4-hydroxy-2-nonenal (4-HNE) protein levels, ANOVA analysis

revealed a significant interaction between lesion and RISP without multiple

comparison differences detected among groups (Fig. 3D).

3.5. Effects of the RISP treatment on the NF-κB pathway in the striatum of 
rats with NVHL 

The nuclear factor-κB (NF-κB) pathway is a key component of the in

flammatory response. NF-κB remains inactive in the cytosol by its union with

the inhibitory subunit of the, IκBα (IκBα). Under pro-inflammatory conditions,

NF-κB separates from IκBα, translocates to the nucleus, and stimulates the

synthesis of pro-inflammatory mediators (Dresselhaus and Meffert, 2019).

Cytosolic IκBα protein levels increased as a main effect of the RISP treatment

(Fig. 3E). The nuclear NF-κB protein levels increased in the NVHL animals and

were reduced to control levels after RISP treatment (Fig. 3F).

3.6. Effects of the RISP treatment on the MAPK pathways in the striatum 
of rats with NVHL 

The mitogen-activated protein kinases (MAPK) are part of the Ser/Thr

protein kinase family and are activated by diverse stimuli, including growth

factor signaling and stress (Fukunaga and Miyamoto, 1998). The protein

levels of the extracellular signal-regulated kinases 1 and 2 (ERK 1/2), Jun N-

terminal kinase (JNK), and p38 kinase were evaluated. The protein levels of

phosphorylated-p38/p38α/β ratio increased as a consequence of the NVHL,

and RISP reduced it to control levels (Fig. 4A). Phosphorylated-JNK/JNK

ratio protein levels remained unchanged (Fig. 4B). Finally, RISP increased

the phosphorylated-ERK 1/2/ERK 1/2 ratio protein levels in sham and NVHL

rats (Fig. 4C).

3.7. Effects of the RISP treatment on the Smad2/3 and Smad4 in the 
striatum of rats with NVHL 

Smad2/3 and Smad4 proteins are part of the canonical transforming

growth factor β (TGF-β) pathway, but also can be stimulated by MAPK

(Moustakas and Heldin, 2005). After phosphorylation, Smad2/3 couples to

Smad4, and this complex translocates to the nucleus to promote the synthesis

of anti-inflammatory mediators. ANOVA analysis of phosphorylated-Smad-2/

3/Smad-2/3 protein ratio revealed that interaction was near the statistical

significance threshold, but the multiple comparison test did not show any

significant result (Fig. 4D). RISP increased the Smad-4 protein levels in both

Table 3 
Statistical results. Bold values indicate statistical significance.  

Two-way ANOVA, independent factors: lesion and RISP, F values (DFn, DFd) and p-values 

Parameter Lesion RISP treatment Interaction 

Stereology F (1,12) = 1.243; p = 0.2868 F (1, 12) = 4.424; p = 0.0572 F (1, 12) = 1.205; p = 0.2939 
Total dendritic length F (1, 28) = 23.42; p < 0.0001 F (1, 28) = 0.928; p = 0.3436 F (1, 28) = 8.207; p = 0.0078 
Number of spines F (1, 28) = 7.79; p = 0.0094 F (1, 28) = 12.74; p = 0.0013 F (1, 28) = 3.985; p = 0.0557 
Muhsroom spines F (1, 28) = 17.68; p = 0.0002 F (1, 28) = 5.633; p = 0.0247 F (1, 28) = 1.581; p = 0.219 
Thin spines F (1, 28) = 0.02432; p = 0.8772 F (1, 28) = 4.152; p = 0.0511 F (1, 28) = 3.902; p = 0.0582 
Stubby spines F (1, 28) = 3.345; p = 0.0781 F (1, 28) = 0.04474; p = 0.834 F (1, 28) = 9.293; p = 0.005 
Bifurcated spines F (1, 28) = 19.61; p = 0.0001 F (1, 28) = 0.2199; p = 0.6428 F (1, 28) = 20.54; p < 0.0001 
Multi-headed spines F (1, 28) = 15.77; p = 0.0005 F (1, 28) = 12.25; p = 0.0016 F (1, 28) = 23.48; p < 0.0001 
Unclassified spines F (1, 28) = 0.1769; p = 0.6773 F (1, 28) = 1.365; p = 0.2525 F (1, 28) = 0.2643; p = 0.6112 
Nitrites F (1, 16) = 7.107; p = 0.0169 F (1, 16) = 4.751; p = 0.0446 F (1, 16) = 5.424; p = 0.0333 
iNOS F (1, 16) = 0.7969; p = 0.3852 F (1, 16) = 47.57; p < 0.0001 F (1, 16) = 3.99; p = 0.0631 
TBARS F (1, 16) = 0.7452; p = 0.4007 F (1, 16) = 4.685; p = 0.0459 F (1, 16) = 2.04; p = 0.1724 
4HNE F (1, 16) = 0.2961; p = 0.5938 F (1, 16) = 2.069; p = 0.1696 F (1, 16) = 4.562; p = 0.0485 
IKBα F (1, 16) = 2.921; p = 0.1068 F (1, 16) = 8.444; p = 0.0103 F (1, 16) = 0.3775; p = 0.5476 
NF-κB (p65) F (1, 16) = 1.979; p = 0.1787 F (1, 16) = 1.345; p = 0.2631 F (1, 16) = 9.862; p = 0.0063 
pp38/p38α/β F (1, 16) = 6.306; p = 0.0231 F (1, 16) = 2.208; p = 0.1568 F (1, 16) = 6.395; p = 0.0223 
pJNK/JNK F (1, 16) = 0.3941; p = 0.5390 F (1, 16) = 0.8835; p = 0.3612 F (1, 16) = 3.656; p = 0.0739 
pERK/ERK F (1, 16) = 0.207; p = 0.6552 F (1, 16) = 4.544; p = 0.0489 F (1, 16) = 1.013; p = 0.3292 
pSmad-2/3/Smad-2/3 F (1, 16) = 2.95; p = 0.1052 F (1, 16) = 3.248; p = 0.0904 F (1, 16) = 4.129; p = 0.0591 
Smad-4 F (1, 16) = 0.272; p = 0.6091 F (1, 16) = 5.191; p = 0.0368 F (1, 16) = 0.9405; p = 0.3466 
PI3K F (1, 16) = 0.0295; p = 0.8658 F (1, 16) = 0.2997; p = 0.5916 F (1, 16) = 0.02112; p = 0.8863 
pAkt/Akt F (1, 16) = 0.4786; p = 0.499 F (1, 16) = 14.04; p = 0.0018 F (1, 16) = 2.428; p = 0.1388 
Keap-1 F (1, 16) = 1.018; p = 0.3281 F (1, 16) = 1.278; p = 0.275 F (1, 16) = 1.507; p = 0.2373 
Nrf2 F (1, 16) = 3.842; p = 0.0676 F (1, 16) = 8.144; p = 0.0115 F (1, 16) = 4.201; p = 0.0572   

Three-way ANOVA, independent factors: RISP, lesion, and branch order, F values (DFn, DFd) and p-values 

Parameter Lesion RISP Branch order 

Length per branch order F (1, 14) = 19.47; p = 0.0006 F (1, 14) = 2.423; p = 0.1419 F (6, 84) = 708.1; p < 0.0001  
Interactions  
Lesion x RISP Lesion x RISP x Branch order   
F (1, 14) = 15.72; p = 0.0014 F (6, 84) = 1.48; p = 0.195    

Three-way ANOVA, independent factors: RISP, lesion, and distance to soma, F values (DFn, DFd) and p-values 

Parameter Lesion RISP Distance to soma 

Arborization F (1, 14) = 17.79; p = 0.0009 F (1, 14) = 1.357; p = 0.2635 F (27, 378) = 2006; p < 0.0001  
Interactions  
Lesion x RISP Lesion x RISP x Distance to soma   
F (1, 14) = 12.00; p = 0.0038 F (27, 378) = 2.015; p = 0.0023   
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Fig. 2. Structural neuroplasticity of the SPNs of the NAcc (n = 8/group). A, representative photomicrograph of a SPN in the NAcc of the sham-vehicle group (scale 
bar = 50 μm). B, representative bidimensional neuronal reconstructions of SPNs in the NAcc of each experimental group (scale bar = 50 μm). C, NVHL reduced the 
total dendritic length of the SPNs, and RISP treatment recovered it (two-way ANOVA, post-hoc Newman-Keuls test: *p < 0.05, **p < 0.01, ***p < 0.001). D, NVHL 
reduced the 3rd and 4th branch order length of the SPNs, which RISP corrected (three-way ANOVA, post-hoc Newman-Keuls test: ap < 0.05 Sham-Veh vs both RISP 
groups, p < 0.01 NVHL-Veh vs both RISP groups, p < 0.0001 NVHL-Veh vs Sham-Veh; bp < 0.01 NVHL-Veh vs NVHL-RISP, p < 0.01 NVHL-Veh vs Sham-RISP, p <
0.001 NVHL-Veh vs Sham-Veh). E, NVHL reduced proximal and distal sections of the dendritic arbor, and RISP restored only the distal section length (three-way 
ANOVA, post-hoc Newman-Keuls test: cp < 0.05 NVHL-Veh vs both Sham groups, p < 0.05 NVHL-RISP vs both Sham groups; dp < 0.05 NVHL-Veh vs all the other 
groups). F, representative photomicrographs of dendritic sections of each group (scale bar = 10 μm). G, NVHL reduced the number of dendritic spines in the SPNs, 
which RISP restored (two-way ANOVA, post-hoc Newman-Keuls test: **p < 0.01, ***p < 0.001). H, NVHL reduced the number of mushroom spines and RISP 
increased it, both as main effects (two-way ANOVA, αlesion main effect: 0.0002; βRISP main effect: p = 0.0247). No changes were detected in the thin spine pop
ulation. In the vehicle-treated rats, the NVHL increased the number of stubby spines increased in comparison with sham group (two-way ANOVA, post-hoc Newman- 
Keuls test: **p < 0.01). Bifurcated spines decreased in the Sham RISP-treated rats and increased in the NVHL-RISP group (two-way ANOVA, post-hoc Newman-Keuls 
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test: *p < 0.05, **p < 0.01, ***p < 0.001). RISP treatment increased the number of multi-headed spines in the Sham rats (two-way ANOVA, post-hoc Newman-Keuls 
test: ***p < 0.001). 

Fig. 3. NO pathway and oxidative/nitrosative stress (O/NS). Representative blots for each protein are shown (n = 5/group). A, B, NO pathway. A, the NVHL 
increased nitrite concentration in the vehicle-treated group and RISP-treatment reduced it to control levels (two-way ANOVA, post-hoc Newman-Keuls test: **p <
0.01, ***p < 0.001, ****p < 0.0001). B, RISP decreased the iNOS protein levels in both sham and NVHL animals (two-way ANOVA, post-hoc Newman-Keuls test: *p <
0.05, **p < 0.01). C, D, lipid peroxidation. C, RISP decreased the TBARS concentration as the main effect (two-way ANOVA, βRISP main effect: p = 0.0459). D, 
regarding 4-HNE protein levels, although significant interaction was detected no differences were detected among groups (two-way ANOVA, δlesion × RISP 
interaction: p = 0.0485). F, G, NF-κB pathway. F, RISP increased IκBα protein levels in both sham and NVHL animals (two-way ANOVA, βRISP main effect: p =
0.0103). G, NVHL increased NF-κB protein levels and RISP treatment reduced it to control levels (two-way ANOVA, post-hoc Newman-Keuls test: *p < 0.05). 
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sham and NVHL animals (Fig. 4E).

3.8. Effects of the RISP treatment on the PI3K/Akt pathway in the 
striatum of rats with NVHL 

Phosphoinositide 3-kinase/protein kinase B (PI3K/Akt) signaling is

involved in neuroplasticity, cell surveillance, and antioxidant response (Kita
gishi et al., 2012). PI3K protein levels did not change among experimental

groups (Fig. 5A). Interestingly, phosphorylated-Akt/Akt ratio protein levels

increased in both sham and NVHL animals treated with RISP (Fig. 5B).

3.9. Effects of the RISP treatment on the Nrf2 pathway in the striatum of 
rats with NVHL 

The nuclear factor (erythroid-derived 2)-like 2 (Nrf2) pathway is one of the

main antioxidant enzyme sources in the CNS. Nrf2 nuclear translocation is

regulated by the PI3K, which promotes the separation of the Kelch-like ECH-

associated protein 1 (Keap-1), the cytosolic inhibitor of Nrf2 (Ma, 2013).

Cytosolic Keap-1 remained unchanged among groups (Fig. 5C). However,

nuclear Nrf2 protein levels were reduced as a consequence of the NVHL and

increased to control levels after RISP treatment (Fig. 5D). Nrf2 nuclear

translocation promotes the synthesis of antioxidant enzymes including MT I-II

(Paladino et al., 2018). MT I-II increased in the NVHL RISP-treated rats in

comparison with the NVHL animals treated with vehicle (Kruskal-Wallis test

= 10.09, p = 0.0179, Dunn's test for multiple comparisons: p = 0.0117, 
Fig. 5E).

4. Discussion 

Our results indicate that NVHL atrophies the structural neuroplasticity of

the SPNs in the NAcc, without affecting the number of neurons in this area.

Also, the NVHL increases the pro-inflammatory p38 MAPKs and NF-κB

pathways, which may lead to O/NS evidenced by the lipid peroxidation. Im

pairments in the Nrf2 antioxidant pathway can be also related to O/NS. RISP

treatment (0.25 mg/kg, i.p.) for 21 consecutive days enhances the den
dritic arbor length and the number of dendritic spines (through the in
crease in the mature spines) in the SPNs in NVHL young-adult male rats. 
Moreover, RISP decreases the pro-inflammatory p38 MAPK and NF-κB 
pathways and seems to increase the anti-inflammatory Smad-2/3/Smad- 
4 signaling. NO concentration and iNOS protein levels, as well as lipid 
peroxidation, were also reduced as a consequence of RISP treatment. 
Finally, RISP restored the Nrf2 antioxidant pathway and increased the 
concentration of the MT I-II antioxidant enzymes in the NVHL animals. 

The mesolimbic dopaminergic dysfunction in the NVHL model impairs the

PFC (O'Donnell, 2002). PFC dysfunction disrupts the PFC-ventral hippo

campus-NAcc circuit, triggering behavioral alterations related to SZ-symptoms

such as reduced social interplay, working memory deficits, or hypersensitivity

to psychostimulants/stress (Brady, 2009; Brady et al., 2010). Thus, SPN

atrophy may be a consequence of altered dopaminergic (from VTA) and glu

tamatergic (PFC-ventral hippocampus) inputs in the NAcc. RISP treatment

restored it, allowing structural plasticity in SPNs, maybe through the depo

larization block phenomena in the VTA axons, which modulates the dopami

nergic mesolimbic activity (Grace, 1997); or through the modulation of

synaptic and cytoskeleton protein expression (Kedracka-Krok et al., 2016).

Fig. 4. MAPK and Smad pathways. Representative blots for each protein are shown (n = 5/group). A–C, MAPK pathway. A, NVHL increased p38 ratio and RISP 
treatment reduced it to control levels (two-way ANOVA, post-hoc Newman-Keuls test: *p < 0.05). B, JNK ratio did not change. C, RISP increased the ERK ratio in both 
sham and NVHL animals (two-way ANOVA, βRISP main effect: p = 0.0489). D, E, Smad pathway. D, regarding the Smad-2/3 ratio, the interaction p-value was near 
the statistical significance threshold (two-way ANOVA, δlesion × RISP interaction, p = 0.0591). E, RISP increased Smad-4 protein levels in both sham and NVHL 
animals (two-way ANOVA, βRISP main effect: p = 0.0368). 
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However, our results suggest that inflammatory and antioxidant/oxidant

substance imbalance may also be contributing to the structural neuroplasticity

alterations of the SPNs of the NAcc in NVHL rats.

It has been demonstrated that chronic administration of dopaminergic

agonists such as amphetamine, apomorphine, or cocaine not only induce an

SZ-like behavioral phenotype in rodents, but also reduces the number of neu

rons, alters neuroplasticity, and induces O/NS in limbic brain areas (Arroyo- 
García et al., 2020, 2018; Hawken and Beninger, 2014; Robinson and 
Kolb, 1999; Tendilla-Beltrán et al., 2016). NVHL rats have functional

dopaminergic hyperactivity in the striatum (Bhardwaj et al., 2003; Vázquez- 
Roque et al., 2012), which may be leading to inflammation, O/NS, and

consequently to cell death. Interestingly, the NVHL did not reduce the number

of neurons in the NAcc as it does in the PFC (Tendilla-Beltrán et al., 2019b;

Vázquez-Roque et al., 2012) and the amygdala (Vázquez-Roque et al., 
2014). There is a trend of RISP to increase the number of neurons in the NAcc

in both sham and NVHL rats. These results can be explained by striatal adult

neurogenesis, which is modulated by dopaminergic receptors of the D2 family

(Diaz et al., 1997; Winner et al., 2009); or because of the reduced density of

striatal fast-spiking parvalbumin-positive interneurons compared to the

neocortex (Fitzgerald et al., 2011), and these cells seem to be vulnerable to

O/NS because of their high metabolic rate (Steullet et al., 2017). However,

further studies must analyze whether AADs promote striatal neurogenesis, as

they do in the hippocampus (Chikama et al., 2017). Thus, specifically in the

striatum of the NVHL animals, the inflammatory imbalance and its conse

quences may be implicated in the rearrangement of the synaptic surface of the

SPNs.

One molecule that has both neuroplasticity and inflammatory effects is NO.

NO is essential for synaptic transmission by modulating the presynaptic

neurotransmitter liberation. The production of NO for this purpose is through

the constitutive neuronal NO synthase (nNOS) and endothelial NO synthase

(eNOS) (Blackshaw et al., 2003). NO concentration increases under in

flammatory response through iNOS activity (Brown, 2007), since iNOS

synthesis is induced by NF-κB and its activity is stimulated by pro-

inflammatory cytokines (Aktan, 2004). RISP treatment corrected the

increased NF-κB nuclear protein levels, suggesting the downregulation of this

pathway and consequently the reduction of pro-inflammatory molecules such

as NO. Because of its high reactivity, NO can lead to forming other free radicals

and reactive molecules such as peroxynitrite and consequently membrane

damage through phospholipid peroxidation (Hogg and Kalyanaraman, 
1999). Lipid peroxidation is a consequence of O/NS, which stimulates several

signaling pathways related to inflammatory response, such as the MAPK.

Bychkov et al. (2011) demonstrated decreased ERK and Akt protein levels in

the NAcc of adult male NVHL rats, suggesting a role in congruence with the

upregulation exerted by RISP in our present results. Among the MAPK, p38

and JNK have been associated with a pro-inflammatory state, as happened in

the striatum of NVHL rats with p38, which RISP treatment reduced.

Also, JNK and ERK MAPK can stimulate the Smad pathway, which is

associated with anti-inflammatory cytokine synthesis. JNK expression did not

change in our experiment, but RISP induced ERK. The protein levels of the

Smad-2/3 ratio decreased in the NVHL animals, which RISP treatment

augmented in these rats. Moreover, RISP increased the Smad-4 protein levels,

suggesting that RISP may be promoting the synthesis of anti-inflammatory

mediators. Joseph et al. (2018), reported that TGF-β1 administration from

P7 to P14 enhanced structural neuroplasticity and reduced the expression of

the pro-inflammatory cytokine interleukin 1 β in the PFC, as well as corrected

the behavioral abnormalities of adult NVHL rats. Thus, RISP may stimulate

the TGF-β pathway in the striatum and consequently help to ameliorate the

neuronal atrophy and the inflammation in the rats with NVHL. However,

Fig. 5. PI3K/Akt and Nrf2 pathways, and MT I-II concentration (n = 5/group). Representative blots for each protein are shown (A–D). A, B, PI3K/Akt pathway. A, no 
changes in the PI3K protein levels were detected among groups. B, RISP increased the protein Akt ratio as the main effect (two-way ANOVA, βRISP main effect: p =
0.0018). C-E, Nrf2 pathway. C, no changes in the Keap-1 protein levels were detected among groups. D, in the NVHL animals, Nrf2 protein levels decreased and RISP 
treatment increased them to control level (two-way ANOVA, post-hoc Newman-Keuls test: *p < 0.05, **p < 0.01). E, MT I-II concentration was quantified by Cd 
radioimmunoassay. In rats with NVHL, MT I-II concentration was higher in the RISP-treated animals compared to the vehicle-treated ones (Kruskal-Wallis test, post- 
hoc Dunn's test: #p = 0.0117). 
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further studies must study this pathway to clarify in which manner AADs act on

the TGF-β pathway.

O/NS also stimulates compensatory mechanisms such as the antioxidant

response via Nrf2 activity. Nrf2 prompts the synthesis of various antioxidant

molecules for detoxification, cellular redox balance, and heme/metal meta

bolism (Paladino et al., 2018). In this last category, in the brain, MT I-II are

poorly studied antioxidant proteins, since MT III is the most abundant isoform

(also known as growth inhibitory factor) (Palmiter et al., 1992). MT I-II's 
main function is to chelate essential and non-essential metals, and their 
binding with transition metals such as Fe and Cu exerts an antioxidant 
effect. But also it has been suggested that MT I-II can sequester free 
radicals (Ruttkay-Nedecky et al., 2013). Also, paliperidone, which is the

Fig. 6. Schematic representation of the results. In the NAcc of NVHL rats, SPNs are atrophied and have a dendritic spine pathology. RISP treatment ameliorates 
structural plasticity SPN impairments by restoring the number of dendritic spines as well as the number of mushroom spines. Also, NVHL (solid red arrows) generates 
oxidative/nitrosative stress (O/NS), which may be a consequence of the excessive NO concentration promoted by the NF-κB. O/NS stimulates the expression of pro- 
inflammatory MAPK: p38 and JNK. Decreased protein levels of the Smad signaling proteins may be disrupting the anti-inflammatory response. Moreover, the reduced 
levels of the Nrf2 may compromise the antioxidant response. RISP (blue outline arrows) diminished the O/NS and the NO concentration, as well as iNOS and NF-κB 
protein levels in the NVHL animals. Also, RISP reduced the levels of pro-inflammatory mediator p38; but increased ERK and Akt protein levels, which may exert 
enhancement neuroplasticity effects. Additionally, RISP restored Nrf2 protein levels and increased MT I-II concentration, which is an antioxidant molecule. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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active metabolite of RISP, increased the Nrf2-related antioxidant enzymes in

the PFC of rats subjected to acute stress (MacDowell et al., 2016). Here, we

found that RISP increases the nuclear Nrf2 protein levels (probably through the

RISP effects on its activator p-Akt) and the MT I-II concentration in the NVHL

rats. Thus, RISP may be attenuating O/NS in the striatum by the reduction of

NO concentration, NF-κB activity, and p38 MAPK, as well as by the resto

ration of the Nrf2 and Smad2/3 pathways. Fig. 6 schematically represents all

the present results.

Bychkov et al. (2011) reported sex differences in the expression of MAPK

in the striatum of NVHL rats. Here arises a limitation of this study, since it was

only used male rats. Although most of the behavioral, neurochemical, and

neuroplasticity data of the NVHL has been obtained from males; including

females in this study could have been interesting to explore the sex differences

of AAD treatment on these parameters and neuroplasticity.

5. Conclusion 

In rats with NVHL, which is a SZ-related developmental model, RISP

administration improves the structural neuroplasticity of SPNs in the NAcc,

enhances the Nrf2 pathway, and modulates the NO, the NF-κB, and the

MAPK pathways. These effects may be contributing to the previously found

cognitive performance improvement of the animals with NVHL (Tendilla- 
Beltrán et al., 2019b). This reinforces the hypothesis that AADs enhance the

brain function and improve behavioral performance in SZ beyond their

monoaminergic mechanisms.
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