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Abstract 

Schizophrenia is a debilitating mental disorder that involves several cognitive symptoms, 
including sensorimotor gating impairments. Sensorimotor gating can be measured via 

prepulse inhibition (PPI) of the startle response, in which the magnitude of a startle 

stimulus is attenuated by the presence of a pre-stimulus of lower intensity. Rodent 
studies evaluating the impact of brain-site specific manipulations on PPI have been very 

useful to provide insights into this basic schizophrenia-like deficiency. These studies 
show that PPI deficits are frequently accompanied by other symptoms, including 

psychomotor agitation, as well as alterations in the cortico-striatal-pallido-thalamic 
(CSPT) circuit. In particular, treatments that increase or decrease the activity of the 

medial prefrontal cortex (mPFC), hippocampus (HPC), or nucleus accumbens (NAc) 
reduce PPI. In this context, a dysfunctional cortical excitatory-inhibitory balance has 

been proposed as the main neural substrate for cognitive dysfunction in schizophrenia. 
Moreover, these studies show that PPI deficits can be improved by several antipsychotic 

drugs, including the neuropeptide oxytocin, which has been suggested as an alternative 

natural antipsychotic. In contrast to these rodent studies, human studies evaluate the 
association between natural behavioral differences (diagnosis, symptoms) and neural 

changes. Thus, in this Doctoral Dissertation, we aimed to contribute to bridge the gap 
between human and rodent studies by exploring whether spontaneous deficits in PPI in 

intact inbred and outbred rats are (i) associated with divergences in other schizophrenia-
related behaviors, (ii) related to functional and structural differences in the CSPT circuit, 

and (iii) attenuated by oxytocin. Our subjects of study were the inbred Roman high-
avoidance (RHA) and Low-avoidance (RLA) rats, and the outbred heterogeneous stock 

(HS) rats. RHA rats show lower PPI than RLAs, while HS rats were stratified in sub-

groups according to their PPI levels. The present experiments also aimed to provide 
further face, construct, and predictive validity to our animal models of schizophrenia-

relevant symptoms (RHA and HS Low-PPI rats). Regarding behavioral associations, our 
results show that increased exploration in response to novelty is associated with deficient 

PPI in HS and Roman rats. Moreover, a high anxious profile was found in rats with 
increased PPI, while no associations were seen with compulsive-like behavior. In relation 

to brain structural and functional associations with PPI, we combined structural magnetic 
resonance imaging and c-Fos expression after PPI in both HS and Roman rats. Our 

results indicate that lower PPI is associated with decreased mPFC activity in both Roman 
and HS rats and with increased NAc shell activity in HS rats. Reduced PPI is also 

associated with decreased mPFC and HPC volumes in Roman and HS rats. Additionally, 
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using immunofluorescence after PPI, we observed a lower percentage of active inhibitory 

GABAergic parvalbumin interneurons in RHA than RLA rats. Regarding oxytocin 
administration, we found that oxytocin increased PPI in HS rats, attenuated PPI deficits 

in RHA rats, and did not affect PPI in RLAs. Consistent with the differential oxytocin 
effects on PPI (RHA>RLA), constitutive CD38 expression (regulator of oxytocin release) 

was reduced in the mPFC of RHA rats compared to the RLAs, while oxytocin 
administration increased oxytocin receptor (OXTR) expression in both strains. This 

Doctoral Dissertation shows a consistent pattern of behavioral and neurobiological 

abnormalities in the HS-Low-PPI rats and RHA rats that increases the face, construct, 
and predictive validity of these rats as models of schizophrenia-related features. 

Importantly, our results support the idea that sensorimotor gating is modulated by 
forebrain structures and highlight the relevance of the mPFC and the cortical excitatory-

inhibitory balance in its regulation. 
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Abstract (Catalan version) 

L’esquizofrènia és una malaltia mental incapacitant que involucra diversos símptomes 

cognitius, com un filtratge sensoriomotor deteriorat. El filtratge sensoriomotor es pot 
mesurar mitjançant la inhibició prepols (IPP) de la resposta d’ensurt. Les investigacions 

en rosegadors sobre l’impacte d’alteracions cerebrals específiques sobre la IPP han 
estat molt útils per augmentar el coneixement d’aquesta deficiència bàsica de 

l’esquizofrènia. Aquests estudis mostren que els dèficits en IPP apareixen conjuntament 
amb altres símptomes, com ara l’agitació psicomotora, així com alteracions en el circuit 

cortico-estriato-pallido-talàmic (CEPT). Específicament, tractaments que augmenten o 
disminueixen l’activitat en el còrtex prefrontal medial (CPFm), l’hipocamp (HPC) o el 

nucli accumbens (NAc) redueixen la IPP. És important destacar que la desregulació 

cortical en el balanç excitació-inhibició s’ha proposat com el principal substrat subjacent 
als símptomes cognitius de l’esquizofrènia. A més, aquests estudis mostren que 

diversos fàrmacs milloren la IPP, com ara el neuropèptid oxitocina, el qual s’ha proposat 
com un antipsicòtic natural alternatiu. A diferència d’aquests estudis en rosegadors, els 

estudis en humans avaluen l’associació entre diferències naturals en la conducta 
(diagnòstic, símptomes) i canvis neurals. En aquesta Tesi Doctoral, ens vam proposar 

contribuir a l’establiment d’un pont entre els estudis en humans i rosegadors i, per això, 
vam explorar si els dèficits naturals en IPP en rates consanguínies i no-consanguínies 

intactes (i) s’associaven amb diferències en altres conductes relacionades amb 
l’esquizofrènia; (ii) es relacionaven amb diferències funcionals i estructurals en el circuit 

CEPT; i (iii) s’atenuaven per l’administració d’oxitocina. Els nostres subjectes d’estudi 

van ser les rates consanguínies Romanes d’alta i baixa evitació (RHA i RLA), i les rates 
no consanguínies de l’estoc heterogeni HS. Les RHA mostren menor IPP que les RLA, 

mentre que les HS es van estratificar en subgrups segons els seus nivells d’IPP. Els 
experiments plantejats també pretenien augmentar la validesa aparent, de constructe i 

predictiva dels nostres models animals de característiques rellevants per a 
l’esquizofrènia (RHA i HS-baixa-PPI). En relació amb les associacions conductuals, els 

nostres resultats mostren que l’exploració incrementada en resposta a la novetat 
s’associa amb dèficits en IPP en rates HS i Romanes. En relació amb les associacions 

cerebrals estructurals i funcionals amb la IPP, vam combinar l’ús de la ressonància 
magnètica estructural i l’expressió de c-Fos després de la IPP. Vam trobar que la baixa 

IPP s’associa amb baixa activitat del CPFm en rates Romanes i HS i amb un augment 

d’activitat en el NAc en rates HS. La baixa IPP s’associa també amb una disminució del 
volum cerebral del CPFm i l’HPC en rates Romanes i HS. A més, mitjançant l’ús 
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d’immunofluorescència després de la IPP, vam observar un menor percentatge 

d’activitat d’interneurones inhibitòries GABAèrgiques de tipus parvalbúmina al CPFm en 
rates RHA que en RLA. En relació amb l’administració d’oxitocina, vam trobar que 

l’oxitocina augmentava la IPP en rates HS i RHA, mentre que no afectava la IPP en les 
RLA. D’acord amb l’efecte de l’oxitocina sobre la IPP (RHA>RLA), els valors constitutius 

d’expressió de CD38 (regulador de l’alliberament d’oxitocina) al CPFm eren més baixos 
en les RHA que en les RLA, mentre que l’administració d’oxitocina va incrementar 

l’expressió del receptor de oxitocina (OXTR) en ambdues soques. Aquesta Tesi Doctoral 

mostra un patró consistent d’alteracions conductuals i neurobiològiques en rates HS-
baixa-IPP i RHA que incrementa la seva validesa aparent, de constructe i predictiva com 

a models animals de característiques relacionades amb l’esquizofrènia. És important 
destacar que els nostres resultats donen suport a la idea que el filtratge sensoriomotor 

està modulat per estructures cerebrals superiors i posen de manifest la rellevància del 
CPFm i el balanç cortical excitador-inhibidor en la seva regulació. 

  



Abstract 

 23 

Abstract (Spanish version) 

La esquizofrenia es una enfermedad mental incapacitante que involucra varios síntomas 

cognitivos, como un filtraje sensoriomotor deteriorado. El filtraje sensoriomotor se puede 
medir mediante la inhibición prepulso (IPP) de la respuesta de sobresalto. Los estudios 

en roedores que analizan el impacto de alteraciones cerebrales específicas sobre la IPP 
han sido muy útiles para aumentar el conocimiento sobre esta deficiencia básica de la 

esquizofrenia. Estos estudios muestran que los déficits en IPP aparecen junto a otros 
síntomas, como la agitación psicomotora, y alteraciones en el circuito cortico-estriato-

pallido-talámico (CEPT). Específicamente, tratamientos que aumentan o disminuyen la 
actividad del córtex prefrontal medial (CPFm), el hipocampo (HPC) o el núcleo 

accumbens (NAc) reducen la IPP. Es importante destacar que la desregulación cortical 

en el balance excitación-inhibición se ha propuesto como el principal sustrato 
subyacente a los síntomas cognitivos de la esquizofrenia. Además, estos estudios 

muestran que la IPP mejora con varios fármacos antipsicóticos, como el neuropéptido 
oxitocina, el cual se ha propuesto como antipsicótico natural alternativo. A diferencia de 

los estudios en roedores, los estudios en humanos evalúan la asociación entre 
diferencias conductuales naturales (diagnóstico, síntomas) y cambios neurales. En esta 

Tesis Doctoral, nos propusimos contribuir a establecer un puente entre los estudios en 
humanos y roedores y, para ello, exploramos si los déficits naturales en IPP en ratas 

consanguíneas y no consanguíneas intactas (i) se asociaban con diferencias en otras 
conductas relacionadas con la esquizofrenia; (ii) se relacionaban con diferencias 

funcionales y estructurales en el circuito CEPT; y (iii) se atenuaban por la administración 

de oxitocina. Usamos las ratas consanguíneas Romanas de alta y baja evitación (RHA 
y RLA), y las ratas no consanguíneas del stock heterogéneo HS. Las RHA muestran 

menor IPP que las RLA, mientras que las HS se estratificaron en subgrupos según su 
IPP. Los experimentos planteados también pretendían aumentar la validez aparente, de 

constructo y predictiva de nuestros animales modelo de características relevantes para 
la esquizofrenia (RHA y HS-baja-IPP). En relación con las asociaciones conductuales, 

nuestros resultados muestran que la exploración incrementada en respuesta a la 
novedad se asocia con déficits en IPP en ratas HS y Romanas. Respecto a las 

asociaciones cerebrales estructurales y funcionales con la IPP, combinamos el uso de 
resonancia magnética estructural y expresión de c-Fos después de la IPP. Encontramos 

que la baja IPP se asocia con baja actividad del CPFm en ratas Romanas y HS y con 

un aumento de actividad en el NAc en ratas HS. La baja IPP se asocia también con una 
disminución del volumen cerebral del CPFm e HPC en ratas Romanas y HS. Además, 
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mediante el uso de inmunofluorescencia después de la IPP, encontramos un menor 

porcentaje de actividad de interneuronas inhibitorias GABAérgicas de tipo parvalbúmina 
en el CPFm en ratas RHA que en RLA. Respecto a la administración de oxitocina, ésta 

aumentó la IPP en ratas HS y RHA, mientras que no afectó la IPP en las RLA. De 
acuerdo con el efecto diferencial de la oxitocina sobre la IPP (RHA>RLA), los valores 

constitutivos de expresión de CD38 (regulador de la liberación de oxitocina) en el CPFm 
fueron más bajos en ratas RHA que en las RLA, mientras que la administración de 

oxitocina incrementó la expresión del receptor de oxitocina (OXTR) en ambas cepas. 

Esta Tesis Doctoral muestra un patrón consistente de alteraciones conductuales y 
neurobiológicas en ratas HS-baja-IPP y RHA que incrementa su validez aparente, de 

constructo y predictiva como animales modelo de características relacionadas con la 
esquizofrenia. Nuestros resultados apoyan la idea de que el filtraje sensoriomotor está 

modulado por estructuras cerebrales superiores y ponen de manifiesto la relevancia del 
CPFm y el balance cortical excitador-inhibidor en su regulación.
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1. Schizophrenia 

 
1.1. Overview 

 
Schizophrenia is a common, severe, chronic, and incapacitating mental disorder that 

disturbs how a person perceives, thinks, feels, and behaves [1,2]. It typically starts in 
late adolescence or early adulthood (the usual onset age ranges from 16 to 30 years old) 

and affects 1% of the population worldwide [2,3]. This disorder represents significant 

health care costs and is related to a reduction of life expectancy of about 15 years on 
average [4]. 

 
Under the term of “dementia praecox”, schizophrenia was first identified and studied 

by Emil Kraepelin in 1893 [5]. It was described as a pattern of chronic and severe social 
and functional impairments, including psychotic symptoms (i.e. hallucinations and 

delusions), starting at early adulthood. Later on, in 1908, Eugene Bleuler redefined 
“dementia praecox” as “schizophrenia”, from the Greek roots σχίζειν “schizein” (split) 

and φρήν “phrēn” (mind) [5,6]. According to Bleuler, apart from hallucinations and 

delusions that are also present in other disorders (e.g. bipolar disorder), there were some 
fundamental symptoms of schizophrenia, such as thought and speech incoherence, 

abolition, affective incongruence, and autism. However, nowadays the concept of 
schizophrenia has changed to a more accurate description of signs and symptoms.  

 
 

1.2. Symptoms  
 

Following the observations of Kraepelin and Bleuler, several clinicians have made 
efforts to redefine and better describe the concept and diagnostic criteria of 

schizophrenia. Their work has led to a standardized classification by the American 

Psychiatry Association included in their editions of the Diagnostic and Statistical Manual 
of Mental Disorders (DSM). As shown in Table 1, in the 5th edition of the DSM [7], the 

diagnosis of schizophrenia requires at least two of the five symptoms of Criterion “A”, 
being one of them delusions, hallucinations, or disorganized speech (known as positive 

symptoms). Moreover, the signs of disturbance included in criterion “B”, involving social 
and functional impairment, must last for at least six months with one month of symptoms 

that meet Criterion “A”.  
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Even though these criteria are very helpful to standardize the diagnosis of the 

disorder, schizophrenia is an extremely complex neuropsychiatric disease with several 
signs and symptoms that vary from patient to patient and may change in the course of 

the disorder in the same patient [2,8–11].  
 

Table 1. Diagnostic criteria for schizophrenia [7]. 

A. Two (or more) of the following, each present for a significant portion of time during a 1-month period (or less if 
successfully treated). At least one of these must be (1), (2), or (3): 

1. Delusions 
2. Hallucinations 
3. Disorganized speech (e.g., frequent derailment or incoherence) 
4. Grossly disorganized or catatonic behavior 
5. Negative symptoms (i.e., diminished emotional expression or avolition) 

B. For a significant portion of the time since the onset of the disturbance, level of functioning in one or more 
major areas, such as work, interpersonal relations, or self-care, is markedly below the level achieved prior to the 
onset. 
C. Continuous signs of the disturbance persist for at least 6 months. This 6-month period must include at least 1 
month of symptoms (or less if successfully treated) that meet Criterion A (i.e., active-phase symptoms) and may 
include periods of prodromal or residual symptoms. During these prodromal or residual periods, the signs of the 
disturbance may be manifested by only negative symptoms or by two or more symptoms listed in Criterion A 
present in an attenuated form (e.g., odd beliefs, unusual perceptual experiences) 
D. Schizoaffective disorder and depressive or bipolar disorder with psychotic features have been ruled out 
because either: (1) no major depressive or manic episodes have occurred concurrently with the active-phase 
symptoms, or (2) if mood episodes have occurred during active-phase symptoms, they have been present for a 
minority of the total duration of the active and residual periods of the illness 
E. The disturbance is not attributable to the physiological effects of a substance or another medical condition 
F. If there is a history of autism spectrum disorder or a communication disorder of childhood onset, the additional 
diagnosis of schizophrenia is made only if prominent delusions or hallucinations, in addition to the other required 
symptoms of schizophrenia, are also present for at least 1 month (or less if successfully treated) 

 
Apart from the diagnostic criteria, the symptoms of schizophrenia are typically divided 

into three main categories, including positive, negative, and cognitive symptoms [10,12]: 
 

• Positive symptoms: represent a loss of touch with reality, such as 
hallucinations, delusions, disorganized thinking, and psychomotor agitation. 

• Negative symptoms: involve disrupted emotions and social behaviors, such as 
flattened affect, reduced speech, abulia, lack of initiative, and social withdrawal. 

• Cognitive symptoms: denote a reduction in intellectual functioning and cause 
the most severe consequences in some patients in the long term. Of note, these 

symptoms usually remain when the active-phase of the disease (Criterion “A”) 
has vanished [6]. Examples of these symptoms are deficient working memory, 

difficulties to pay attention or focusing, and poor executive functioning.  
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On the other hand, schizophrenia also shows comorbidity with anxiety and 

obsessive-compulsive symptoms [13,14]. In this regard, it is estimated that 38.3% of 
people with schizophrenia spectrum disorders show comorbid anxiety disorders, such 

as social phobia, posttraumatic stress disorder, and obsessive-compulsive disorders 
[14]. The presence and severity of anxiety and obsessive-compulsive symptoms in 

schizophrenic patients are related to more severe clinical features and poorer outcomes. 
 

 

1.3. Risk factors 
 

Although the origin of schizophrenia remains unknown, it is demonstrated that both 
genetic risk and environmental factors interact to cause the disorder [2,15]. Accordingly, 

it is not just a genetic history or a disrupted environment that leads to the development 
of schizophrenia, but a complex interaction of factors throughout lifespan.  

 
 

1.3.1. Genetic factors 

 
Many genetic studies, including family, twins and, adoption studies, have highlighted 

that the genetic factor plays a key role in the risk of suffering from schizophrenia [11,16–
18]. As displayed in Fig. 1, the closer the relative with schizophrenia are, higher is the 

risk of developing this disorder (from general population to identical twins). Of note, it 
has been calculated that the genetic heritability of schizophrenia may reach up to 80% 

[19,20], which means that most of individual differences that cause vulnerability to 
develop this disorder are related to genetics. However, 63% of schizophrenic patients 

with no first- or second-degree relatives diagnosed with schizophrenia [21]. This 
evidence opened the door to study environmental factors associated with increased odds 

of suffering schizophrenia. 
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Figure 1. Genetic and environmental risk factors in schizophrenia. (Adapted from [21]). The figure 
illustrates the increasing risk of suffering from schizophrenia when genetic and environmental risk factors 
interact. Blue bars indicate the increasing genetic risk of developing schizophrenia according to the 
percentage of shared genes (e.g. from general population to identical twins). The triangle shows some 
examples of environmental factors during two neurodevelopmental critical periods (i.e. prenatal to birth and 
postnatal to adolescence periods) that increase the risk of suffering from schizophrenia. 

 
 

1.3.2. Environmental factors 
 

As shown in Fig. 1, there are two main critical periods in the neurodevelopment when 
some environmental factors can increase the risk of developing schizophrenia [2]: 

 

• From prenatal period to birth: some factors can disrupt the normal brain 

maturational processes during this period, such as prenatal maternal viral 
infection, prenatal malnutrition, advanced parental age, season of birth (winter), 

or obstetrical complications [22–25].  
 

• From postnatal period to the end of adolescence: some insults can increase 
the vulnerability to schizophrenia during this period, such as childhood trauma or 
adversity, famine, urban dwelling, or cannabis smoking [26–29]. 

 

Finally, it is important to mention that both environmental and genetic factors can 
compensate each other. For instance, a genetic risk of schizophrenia can be attenuated 

by suitable environmental inputs, as well as an environmental risk of schizophrenia can 
be prevented by low genetic risk [2,15,25,30].  
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1.4. Neuroanatomy 

 
Several approaches, from postmortem to magnetic resonance imaging (MRI) 

studies, have allowed mapping several brain regions that are affected in schizophrenia. 
These brain areas go from brain stem and midbrain to forebrain regions, with special 

interest to forebrain areas that modulate our behavior and cognition, such as the 
prefrontal cortex (PFC), the hippocampus (HPC), and the striatum [3,31].  

 

 
1.4.1. Prefrontal cortex 

 
Following the work of Kraepelin, Alois Alzheimer systematically investigated the 

postmortem brain of patients with “dementia praecox”. Importantly, in his first publication 
in 1983, Alzheimer described the thinning of the neocortical layers in patients with 

“dementia praecox”, which he interpreted as a sign of a destructive process [6]. 
Conversely, recent studies postulate that there is an impairment in the regeneration 

process, rather than a destructive process [6]. Either way, more than a century later, it is 

still well accepted that neocortical alterations, particularly in the prefrontal cortex (PFC), 
play a major role in the psychotic profile and are one of the main targets in the treatment 

of schizophrenia [31]. 
 

The PFC is a prominent region in primates that regulates various higher-order 
executive functions that are impaired in schizophrenia, such as perception, attention, 

motivation, language, reasoning, memory, consciousness, response inhibition, decision-
making, etc. [32,33]. In general, the main function of the PFC is to integrate sensory and 

motor information from subcortical brain regions, along with past experiences, to provide 
appropriate responses [33]. Even though the PFC is more prominent in primates, lesion 

studies in rodents have shown that the rodent medial PFC (mPFC) may be involved in 

some cognitive functions similar to the primate PFC, such as working memory, 
attentional shifting, and the regulation of emotional responses [33–36]. In this sense, and 

in agreement with the observations of Dr. Alzheimer, MRI studies have reported 
structural and functional abnormalities in the PFC of patients with schizophrenia [37–39]. 
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1.4.2. Hippocampus 

 
The HPC is located at the medial temporal lobe in primates and is present in all 

mammalian species [33]. This brain area plays a relevant role in the regulation of several 
behaviors and cognitive functions that are impaired in schizophrenia, such as spatial 

navigation, and learning and memory [40–42]. The HPC regulates these behaviors and 
cognitive functions in intimate connection with the PFC [33]. In this sense, it has been 

observed that the connectivity between the PFC and the HPC is disrupted in 

schizophrenic patients [33]. Moreover, as for the PFC, several MRI studies have 
revealed abnormalities in the HPC of schizophrenic patients [43]. 

 
 

1.4.3. Dorsal and ventral striatum 
 

The striatum is a nucleus located in the subcortical basal ganglia of the forebrain and 
is involved in various components of cognition that are dysfunctional in schizophrenia. 

The striatum is divided into the dorsal and ventral parts. The dorsal striatum mediates 

cognitive processes, such as stimulus-response learning (habit formation), motor and 
action planning, decision-making, and executive functions (e.g. inhibitory control and 

impulsivity), whereas the ventral striatum (so-called nucleus accumbens, NAc) mediates 
reward perception, salience processing, reinforcement, and motivation [44–46]. Of note, 

this brain area modulates these behaviors and cognitive functions through afferent and 
efferent pathways from and to the PFC [47]. In this regard, several reports have revealed 

that the striatum shows structural and functional abnormalities in schizophrenia and is 
responsible for the positive symptomatology of the disorder [47]. 

  
Thus, experimental evidence is generally consistent with the idea that alterations in 

the PFC, HPC, or striatum underlie schizophrenia symptoms [31,37–39,43,47]. 

However, it has to be taken into account that psychiatric disorders, such as 
schizophrenia, show subtle neuroanatomical differences compared to neurological 

disorders, where the causes are clearly due to alterations of specific brain regions. 
Therefore, regarding the causes of psychiatric disorders, it is important to consider 

impairments at the level of synapses, connectivity between brain regions, and 
neurotransmission [16].  
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1.5. Etiology 

 
It is difficult to establish a specific dysfunctional brain pattern in schizophrenia, as 

symptoms differ from patient to patient and may change in the same patient [8–11]. 
Moreover, as mentioned before, schizophrenia is not the consequence of a dysfunction 

of specific brain regions, but an impairment at the level of complex neuronal circuits 
among various brain areas [16,17,48,49]. In this sense, as summarized in Fig. 2, four 

main hypotheses have been postulated to try to explain the neural mechanisms 

underlying schizophrenia symptoms. These hypotheses are based on the alteration of 
four different neurotransmitters: dopamine, serotonin, glutamate, and GABA.  

 
 

 
Figure 2. Summary of dopamine, serotonin, glutamate and GABA hypotheses of schizophrenia. 
Representation of four levels of evidence for the four neurotransmitter hypotheses of schizophrenia: a) 
neurotransmitter levels in subcortical or cortical brain regions (↑ or ↓); b) receptor abnormalities in cortical 
and subcortical brain areas; c) pharmacological action of probed enhancer or reducer antipsychotic drugs; 
d) symptoms explained by the hypothesis. For details see sections 1.5.1-4.  

 

 
1.5.1. Dopamine hypothesis 

 
Dopamine is a neurotransmitter that plays a central role in developing appropriate 

goal-directed behaviors [50], and it binds to four subtypes of metabotropic receptors (D1, 
D2, D3, D4) all over the brain [51]. Importantly, this neurotransmitter has three main 

projections from the substantia nigra and ventral tegmental area to: (i) the dorsal striatum 

(nigrostriatal pathway), (ii) ventral striatum (mesolimbic pathway), and (iii) PFC 
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(mesocortical pathway); and dopamine has also a fourth endocrine pathway from the 

hypothalamus to the pituitary gland (tuberoinfundibular pathway) [50,51]. In this regard, 
the dopamine hypothesis postulates that there is a hyperdopaminergic activity in both 

the nigrostriatal and mesolimbic pathways, which can explain positive symptoms, and 
reduced dopaminergic activity in the mesocortical pathway, which can explain part of the 

negative symptoms [3]. This hypothesis stems from the observations that dopamine 
agonists (amphetamine or cocaine) induce psychotic symptoms in healthy subjects and 

aggravate them in schizophrenic patients [52]; and that the potency of an antipsychotic 

drug to reduce positive symptoms is proportional to the degree of dopamine D2 receptor 
antagonism (e.g. chlorpromazine or haloperidol; [53–56]). Moreover, evidence from 

postmortem studies shows abnormalities in the pre- and post-synaptic dopaminergic 
receptors in schizophrenic patients, such as increased D2 receptors in striatal areas [57], 

and reduced D1 receptors in the fronto-parieto-temporal cortex [51] (see Fig. 2). 
However, these dopaminergic abnormalities in schizophrenic patients may be explained 

as a consequence of antipsychotic treatments, as it has not been confirmed in untreated 
patients [58]. 

 

The discovery of the second-generation (atypical) antipsychotics that act on other 
receptors, apart from the D2 receptor, suggests that the etiology of schizophrenia would 

need alternative hypotheses to explain its underlying mechanisms. 
 

 
1.5.2. Serotonin hypothesis 

 
Serotonin is a neurotransmitter that mediates excitatory and inhibitory transmission 

by modulating the release of other neurotransmitters, such as glutamate, GABA, or 
dopamine [59]. It binds to metabotropic (5HT1, 2, 4-7) and ionotropic (5HT3) receptors 

in several brain regions. The serotonin hypothesis suggests that schizophrenia is a 

consequence of a dysfunction in the serotoninergic system. It is based on the fact that 
serotonin agonists of the 5HT1A and 5HT2A receptors (e.g. LSD or DOI) cause 

psychotomimetic effects, such as hyperactivity or hallucinations [60]; and the discovery 
that the antagonism of the 5HT2A receptor is the basis of the therapeutic action of the 

second-generation (atypical) antipsychotic drugs (e.g. clozapine, risperidone or 
olanzapine;  [61,62]). Unlike the first-generation antipsychotic drugs, the atypical 

antipsychotics have revealed improvements not only in positive symptoms, but also in 
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negative symptoms [63,64]. In this regard, it seems that the 5HT2A antagonism would 

result in a specific increase in dopamine transmission in the mesocortical pathway 
[61,62]. In line with pharmacological studies, postmortem studies have shown increased 

expression of the 5HT1A receptor and decreased expression of the 5HT2A receptor in 
the frontal cortex [43], as well as elevated serotonin levels in subcortical brain areas and 

reduced cortical levels [65] (see Fig. 2). 
 

Nevertheless, as serotonin cannot explain the whole complexity of signs and 

symptoms of schizophrenia and it regulates other neurotransmitter systems, such as 
glutamate and GABA, other alternative hypotheses have been proposed. 

 
 

1.5.3. Glutamate hypothesis 
 

Glutamate is the main excitatory neurotransmitter in the brain. It is involved in several 
kinds of learning and memory processes, and its function is crucial during prenatal and 

early childhood brain development [31,57]. It acts on both ionotropic (NMDA, kainate, 

and AMPA) and metabotropic (mGlu1-8) receptors. The glutamate hypothesis suggests 
that excessive glutamatergic release from cortical to subcortical brain regions would 

cause an increase of dopamine in the mesolimbic system [31,48]. This is supported by 
the evidence that glutamate NMDA antagonists increase subcortical dopamine and 

cause positive, negative, and cognitive symptoms in healthy subjects, while pro-
dopaminergic drugs only replicate positive symptoms [66,67]. In line with this idea, 

postmortem studies highlight several alterations in the normal functioning of the 
glutamatergic system in schizophrenia, such as the presence of hypofunctional NMDA 

receptors in inhibitory cortical neurons that would lead to increased subcortical 
glutamatergic release [66] (see Fig. 2 and 3). 
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Figure 3. Schematic representation of the GABA/Glutamate balance in the PFC. In normal physiological 
conditions, cortical glutamatergic pyramidal neurons activate cortical GABAergic parvalbumin (PV) 
interneurons that, in turn, inhibit the pyramidal neurons. In the magnification, there is a glutamatergic NMDA 
receptor with the scaffolding protein PSD-95 on a PV interneuron. This feedback between cortical 
GABAergic and glutamatergic neurons regulates the stimulation of dopaminergic cortical and mesolimbic 
neurons. In schizophrenia, reduced PV interneurons activation due to a dysfunctional glutamatergic drive 
(measurable as reduced PSD-95 puncta on PV interneurons) leads to overactivation of glutamatergic 
projections. This disruption in the cortical GABAergic and glutamatergic regulation leads to higher 
glutamatergic transmission that overstimulates: i) mesolimbic GABAergic neurons that overinhibit 
dopaminergic neurons that project to the PFC, causing negative and cognitive symptoms; and ii) mesolimbic 
dopaminergic neurons, responsible for positive symptoms. 

 

 
 

1.5.4. GABA hypothesis 
  

Gamma-aminobutyric acid (GABA) is the main inhibitory neurotransmitter in the brain 
and plays a crucial role in the modulation of several cognitive processes in the PFC 

[68,69]. It binds to ionotropic (GABA-A) and metabotropic (GABA-B) receptors in several 
brain regions [68]. Following the glutamate hypothesis, the GABA hypothesis postulates 

that GABA-mediated cortical inhibition is dysfunctional in schizophrenia, leading to 
higher excitatory neural transmission to subcortical brain areas [48,68,70]. In this regard, 

as illustrated in Fig. 3, it has been suggested that dysfunctional NMDA receptors in 

GABAergic neurons do not activate these inhibitory neurons, and it leads to 
overactivation of glutamatergic projections [48,67]. This higher glutamatergic 
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transmission overstimulates (i) mesolimbic dopaminergic neurons, responsible for 

positive symptoms; and (ii) mesolimbic GABAergic neurons that, in turn, overinhibit 
dopaminergic neurons that project to the PFC, causing negative and cognitive symptoms 

([48]). This hypothesis is based on the evidence that schizophrenic patients show poor 
gamma oscillation frequency in the PFC, a pattern of neuronal firing critical for cognitive 

abilities, such as attention and working memory [67,71,72]. Gamma oscillations depend 
on cortical inhibitory circuitry and it seems that dysfunctional cortical GABA-mediated 

synaptic inhibition would explain cognitive impairment in schizophrenia [69]. Particularly, 

a subpopulation of GABA neurons that expresses the calcium-binding protein 
parvalbumin (PV) seems to be essential to provide inhibitory inputs and to drive cortical 

gamma oscillations [72]. In this regard, postmortem studies show altered PV neurons in 
the PFC of schizophrenic patients [73–77]. 

 
 

1.6. Pharmacological treatments 
 

Antipsychotic drugs are the first line of treatment for schizophrenia. These 

pharmacological treatments must be personalized and maintained in the long-term, as 
they aim at the symptoms but not the causes of the disorder [18]. Once the patient is 

stabilized, psychological approaches can be introduced in the treatment of schizophrenia 
[18,78]. 

 
1.6.1. Typical antipsychotics 

 
The first drug used to treat the psychotic symptoms of schizophrenia was 

chlorpromazine, which was discovered by mistake in the early 1950s [79]. 
Chlorpromazine gave rise to the first-generation (typical) antipsychotic drugs that have 

in common the D2 receptor antagonism [53,54]. This pharmacological action of blocking 

the D2 receptor has beneficial effects in the mesolimbic pathway (see “1.5.1. Dopamine 
hypothesis”), as it reduces positive symptoms [53–55,62]. However, it causes severe 

motor side effects when acting in the nigrostriatal pathway, including dystonia, 
parkinsonism, and akathisia, or endocrine abnormalities when acting on the 

tuberoinfundibular pathway, and it aggravates negative and cognitive symptoms via the 
mesocortical pathway [11,18,47,62,80]. Some examples of typical antipsychotics are 

chlorpromazine, haloperidol, and thiothixene.  
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1.6.2. Atypical antipsychotics 

 
With the idea to reduce the motor and cognitive side effects, over the past 30 years 

a new generation of antipsychotics has been developed. These antipsychotics are called 
the second-generation (atypical) antipsychotic drugs. They have in common lower 

affinity to block the D2 receptor than the typical antipsychotic drugs and the ability to 
block the 5HT2A receptor (see “1.5.2. Serotonin hypothesis”).  In this sense, the atypical 

antipsychotics are less effective with positive symptoms than the typical ones, but they 

improve negative and cognitive symptoms by increasing dopamine in the mesocortical 
pathway [63,64]. However, the beneficial effects of the atypical antipsychotic drugs over 

the negative and cognitive symptoms are a matter of controversy [81,82]. Moreover, 
these drugs still cause severe side effects, including weight gain, tardive dyskinesia, and 

metabolic disorders [18,81]. Some examples of atypical antipsychotics are clozapine, 
lurasidone, olanzapine, paliperidone, quetiapine, risperidone, and ziprasidone. 

 
On the other hand, a more recent pharmacological approach has tried to aim at the 

differential role that dopamine seems to play in the development of positive and negative 

symptoms. According to the dopaminergic hypothesis, positive symptoms are due to 
excessive dopamine in the mesolimbic pathway and lower dopamine in the mesocortical 

pathway (see “1.5.1. Dopamine hypothesis”). In this sense, the third-generation 
(atypical) antipsychotic aripiprazole shows dual actions according to dopamine levels, 

as it acts as a partial antagonist when dopamine activity is high (blocking the receptor in 
the mesolimbic pathway) and acts as partial agonist when dopamine activity is low 

(activating dopamine receptors in the mesocortical pathway) [64]. However, it should be 
considered that aripiprazole is less effective with positive symptoms, does not work in all 

patients, and causes serious side effects, including agranulocytosis, neuroleptic 
malignant syndrome, and tardive dyskinesia [18,64]. 

 

Finally, it is noteworthy that about 50-70% of first-episode schizophrenic patients 
respond to antipsychotic drugs, with this response rate decreasing to 20% for those who 

suffer a second psychotic episode [83]. Thus, about a 30% of patients diagnosed for 
schizophrenia suffer from treatment-resistant schizophrenia, as they never respond to 

any antipsychotic drugs. Moreover, as mentioned before, most antipsychotic 
medications are effective with positive symptoms but worsen or have no effect on 

negative and cognitive symptoms [81,82]. Additionally, antipsychotics are known to 
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cause other serious physiological side effects, such as weight gain, diabetes, movement 

disorders, tardive dyskinesia, prolactin elevation, and sedation [18]. For all these 
reasons, there is an urgent need to find better and more effective treatments for 

psychotic disorders. 
 

 
1.6.3. Oxytocin 

 

With the idea to reduce side effects and act on other relevant brain targets, such as 
glutamate or GABA, other alternative pharmacological drugs have been proposed to 

treat schizophrenia. One of the possible candidates meeting these two criteria is oxytocin 
[84–86], which is an endogenous neuropeptide synthesized in the paraventricular and 

supraoptic nuclei of the hypothalamus. Traditionally, oxytocin was associated with 
uterine contractions and breastfeeding. Nevertheless, it has been recently linked to 

social and cognitive-related behaviors [87,88]. Specifically, increased oxytocin levels in 
blood plasma are related to various positive events, such as trust, physical contact with 

a partner, reduced hormonal response to stressors, or reduced anxiety. In contrast, 

reduced levels of oxytocin in blood plasma have been related to several psychiatric 
conditions, such as autism spectrum disorders, depression, and schizophrenia [89]. 

Particularly, oxytocin has been proposed as an alternative natural antipsychotic, as the 
exogenous administration of oxytocin increases trustworthiness in healthy subjects 

[90,91], reduces positive and negative symptoms in schizophrenia [92], increases eye 
gaze in schizophrenia [93], and improves several schizophrenia-like behaviors in rodents 

[84,94–96]. In this regard, findings are generally consistent with the idea that oxytocin 
has an inhibitory profile, as it reduces glutamate and increases GABA release [97–99]. 

Moreover, human functional MRI studies have proved that peripherally administered 
oxytocin modulates the PFC activity [100]. Importantly, following the glutamate and 

GABA hypotheses, the administration of oxytocin might help to reduce the activity of the 

glutamatergic and dopaminergic systems in subcortical areas and increase dopamine in 
the PFC by increasing cortical inhibition (see “1.5.3. Glutamate hypothesis” and “1.5.4. 

GABA hypothesis”). Thus, oxytocin could reduce positive, negative, and cognitive 
symptoms [92,101]. Although oxytocin is not yet an approved drug for the treatment of 

schizophrenia, findings are encouraging and indicate that it deserves further 
investigation.  
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2. Animal models of schizophrenia: 

 
An animal model is a more manageable and simplified form of a human clinical 

condition [102,103]. The most used model organisms in neurosciences are rats and 
mice, which share very similar genetic bases with humans [104]. Moreover, these 

models allow the use of more invasive procedures to study the molecular and structural 
bases of the human clinical condition [105]. 

 

 
2.1. Validity criteria 

 
The development of animal models constitutes a necessary tool to increase our 

knowledge about the neurobiological basis of psychiatric disorders and the development 
of novel treatments [105]. However, as illustrated in Fig. 3, in order to consider an animal 

model as a useful tool to study a specific psychiatric disorder, it should meet the three 
independent validity criteria [105–107]: 

 

• Face validity: the animal model must replicate most symptoms of the human 
clinical condition (i.e. analogy with human symptoms). However, some symptoms 
of schizophrenia cannot be mimicked in rodents, such as hallucinations or 

delusions.  

• Construct validity: the animal model must replicate the theoretical 
neurobiological mechanisms underlying the human clinical condition. 

• Predictive validity: the animal model must respond to the same treatments that 
improve or worsen the symptoms of the human clinical condition.  

 
Thus, and according to Jones and colleagues [105], an ideal animal model of 

schizophrenia must show deficits after puberty, loss of connectivity and functionality 
between the HPC and the PFC, dopaminergic and glutamatergic dysfunctions, 

vulnerability to stress, reward-related impairments, attentional/cognitive deficits, and 
reduced social behavior and/or anhedonia.   
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2.2. Schizophrenia-relevant symptoms in rodents 

 
As summarized in Fig. 4, there are several rodent behaviors that are relevant to 

positive, negative, and cognitive signs and symptoms of schizophrenia [103]. These 
schizophrenia-like symptoms represent the “face validity” of an animal model. However, 

these symptoms must be accompanied by alterations in schizophrenia-relevant brain 
circuits (“construct validity”), as well as significant responses to effective schizophrenia-

relevant treatments (“predictive validity”).  

 
Figure 4. Summary of rodent behaviors that are relevant to positive, negative, and cognitive 
symptoms of schizophrenia, and validity criteria of animal models. Analysis of rodent behavior goes 
from alterations in motor responses (psychomotor agitation relative to positive symptoms) and social 
preference (reduced behavior in social contexts relative to negative symptoms) to cognitive alterations 
(deficits in cognitive-related tasks relative to cognitive symptoms). An animal model is considered a useful 
tool to study a specific psychiatric disorder when it meets the three independent validity criteria: face validity 
(similar symptoms in rodents and schizophrenic patients), construct validity (similar brain mechanisms 
involved in rodents and schizophrenia), and construct validity (similar drug effects in rodents and 
schizophrenia). 

 
 

2.2.1. Positive symptoms 
 

Since the main positive symptoms of schizophrenia cannot be measured in rodents 
(i.e. delusions, hallucinations, or thought disorder), the primary positive symptom 

mimicked in rodents is psychomotor agitation (relative to grossly disorganized behavior 
in schizophrenia). This psychomotor agitation is measured as spontaneous increased 

locomotor activity in the home-cage, in response to novelty (e.g. in the open field test), 
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or in response to psychotomimetic drugs (e.g. increased effects of amphetamine, 

cocaine, phencyclidine (PCP), ketamine, etc. compared to control group) [103]. 
 

 
2.2.2. Negative symptoms 

 
In general, negative symptoms are measured in rodents as decreased social 

behavior and anhedonia. Examples of these symptoms are [103]: 

 

• Social withdrawal. 

• Decreased interaction with a juvenile conspecific. 

• Decreased place preference for a caged peer conspecific. 

• Decreased preference for social novelty. 

• Altered social dominance on tube test. 

• Altered aggression behavior on resident intruder assay. 

• Decreased nesting behavior. 

• Reduced home-cage social interaction. 
 

 
2.2.3. Cognitive symptoms 

 
Cognitive symptoms would be inferred in rodent by gathering behavioral samples in 

three main domains, such as impairments in [103]:  

 

• Working memory (e.g. impaired working memory performance in the T-maze, the 
8-arm radial maze, or the Morris water maze). 

• Attention, sensorimotor gating, and executive functions (e.g. decreased 
sensorimotor gating, latent inhibition, 5-choice serial reaction time test, or set-
shifting ability, i.e. cognitive flexibility). 

• Spatial learning (e.g. decreased spatial learning in the Morris water maze or the 
8-arm spatial maze). 
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2.3. Sensorimotor gating impairments 

 
Sensorimotor gating is defined as the ability of a sensory event to suppress a motor 

response, and it can be operationally measured via prepulse inhibition (PPI) of the startle 
response in both humans and rodents [108,109]. As illustrated in Fig. 5, in PPI the 

magnitude of the startle response is attenuated by the presence of a pre-stimulus of 
lower intensity [110]. This attentional and cognitive ability is impaired in several clinical 

conditions, such as schizophrenia, Tourette’s syndrome, and obsessive-compulsive 

disorder [111–113]. Experimentally-induced PPI deficits in rodents are used as a 
common endophenotype to model this basic schizophrenia-like deficiency [114–116]. 

 

 
Figure 5. Representation of prepulse inhibition (PPI) of the acoustic startle response. a) A high-
intensity acoustic stimulus elicits a startle response. b) PPI refers to the ability of a low-intensity stimulus 
(prepulse) to reduce the startle response triggered by the high-intensity stimulus. c) When PPI deficits are 
present, subjects show poor ability to diminish the startle response. 

 
The study of PPI has gained relevance since it was first demonstrated in 1978 that it 

is reduced in schizophrenic patients [117]. Since then, PPI deficits in schizophrenia have 
been replicated in almost 40 reports in the literature [118,119]. Moreover, PPI is a useful 

and objective measure to study the mechanisms underlying schizophrenia, as it is 
characterized by: 

 

• High test-retest stability: PPI shows stable individual differences [120,121]. 

• Response to antipsychotic drugs: PPI deficits are mitigated by effective 
antipsychotic treatments in schizophrenic patients [122], as well as in animal 
models [123]. 

• Genetic and environmental influences: PPI deficits are also found in 
unaffected relatives of schizophrenia patients [124] and can be experimentally 
induced by environmental treatments in rodents, such as social isolation [125–

127]. 
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Regarding the neural bases of PPI, the startle reflex would be elicited by an excitatory 

input from the auditory pathway that activates the caudal pontine tegmental nucleus 
(PnC) and produces a motor startle response; while the PPI of the startle reflex is 

triggered by excitatory projections from the auditory pathway that via inferior and superior 
colliculus trigger the activation of the pedunculopontine tegmental nucleus (PTg) and 

inhibit the PnC [123]. Nevertheless, rodent and human studies have revealed that PPI is 
modulated by the cortico-striatal-pallido-thalamic (CSPT) circuit involving efferent 

pathways from the PFC, thalamus, HPC, amygdala, and dorsal and ventral striatum to 

the PTg [39,113,123,128,129]. In this sense, both animal and human temporal lobe 
epilepsy studies have involved the HPC and the amygdala in the PPI dysfunction [113]. 

It seems that the HPC and the amygdala act via NAc on the PPI circuit, even though 
other studies suggest that it is through the mPFC [130,131]. The NAc and the mPFC, 

through glutamatergic projections, would regulate the PTg, which in turn would reduce 
or increase the startle reflex. In this regard, as described for schizophrenia (see “1.4. 

Neuroanatomy” and “1.5. Etiology”), findings generally agree that PPI deficiencies are 
accompanied by dysregulation between cortical and subcortical brain areas [37–

39,123,132]. 
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2.4. Experimental strategies 

 
Animal models of schizophrenia have been developed with the idea to better 

understand the underlying mechanism of the disorder, as well as to find novel and 
improved treatments. In order to do so, several experimental strategies have been 

developed. These strategies can be divided into two main categories: (i) from brain 
mechanisms to behavior and (ii) from behavior to brain mechanisms. 

 

 
2.4.1. From brain mechanisms to behavior 

 
A usual approach in rodent studies of schizophrenia has been to assess the impact 

of specific brain manipulations on behavior. These manipulations can be classified into 
four main groups, namely lesion, pharmacological, genetic and neurodevelopmental 

studies, and are summarized in Table 2. 
 
 
Table 2. From brain mechanisms to behavior experimental strategies. 

 Manipulate specific Focused on Examples 
Lesion  
studies 

Brain regions The role of 
neurodegeneration in 

schizophrenia 
 

Lesion of the mPFC 
[133,134], HPC 

[78,133,135], NAc 
[136] 

 
Pharmacological 

studies 
Neurotransmission 

systems 
The role of 

dysfunctional 
neurotransmission in 

schizophrenia 

Propsychotic 
[58,123,137] and 

antipsychotic 
[138,139] drugs  

 
Genetic  
studies 

Neural targets The genetic 
susceptibility to 

develop schizophrenia 

Dopamine [140] and 
glutamate [106,141] 
receptors; DISC-1, 
COMT, Neuregulin, 

etc. [19]  
 

Neurodevelopmental 
studies 

Neurodevelopmental 
periods 

The environmental risk 
to develop 

schizophrenia 

Neonatal viral 
exposure [142–144] or 

post-weaning social 
isolation [125,126,145] 
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All these experimental strategies have in common the use of invasive procedures to 

cause or reverse schizophrenia-like symptoms. Thus, these approaches go from brain 
differences to behavioral features. Moreover, these animal models allow the use of 

invasive procedures, such as immunohistochemistry of brain tissue, to study or confirm 
the impact of these manipulations. These studies provide fundamental knowledge about 

the etiology of schizophrenia. However, these hypothesis-driven approaches do not 
allow to assess the contribution of unexpected processes that may be relevant for the 

disorder. 

 
 

2.4.2. From behavior to brain mechanisms 
 

In contrast to the hypothesis-driven approaches, other studies have used intact 
rodents that spontaneously differ in illness-related symptoms to study brain alterations 

[146–150]. These studies are based on stratifying or selectively breeding animals for 
spontaneous differences in specific behavioral phenotypes to look at brain mechanisms. 

Examples of selectively bred animal models of schizophrenia are (i) the Low- and High-

PPI rat strains [116,151]; (ii) the APO-SUS/APO-UNSUS, which are High- and Low-
susceptible to the dopaminergic agonist apomorphine rat strains, respectively [152]; and 

(iii) the Spontaneous Hypertensive rat strain (SHR) that shows hyperactivity, attention 
deficits, and PPI impairments [153]. Of note, this approach is similar to human studies, 

as they generally evaluate the correlation between behavioral differences (diagnosis, 
symptoms) and neural changes (e.g. using MRI after PPI [39,154]). However, the rodent 

models allow the use of invasive procedures that are not applicable to humans (e.g. 
immunohistochemistry after a behavioral test). This approach is less specific than the 

hypothesis-driven approaches, but it does not present the limitation of assuming a given 
mechanism.  
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2.5. Roman and HS rats 

 
Among the animal models of schizophrenia based on an approach that goes from 

behavior to brain mechanisms, the inbred Roman high-avoidance (RHA) and low-
avoidance (RLA) rats, as well as the “National Institute of Health N/Nih Heterogeneous 

Stock of rats” (HS rats), have provided useful insights into schizophrenia-like symptoms. 
 

2.5.1. Roman rats 

 
The RHA and RLA rats were bidirectionally selected and bred for their very good 

(RHA) vs. extremely poor (RLA) ability to acquire the two-way active avoidance task 
[155–158]. Importantly, several studies have highlighted that the RHA rats, compared to 

the RLAs, show several phenotypes that might be relevant for positive, negative, and 
cognitive symptoms of schizophrenia: 

 

• Positive symptoms: the RHA show higher locomotor responses to novelty and 

higher locomotor sensibilization to psychostimulants [138,159–162]. 

• Negative symptoms: the RHA show decreased nesting/nursing behavior, 
increased aggression latency in resident-intruder test, and decreased social 

interaction ([107,163] and unpublished results from our laboratory). 

• Cognitive symptoms: the RHA show impairments in PPI, working memory, 
latent inhibition, and spatial learning and memory [127,164–166]. 

 

On the other hand, apart from these behavioral differences that show the face validity 
of the model, neurobiological studies have also provided construct and predictive validity 

for the schizophrenia-like RHA model. In this sense, among many other phenotypes that 
differentiate them from RLAs and other rat strains, the RHA rats show: i) increased 

mesolimbic and mesocortical dopamine responses to dopaminergic agonists; ii) altered 
behavioral responses (e.g. PPI, locomotor activity) to dopaminergic agonists, 

antagonists, and atypical antipsychotic and pro-psychotic (5-HT- or NMDA- 
interacting)drugs; iii) decreased HPC function and neuronal density; iv) increased 

expression of 5HT2A in the PFC; v) decreased expression of mGlu2A receptors in the 
PFC, HPC, and striatum; vi) enlarged lateral ventricles; and vii) reduced volume and 

function of the mPFC and the HPC ([138,159,174,175,160,167–173] and unpublished 

results from our laboratory). Thus, as the RHA show behavioral (face validity), 
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neuroanatomical and neurofunctional (construct validity), and drug-response (predictive 

validity) features that resemble schizophrenia, it suggests that these rats may be a valid 
model for this disorder. 

 
 

2.5.2. HS rats 
 

The HS rats were developed to obtain a stock of laboratory rats as genetically 

heterogeneous as possible [176,177]. To this aim, a crossing of eight parental inbred 
strains was carried out for more than 80 generations (see Fig. 5).  

 

 
Figure 6. Diagram of the rotational breeding program followed to develop the HS rat stock from eight 
different inbred parental lines: Brown Norway (BN/SsN), Maudsley Reactive (MR/N), Buffalo (BUF/N), 
M520/N, Wistar-Nettleship (WN/N), Agouti (ACI/N), Wistar-Kyoto (WKY/N) and Fisher 344 (F344/N) (from 
[178]). 

 

This rotational breeding program generated rats with a higher genetic recombination 
pattern and phenotypic variability than those shown by the most commonly used 

laboratory rat strains [176]. Importantly, since HS rats appear to show genetic 
variabilities more similar to human population, they constitute an excellent tool to study 

the neurobiological and genetic basis of both normal and abnormal (illness-related) 
complex traits [146,177]. Furthermore, the stratification of HS rats by Low-, Medium, and 

High-PPI has shown significant associations among impaired PPI and other 
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schizophrenia-related symptoms, such as deficient working memory [165] or latent 

inhibition [179]. In this sense, gene expression studies in HS rats have revealed 
associations between low PPI and differential expression of several pre- post-synaptic 

markers that resemble schizophrenia [180]. Thus, this suggests that the stratification of 
HS rats by low PPI may constitute a putative model of some schizophrenia-relevant 

phenotypes.
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The general aim of this Doctoral Dissertation was to explore the behaviors and 

underlying neurobiological mechanisms associated with decreased sensorimotor gating 
in both intact inbred Roman and outbred HS rats, as well as to use them to test the PPI-

enhancing effects of novel treatments for schizophrenia. Moreover, it aimed to provide 
further face, construct, and predictive validity to our two rat models of schizophrenia (i.e. 

RHA and HS Low-PPI). The specific aims of this Doctoral Dissertation were to:  
 

• Evaluate behavioral associations among PPI and other schizophrenia-related 
symptoms, such as psychomotor agitation (increased exploratory activity), 

compulsive-like, and anxious-like behaviors.  
§ Study 1: “Increased exploratory activity in rats with deficient sensorimotor 

gating: a study of schizophrenia-relevant symptoms with genetically 
heterogeneous NIH-HS rats and Roman rat strains”. 

 

• Explore structural and functional brain differences in the CSPT circuit associated 

with PPI deficits in HS and Roman rats. 
§ Study 2: “Schizophrenia-like reduced sensorimotor gating in intact inbred 

and outbred rats is associated with decreased medial prefrontal cortex 
activity and volume”. 

§ Study 3: “Decreased activity of parvalbumin interneurons in the medial 
prefrontal cortex in intact inbred Roman rats with reduced sensorimotor 

gating” (Annex 1). 
 

• Assess the PPI-enhancing effects of oxytocin in HS and Roman rats: 
§ Study 4: “Oxytocin attenuates sensorimotor gating impairments in inbred 

Roman rats in line with strain differences in CD38 gene expression” 
(Annex 2). 
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sensorimotor gating: a study of schizophrenia-relevant symptoms with 

genetically heterogeneous NIH-HS rats and Roman rat strains”. 
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Increased exploratory activity in rats with deficient sensorimotor gating: a study 

of schizophrenia-relevant symptoms with genetically heterogeneous NIH-HS and 
Roman rat strains. Behavioural Processes, 151, 96–103.  
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A B S T R A C T

Schizophrenia involves positive, negative and cognitive symptoms, as well as comorbidity with anxiety and
obsessive-compulsive disorder. Prepulse inhibition (PPI) of the startle response is a measure of sensorimotor
gating that is impaired in schizophrenia and animal models of the disease. Remarkably, impaired PPI has been
related to other schizophrenia-like features in rodent models, such as cognitive deficits and hyperactivity.
However, it remains to be investigated whether deficient PPI and increased exploratory activity are associated in
genetically heterogeneous (outbred) naïve animals. This study was undertaken to evaluate the relationships
among PPI and other schizophrenia-related symptoms, such as augmented exploratory activity, anxiety and
compulsivity in the genetically heterogeneous (outbred) NIH-HS rat stock (HS) and in the genetically-selected
inbred Roman High-Avoidance (RHA) and Low-avoidance (RLA) rats. Animals underwent the following tests:
open-field (exploratory activity), elevated zero-maze (anxiety-like behavior), marble burying (compulsive-like
behavior), and PPI. Three groups of HS rats were formed according to their PPI scores, i.e. Low-PPI, Medium-PPI
and High-PPI. The HS Low-PPI group displayed higher exploratory activity in the open-field than the HS
Medium-PPI and HS High-PPI groups. Likewise, compared with their RLA counterparts, RHA rats exhibited
lower PPI and more intense exploratory activity in the open-field test. Correlational and factorial analyses of the
whole HS sample and the RHA/RLA data globally corroborated the results of the PPI-stratified HS subgroups.
These data suggest that such a consistent association between impaired PPI and increased exploratory activity in
outbred HS and inbred RHA/RLA rats is a relevant parameter that must be taken into account when modeling
clusters of schizophrenia-relevant symptoms.

1. Introduction

Schizophrenia is mainly characterized by the presence of three
groups of symptoms: positive (hallucinations, delusions and dis-
organized behavior), negative (anhedonia, apathy, reduced affect dis-
play) and cognitive (impaired sensorimotor gating, attention and ex-
ecutive functions). Moreover, schizophrenia also shows comorbidity
with anxiety and obsessive-compulsive symptoms (Braga et al., 2013;
Buckley et al., 2009). The complexity and diversity of schizophrenia
hinders the full modelling of the entire constellation of symptoms in
rodents, although it is desirable to evaluate all putative animal models
with the broadest range possible of disease-related phenotypes.

Prepulse inhibition (PPI) of the startle response is a measure of
sensorimotor gating, in which the magnitude of the startle is attenuated

by the presence of a pre-stimulus of lower intensity (Graham, 1975).
Impaired PPI has been proposed as an endophenotype for schizophrenia
(Braff et al., 2008), although such an alteration is also present in other
psychiatric disorders. Interestingly, the administration of amphetamine,
which is known to cause psychotic-like symptoms in humans
(Kokkinidis and Anisman, 1981; Snyder, 1973), disrupts PPI in humans
(Hutchison and Swift, 1999; Kumari et al., 1998) and rodents (Kinney
et al., 1999; Swerdlow et al., 2007). Apart from PPI deficits, amphe-
tamine also induces hyperactivity in rodents, in line with the dis-
organized behavior of schizophrenia (Alsene et al., 2010; Blanc et al.,
1994; Dickinson et al., 1988; Ott and Mandel, 1995; Powell and
Miyakawa, 2006; Swerdlow et al., 2002). The association between in-
creased activity and impaired PPI has also been found in other well-
established animal models of schizophrenia, such as ventral

https://doi.org/10.1016/j.beproc.2018.03.019
Received 18 January 2018; Received in revised form 13 March 2018; Accepted 16 March 2018

⁎ Corresponding authors.

1 Present adress: Department of Psychology, School of Medicine, Austral University of Chile, Valdivia, Chile.
E-mail addresses: carles.tapias@uab.cat (C. Tapias-Espinosa), albert.fernandez.teruel@uab.cat (A. Fernández-Teruel).

Behavioural Processes 151 (2018) 96–103

Available online 19 March 2018
0376-6357/ © 2018 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/03766357
https://www.elsevier.com/locate/behavproc
https://doi.org/10.1016/j.beproc.2018.03.019
https://doi.org/10.1016/j.beproc.2018.03.019
mailto:carles.tapias@uab.cat
mailto:albert.fernandez.teruel@uab.cat
https://doi.org/10.1016/j.beproc.2018.03.019
http://crossmark.crossref.org/dialog/?doi=10.1016/j.beproc.2018.03.019&domain=pdf


hippocampal neonatal lesion (Tseng et al., 2009), NMDA infusion
(Peleg-Raibstein and Feldon, 2006; Wang et al., 2015), NMDA-an-
tagonist administration (Maple et al., 2017), genetic alterations in mice
(Kulikov et al., 2016; Miyakawa et al., 2003; Munesue et al., 2010;
Powell and Miyakawa, 2006; Takao et al., 2013; Young et al., 2014)
and social isolation (Domeney and Feldon, 1998; Lukkes et al., 2009;
Oliveras et al., 2016). Thus, as these studies suggest, impaired PPI and
excessive motor/exploratory activity may constitute relevant para-
meters that must be taken into account when modeling clusters of
schizophrenia-relevant symptoms. On the other hand, as mentioned
above, compulsive and anxious behaviors have also been associated
with schizophrenia, although research with rodent models has shown
controversial evidence in that respect (Lindemann et al., 2008; McAuley
et al., 2009).

This study was undertaken to evaluate the relationships among PPI
and other schizophrenia-related symptoms, such as augmented ex-
ploratory activity, anxiety, and compulsivity in the genetically hetero-
geneous NIH-HS outbred rat stock (HS) and in the genetically-selected
inbred Roman High-Avoidance (RHA) and Low avoidance (RLA) rats.
The RHA and RLA rats were bidirectionally selected and bred for their
very good (RHA) vs. extremely poor (RLA) ability to acquire the two-
way active avoidance task (Driscoll et al., 1998; Escorihuela et al.,
1999; Río-Álamos et al., 2017; Steimer and Driscoll, 2005). Compared
with their RLA counterparts, RHA rats show deficient PPI, impaired
working memory (Oliveras et al., 2015) and reduced latent inhibition
(Esnal et al., 2016; Fernández-Teruel et al., 2006). These divergent
behavioral profiles, together with the reported between-strain differ-
ences in dopaminergic (Giorgi et al., 2007; Guitart-Masip et al., 2008;
Tournier et al., 2013), serotoninergic (Fomsgaard et al., 2017; Klein
et al., 2014) and glutamatergic (Wood et al., 2017) systems, suggest
that RHA rats may be a valid model for schizophrenia-related features.
On the other hand, the HS rats were developed to obtain a stock of rats
as genetically heterogeneous as possible (Hansen and Spuhler, 1984).
To this aim, a crossing of eight parental inbred strains was carried out,
generating a higher genetic recombination pattern and phenotypic
variability than those shown by the most commonly used laboratory rat
strains (Hansen and Spuhler, 1984). Since HS rats appear to show ge-
netic variabilities more similar to human population, they constitute an
excellent tool to study the neurobiological and genetic basis of both
normal and abnormal (illness-related) complex traits (Baud et al., 2013;
Díaz-Morán et al., 2013). Furthermore, similar to findings with the
Roman rats, studies with the HS rats have shown tight associations
among impaired PPI and other schizophrenia-related symptoms, such
as deficient working memory (Oliveras et al., 2015) or reduced latent
inhibition (Sánchez-González et al., 2016). These behavioral data sug-
gest that HS rats stratified by low PPI may constitute a putative model
of some schizophrenia-relevant features. It remains to be established
whether exploratory activity in response to novelty, which is another
schizophrenia-associated feature (Powell and Miyakawa, 2006), is also
associated with PPI impairment in HS rats.

In this study, HS rats underwent the following tests: (i) open-field
(to assess exploratory activity), (ii) elevated zero-maze (to evaluate
anxiety-like behavior), (iii) marble burying (to examine compulsive-like
behavior), and (iv) PPI. The data obtained from HS rats were analyzed
both in the whole sample and in three groups of rats stratified by Low-,

Medium- and High-PPI. Moreover, the same procedures were used with
inbred RHA vs. RLA rats, so that we would be able to see the general-
izability of the association among PPI and the other phenotypes from
the Roman rat strains to the outbred HS stock.

2. Materials and methods

2.1. Subjects

Naïve male HS (n=92), and inbred RHA (n= 12) and RLA
(n= 12) rats, from the permanent colonies maintained at our labora-
tory (Medical Psychology Unit, Dept. Psychiatry and Forensic Medicine,
School of Medicine, Autonomous University of Barcelona) since 1996
(RHA, RLA) and 2004 (HS), were used in this study. They were aged
3–4 months, having a weight range of 250-350 g. They were housed in
pairs of the same strain in macrolon cages (50× 25 x 14 cm) and
maintained with food and water ad libitum (standard animal chow).
These animals were bred and reared in our laboratory at Autonomous
University of Barcelona. They were maintained under a 12:12 h light-
dark cycle (lights on at 08:00 a.m.), with controlled temperature
(22 ± 2 °C) and humidity (50–70%).

The HS rat stock was derived from eight inbred rat strains by
Hansen and Spuhler (Hansen and Spuhler, 1984). These eight parental
strains were the MR/N, WN/N and WKY/N (whose ancestors trace back
to the original Wistar stock), the M520/N and F344/N (established in
the 1920s with an unknown origin), the M520/N and the ACI/N (hy-
brids between the August and Copenhagen stocks), the BN/SsN (de-
rived from a color mutant from a stock of wild rats kept at the Wistar
Institute), and the BUF/N strain. To establish our colony, we received
40 pairs of NIH-HS rats from Dr. Eva Redei (Center for Comparative
Medicine, Northwestern University, Chicago, USA) in 2004.

2.2. Experimental procedures

All behavioral testing was carried out during the light cycle between
09:00-14:00 h. Apart from the PPI test (see below), all the other test
measures were taken by an expert observer, who was blind to group
condition. After testing each rat, the corresponding apparatus was
thoroughly wiped clean with 70% ethanol solution. In the marble
burying test, new bedding was used for each animal and marbles were
cleaned with a 70% ethanol solution between animals.

Experiments were performed in accordance with the Spanish legis-
lation on “Protection of Animals Used for Experimental and Other
Scientific Purposes” and the European Communities Council Directive
(2010/63/EU) on this subject. Every effort was made to minimize any
suffering of the animals used in this study.

Fig. 1 shows the experimental timeline.

2.2.1. Open-field
The apparatus was a circular arena (diameter, 83 cm) walled by

white walls (height, 34 cm) and divided into 19 equal sectors by lines
drawn on the floor. The test was carried out in a black-painted testing
room, dimly illuminated with white fluorescent light (65 lx at the level
of the apparatus). Each rat was individually placed in the periphery of
the open-field, and behavior was videotaped and measured outside the

Fig. 1. Experimental timeline. HS, RHA and RLA rats underwent three consecutive tests (open-field, elevated zero-maze and marble burying test) before being
tested for sensorimotor gating in the prepulse inhibition test (PPI). Each test was separated by a 7-day interval. The main variables of each test are indicated. As it is
shown in the last arrows, HS rats were divided into Low-PPI, Medium-PPI and High-PPI to analyze their performance in the exploratory activity, anxiety and
compulsivity tests.
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testing room for 5min. Total number of “exploratory activity” episodes
(crossings + rearings), and “self-grooming” time were measured. The
lower decile of the “grooming time” variable conformed the Low-
Grooming (Low-Groom) group, the higher decile was for the H-
Grooming (High-Groom) group, while a Medium-Grooming (Medium-
Groom) group was randomly drawn from the intermediate deciles.

2.2.2. Elevated zero-maze
The maze comprised a circular corridor (105 cm diameter; 10 cm

width) made of black plywood, elevated to 65 cm above the ground,
having two open sections and two enclosed ones (walls 40 cm height). It
was situated in a black-painted testing room, dimly illuminated with
red fluorescent light (50 lx at the level of the apparatus). Each rat was
placed in an enclosed section of the zero-maze facing the wall and
behavior was videotaped and measured outside the testing room for
5min. Measures taken were “time spent in open sections” and “number
of head-dips” through the edge of the maze, as anxiety-related vari-
ables, as both parameters have previously been reported to be highly
and positively correlated (r= 0.76; e.g. see (Martínez-Membrives et al.,
2015)). Moreover, both measures have also been shown to be sensitive
to anxiolytic and anxiogenic pharmacological and non-pharmacological
treatments, in a manner that is independent of their effects on loco-
motor activity (Braun et al., 2011; Oliveras et al., 2016; Río-Alamos
et al., 2015; Shepherd et al., 1994).

2.2.3. Marble burying test
Four white polyethylene box cages measuring 40× 40 x 40, con-

taining 5 cm depth bedding were used. Above the bedding were placed
16 translucent, light-green glass marbles, 20mm in diameter arranged
in 4 rows of 4 marbles each. The boxes were situated in a black-painted
testing room, dimly illuminated with white fluorescent light (65 lx at
the level of the apparatus). Each rat was placed in the center of the cage
test for a 15-min period of observation. The “% of buried marbles” (i.e.
marbles covered at least two-thirds by bedding) were counted.

2.2.4. Prepulse inhibition test
Four sound attenuated boxes (SR-Lab Startle Response System, San

Diego Instruments, USA) were used. Each box consists of a Plexiglas
cylinder situated on the top of a platform with a sensor that detects the
strength made by the rat in each trial. Two speakers situated 15 cm
from each side of the cylinder deliver the acoustic stimuli and a white
noise generator provides the background noise. Each box was con-
stantly lit by a 10W lamp. The data were transduced by an accel-
erometer into a voltage which is amplified, digitized and saved into a
computer for analysis. The session started with a 5min habituation
period in the startle chambers. Then, 10 “pulse-alone” trials (105 dB,
40ms) were delivered in order to obtain a stable baseline of startle.
After this, each one of the six different types of trials are randomly
administered 10 times (60 trials in total):

1 Pulse-alone trials (105 dB 40ms, “startle response”, which was the
variable used to calculate the percentage of prepulse inhibition (%
PPI); see the formula below).

2 Prepulses of 65/70/75/80 dB (20ms) followed by the startle sti-
mulus (105 dB, 40ms) with an inter-stimulus interval of 100ms.

3 No stimulus trials (background noise at 55 dB).

The interval between trials was 10–20 s with a mean of 15 s. The
startle magnitude was recorded during 200ms after the onset of the
pulse. The %PPI for each prepulse intensity was calculated by applying
the following formula:

⎜ ⎟= −⎛
⎝

⎞
⎠

PPI
startle response amplitude on prepulse trials

startle response amplitude on pulse trials
x% 100 100

Subgroups of PPI were stratified according to their mean value

between the two lower intensities of the PPI session (i.e. mean between
the 65 dB and 70 dB). Lower pre-pulse intensities, which are closer to
the lowest threshold, are known to elicit lower levels of PPI (Swerdlow
et al., 2001). Therefore, these pre-pulse intensities may be more sen-
sitive to detect differences in information-filtering. The lower PPI decile
conformed the Low-PPI group, the higher decile was for the High-PPI
group, while a Medium-PPI group was randomly drawn from the in-
termediate deciles.

2.3. Statistics

All the analyses were performed employing the “Statistics Package
for Social Sciences” (SPSS, version 17).

For the analyses of the whole HS rat sample (n=92), Pearson’s
correlation coefficients were performed among all the variables.
Significance level was set at p < 0.05. Factorial analysis (direct ob-
limin; oblique rotation) was also performed on data from the whole HS
rat sample.

For the assessment of PPI-stratified HS subgroups, One-Way
ANOVAs were performed on all variables from the open-field, elevated
zero-maze and marble burying tests, followed by Duncan’s multiple
range tests. Significance level was set at p < 0.05.

For the analyses of RHA vs. RLA rat groups, Student’s t-tests were
applied to the variables from the open-field, elevated zero-maze and
marble burying tests. Significance level was set at p < 0.05.

3. Results

3.1. Deficient PPI is associated with increased exploratory activity in the
open-field in HS and Roman rats

Pearson’s correlations among variables from the 92 HS rats
(Table 1) showed a significant negative moderate correlation between
PPI and locomotor activity in the open-field test (r = −.32, p < .05).
Accordingly, obliquely-rotated factor analysis (direct oblimin), which
grouped the main behavioral variables of this study in 3 main factors,
revealed a third factor comprising “OF_Activity” and “PPI” with load-
ings of −.76 and .77, respectively (Table 2). Otherwise, neither the
anxiety- nor the compulsivity-like variables were associated with PPI in
the correlational and factorial analyses. The first and the second factors
will be dealt with in the following sections.

After correlational and factorial studies, comparisons among the
three PPI subgroups of HS rats and between both Roman strains were
performed to further investigate the relationships among deficient PPI
and other behavioral responses. As expected, the division of HS rats in
three subgroups according to PPI scores led to a significant GROUP

Table 1
Pearson’s correlations among the main variables in the HS rats (n= 92).

Variables 1 2 3 4 5 6 7

OF_Activity 1
OF_Grooming −.13 1
ZM_Osections .31** .06 1
ZM_Hdips .26* .18 .74** 1
%MBT .07 .46** −.07 −.03 1
%PPI −.32** .11 .09 −.12 .04 1
StartleR −.08 .08 −.11 −.17 .08 .09 1

“OF_Activity” refers to the number of activity episodes (crossings + rearings) in
the open field. “OF_Grooming” corresponds to time spent self-grooming in the
open field. “ZM_Osections”, time spent in the open sections of the elevated zero
maze. “ZM_Hdips”, number of head dips in the elevated zero maze. “%MBT”,
percentage of buried marbles in the marble burying test. “%PPI”, mean of the
percentage of pre-pulse inhibition at pre-pulse intensities of 65 and 70 dB.
“StartleR”, baseline startle response.
* p < 0.05.
** p < 0.01 (2-tailed).
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effect on PPI [One-Way ANOVA; F(2,24) = 66.021, p= < .001; and
Duncan’s test confirmed the expected trend, High-PPI>Medium-
PPI> Low-PPI; Fig. 2a]. Furthermore, RHA showed poorer PPI than
RLA rats [Student’s t-test; t(1,22) = 3.897, p= .001] (Fig. 2b). With
regard to exploratory activity in HS rats, one-way ANOVA revealed a
significant GROUP effect on the “OF_Activity” variable [F(2,24) = 7.927,
p= .002]. Duncan’s test confirmed that the Low-PPI group showed
greater exploratory activity in the open-field test (Fig. 3a) than both the
Medium-PPI and High-PPI groups, while no differences were observed
between the Medium-PPI and the High-PPI group. Similarly, RHA rats
displayed a higher number of exploratory activity episodes in the
open–field test than the RLAs [t(1,22)= -5.138, p= < .001] (Fig. 3c).

3.2. Reduced PPI is related to a higher number of head dips in the elevated
zero-maze in HS and Roman rats

Correlational and factorial analyses showed no associations among
PPI and anxiety-like behaviors measured in the elevated zero-maze,
such as time spent in the open sections or number of head dips (Table 1
and Table 2). On the other hand, the three subgroups of PPI-stratified
HS rats did not differ in time spent in open sections of the elevated zero-
maze [one-way ANOVA, F(2,24)= 1.882, p= .174] (Fig. 4a), but there
was a significant difference in the number of head dips [one-way
ANOVA, F(2,24) = 3.441, p= .049]. Duncan’s test confirmed that the
Low-PPI group showed a higher number of head dips in the zero-maze
than the High-PPI group, while no differences were observed with the
Medium-PPI and between the Medium-PPI and the High-PPI groups

(Fig. 4b). Likewise, and partly supporting these results, RHA rats
(which are PPI-impaired) exhibited greater number of head dips
[t(1,22)= -2.997, p= .009] and spent more time in the open sections of
the elevated zero-maze than their RLA counterparts [t(1,22) = -2.428,
p= .027] (Fig. 4c,d).

3.3. Impaired PPI is not linked to compulsive-like behaviors in HS and
Roman rats

As shown in Table 1, neither of the behavioral traits supposed to
measure compulsive-like behaviors, i.e. “Time Spent Grooming” and “%
Marbles”, were associated with PPI. Moreover, the PPI-stratified HS
subgroups did not show significant differences either in the time spent
self-grooming in the open-field [F(2,24)= 1.552, p= .232] (Fig. 3b) or
in the percentage of buried marbles in the marble burying test
[F(2,24) = 2.000, p= .157] (%Marbles, Low-PPI: 3.5 ± 2.4; Medium-
PPI: 22.9 ± 10.7; High-PPI: 9.7 ± 5.2). Regarding the Roman rats,
RLAs showed longer time spent grooming in the open-field than their
RHA counterparts [t(1,22) = 7.089, p= .010] (Fig. 3d), while no be-
tween-strain differences were observed in the percentage of buried
marbles [t(1,22) = 1.433, p= .171] (%Marbles, RHA: 11.5 ± 3.7; RLA:
7.3 ± 3.1).

3.4. Analysis of anxious-like and compulsive-like behaviors among HS rats

The main aim of this study was to investigate the association among
PPI and some possibly co-selected behavioral features. However, ad-
ditional analyses of the anxiety and compulsivity-relevant variables
were needed to confirm their meaning in this study. As depicted in
Table 1, positive high correlations were found between time in open
sections and head-dips (r= .74) in the elevated zero-maze test (see
Table 1). Accordingly, obliquely-rotated factor analysis (direct oblimin)
grouped these two variables in a first factor of “anxiety-related beha-
viors” with loading of 0.92 and .93, respectively (Table 2). Regarding
the compulsive-like behaviors, a significant positive mild correlation
between the time spent grooming and the percentage of marbles buried
was found (r= .46; Table 1). Additionally, the second component of
the factorial analysis included these two variables related to “compul-
sivity-like responses” with loadings of .83 and .87, respectively
(Table 2). The “baseline startle response” variable was not related to
any of the three components of the factorial analysis (Table 2). The very
low correlations observed among the three components of the factor
analysis indicate that these three factors are essentially independent.

Interestingly, confirming the results from the factor analysis (see the
second factor in Table 2), one-way ANOVA of Grooming-stratified HS
subgroups yielded a significant GROUP effect in the percentage of

Table 2
Factorial analysis of the performance of HS rats (n= 92).

Factors

1 2 3
OF_Activity – – −.76
OF_Grooming – .83 –
ZM_Osections .92 – –
ZM_Hdips .93 – –
%MBT – .87 –
%PPI – – .77
StartleR – – –
% of cumulative variance 28.61% 50.35% 66.56%
Factor correlations 1

.05 1

.16 .08 1

Oblique three-factor solution (direct oblimin) with the main selected behavioral
variables (2 from each test except for the marble burying test) and correlations
between factors. Only factors with eigenvalues greater than 1 are considered.
Loadings > .40 are shown. Symbols/abbreviations as in Table 1.

Fig. 2. Prepulse Inhibition Test.Mean ± SEM of the “% of PPI” averaged for the 65 and 70 dB prepulse intensities in a) HS rats with Low-PPI (n=9), Medium-PPI
(n=9) and High-PPI (n= 9) and b) RHA (n= 12) and RLA (n= 12) rats. *: p < 0.05 between the indicated groups (Duncan’s tests for “a” and Student’s t-test for
“b”).
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buried marbles [F(2,24) = 6.896, p= .004]. Duncan’s test revealed
higher marble-burying behavior in the H-Groom rats than in the
Medium-Groom and the Low-Groom groups, while no significant dif-
ferences were found between the Medium-Groom and the Low-Groom
groups (%Marbles, Low-Groom: 2.8 ± 1.8; Medium-Groom:
6.3 ± 2.9; High-Groom: 36.8 ± 11.9).

4. Discussion

The purpose of this study was to evaluate, in naïve outbred (HS) and
inbred (Roman) rats, the relationships among PPI and other behavioral
traits that are relevant in schizophrenia, such as altered exploratory/
locomotor activity, anxiety and compulsive-like behavior. The present
data suggest that augmented exploration is associated with deficient
PPI in the genetically heterogeneous HS rats and the Roman rat strains.

The HS Low-PPI group displayed higher exploratory behavior in the
open-field test than the Medium-PPI and High-PPI groups. The negative
relationship between PPI and open-field exploratory activity was also
supported by the following findings: (i) a significant negative correla-
tion (-0.32) between both measures in the whole HS rat sample
(n=92); (ii) the fact that both variables grouped (with opposite sign)
in the third factor of the factorial analysis; (iii) the fact that, compared
with their RLA counterparts, RHA rats exhibited low PPI and increased
exploratory behavior in the open-field test. The “low PPI – high ex-
ploratory activity” association has also been observed in rodent models
of schizophrenia involving different manipulations or treatments.
Examples of this are the social isolation syndrome (Domeney and
Feldon, 1998; Lukkes et al., 2009; Oliveras et al., 2016), the ventral
hippocampal syndrome (Peleg-Raibstein and Feldon, 2006; Tseng et al.,
2009; Wang et al., 2015), genetic mouse models (Kulikov et al., 2016;
Miyakawa et al., 2003; Munesue et al., 2010; Powell and Miyakawa,

2006; Takao et al., 2013; Young et al., 2014) or amphetamine admin-
istration (Alsene et al., 2010; Blanc et al., 1994; Dickinson et al., 1988;
Ott and Mandel, 1995; Swerdlow et al., 2002). All of these models are
characterized by an impairment of PPI and an increase of exploratory
activity. However, to our knowledge, the present is the first study in
which the “low PPI – high exploratory activity” association is reported
in untreated rats (i.e. at baseline) derived from different sources and
strains (i.e. HS rats derived from 8 inbred strains and inbred Roman
rats, derived from Wistar rats). In this context, it is worth to mention
that studies with HS rats stratified by their PPI levels have revealed
positive associations among PPI and spatial working memory (Oliveras
et al., 2015) and latent inhibition (Sánchez-González et al., 2016).
Thus, these clusters among PPI and other attentional/cognitive and
exploratory activity traits, and their consistency across different rat
strains (i.e. HS and Roman rats), suggest that PPI may be a suitable
predictor of other behavioral phenotypes related to schizophrenia.

No significant associations among PPI and anxiety-like behaviors
were found in the correlational and factorial analyses. However, com-
pared with the High-PPI group, the Low-PPI group showed an increased
number of head dips in the elevated zero-maze, which may be in-
dicative of lowered anxiety (Braun et al., 2011; Oliveras et al., 2016;
Río-Alamos et al., 2015; Shepherd et al., 1994). Interestingly, similar to
the Low-PPI group, RHA rats showed a greater number of head dips and
spent more time in the open sections of the elevated zero-maze than
RLA rats. These results agree with some previous studies reporting that
deficient PPI is found in animals with low anxiety (Lindemann et al.,
2008; McAuley et al., 2009).

Regarding measures of compulsive-like behavior, i.e. self-grooming
(Kalueff et al., 2015) and marble burying (Andersen et al., 2010), they
did not show significant associations with PPI. Furthermore, self-
grooming was increased in RLA vs. RHA rats but did not differ between

Fig. 3. Open-Field test. Mean ± SEM of a) number of exploratory activity episodes (crossings + rearings) and b) time spent self-grooming in HS rats with Low-PPI
(n=9), Medium-PPI (n= 9) and High-PPI (n=9). Mean ± SEM of c) number of exploratory activity episodes (crossings + rearings) and d) time spent self-
grooming in RHA (n= 12) and RLA (n=12) rats. *: p < 0.05 between the indicated groups (Duncan’s tests for “a” and Student’s t-test for “c” and “d”), ns: not
significant.
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the PPI-stratified HS subgroups. Thus, contrary to the finding that
schizophrenic patients –characterized by PPI deficits– often present
obsessive-compulsive symptoms, in our HS rat sample compulsive-like
behaviors were not associated with PPI levels (see Table 2). Re-
markably, factor analysis of HS data revealed a strong positive re-
lationship between self-grooming and marble burying, and this was
confirmed by the comparison among grooming-stratified HS subgroups.
Hence, these results suggest that both compulsive-like parameters are
part of a common trait in the HS rats. This evidence agrees with pre-
vious studies using genetically-altered models of compulsivity in mice
(Sungur et al., 2014) and rats (Bahi, 2016), which have also reported
positive associations between both compulsive-like parameters.

As mentioned above, the evidence supporting the “low PPI – high
exploratory activity” association is mostly derived from animals sub-
mitted to a variety of pharmacological and genetic manipulations,
whereas there is a relative paucity of data derived from genetically
heterogeneous (i.e. outbred) naïve animals, which have better transla-
tional value in view of the high genetic heterogeneity of the human
population. Therefore, the present experiments performed in HS rats
provide novel information that may be used to detect, in animal
models, phenotypic traits (or clusters of them) that are reminiscent of
schizophrenia-relevant symptoms.
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ARTICLE

Schizophrenia-like reduced sensorimotor gating in intact
inbred and outbred rats is associated with decreased
medial prefrontal cortex activity and volume
Carles Tapias-Espinosa 1, Cristóbal Río-Álamos2, Ana Sánchez-González1, Ignasi Oliveras1, Daniel Sampedro-Viana1,
Maria del Mar Castillo-Ruiz3, Toni Cañete1, Adolf Tobeña1 and Alberto Fernández-Teruel1

Prepulse inhibition (PPI) of startle response is a measure of sensorimotor gating that is impaired in schizophrenia and in many other
clinical conditions. Rat models using pharmacological or surgical strategies reveal that PPI is modulated by the cortico-striatal-
pallido-thalamic (CSPT) circuit. Here, we explore whether spontaneous variation in PPI in intact inbred and outbred rats is
associated with functional and structural differences in the CSPT circuit. Inbred Roman High-(RHA) and Low-avoidance (RLA) and
outbred heterogeneous stock (HS) rats were assessed for PPI, brain activity, and brain volume. Brain activity was assessed by c-Fos
expression and brain volume by magnetic resonance imaging. Relevant structures of the CSPT circuit were evaluated, such as the
medial prefrontal cortex (mPFC), cingulate cortex, hippocampus (HPC), amygdala, nucleus accumbens (NAc), and dorsal striatum.
RHA showed lower PPI than RLA rats, while HS rats were stratified by their PPI levels in three groups. Reduced PPI was accompanied
by decreased mPFC activity in Roman and HS rats and increased NAc shell activity in HS rats. Low PPI was also associated with
decreased mPFC and HPC volumes in Roman and HS rats. This study reports a consistent relationship between decreased function
and volume of the mPFC and spontaneous low-PPI levels in inbred and outbred intact rats. Moreover, our findings suggest that,
apart from a hypoactive and smaller mPFC, a hyperactive NAc and smaller HPC may underlie reduced PPI levels. Our results support
the notion that sensorimotor gating is modulated by forebrain structures and highlight the importance of the mPFC in its
regulation.

Neuropsychopharmacology (2019) 44:1975–1984; https://doi.org/10.1038/s41386-019-0392-x

INTRODUCTION
Prepulse inhibition (PPI) of the startle response is a measure of
sensorimotor gating, in which the magnitude of a startle stimulus
is attenuated by the presence of a pre-stimulus of lower intensity
[1]. PPI impairments are present in several neuropsychiatric
disorders [2], including schizophrenia [3, 4]. In this sense, studying
the neural mechanisms involved in PPI is relevant for progress in
our knowledge of the neurobiological basis of schizophrenia-
related features [5].
Rodent studies reveal that PPI is modulated by the cortico-

striatal-pallido-thalamic (CSPT) circuit involving the prefrontal
cortex, thalamus, hippocampus (HPC), amygdala, nucleus accum-
bens (NAc, via ventral pallidum), and dorsal striatum (via ventral
pallidum) efferents to the pedunculopontine nucleus [6–8]. In
particular, rat models involving brain alterations have mostly
focused on the medial prefrontal cortex (mPFC), HPC and NAc. As
shown in these studies, PPI is reduced by treatments that either
decrease or increase activity in the mPFC [9–12], HPC [5, 13–18],
and NAc [19–23]. Moreover, several studies using neurodevelop-
mental models of schizophrenia report PPI deficits paralleled by
mPFC and HPC abnormalities, such as models of prenatal
administration of phencyclidine [24], prenatal LPS [25], or isolation
rearing [26, 27]. Additionally, electrical stimulation of the NAc

alleviates PPI deficits in poly I:C offspring [28, 29], while it disrupts
PPI in control-saline offspring. This evidence, derived from rat
models involving neural manipulations, is generally consistent
with the idea that alterations in the “mPFC-HPC-NAc” circuit [13]
play a role in PPI deficits and other cognitive impairments found in
schizophrenic patients [8, 30–33].
Here, we explore whether spontaneous variation in PPI in intact

inbred and outbred rats is associated with functional and
structural differences in the CSPT circuit. Thus, we evaluated
neuronal activity (through c-Fos expression) and volume (through
structural magnetic resonance imaging—MRI) of relevant regions
of the CSPT circuit, such as the mPFC, cingulate cortex (Cg), HPC,
amygdala, NAc, and dorsal striatum, in intact rats displaying
spontaneous differences in PPI, i.e., the Roman rats and the
outbred heterogeneous rat stock.
The inbred Roman high- (RHA) and low-avoidance (RLA) rats

were bidirectionally selected for rapid vs. non-acquisition of the
two-way active avoidance task, respectively [34, 35]. Interestingly,
compared with their RLA counterparts, RHA rats show sponta-
neous reductions in PPI, working memory [36] and latent
inhibition [37]. These divergent behavioral profiles, together with
differences in dopaminergic [38, 39], serotoninergic, and gluta-
matergic systems [40–42], suggest that RHA rats may be a valid
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model of schizophrenia-related features. On the other hand, the
outbred rat heterogeneous stock (hereafter, HS rats) was
developed from a crossing of 8 inbred strains to obtain a stock
of rats as heterogeneous as possible [43]. Their genetic hetero-
geneity makes them a unique tool to study the neurobiological/
genetic basis of normal and abnormal complex traits [44, 45].
Previous studies suggest that HS rats stratified by low-PPI may
constitute a putative model of some schizophrenia-relevant traits
[36, 46, 47].
As reviewed above, PPI is impaired after several alterations that

can either increase or decrease activity in the mPFC, HPC and NAc.
Thus, we hypothesized that differences in PPI would be paralleled
by differences in activity and/or volume within these regions,
although the direction of these differences was difficult to predict.

MATERIALS AND METHODS
Subjects
We used male Roman (RHA= 28; RLA= 28) and HS rats (n= 100)
from our permanent colony (Dept. Psychiatry and Forensic
Medicine, Universitat Autònoma de Barcelona). They were aged
3–4 months, weighing 250–350 g. They were housed in pairs in
macrolon cages (50 × 25 × 14 cm) and maintained with food and
water ad libitum, maintained under a 12:12 h light–dark cycle
(lights on at 08:00 a.m.) and with controlled temperature (22 ± 2 °C)
and humidity (50–70%).

Experimental procedures
All behavioral and MRI testing was carried out during the light
cycle between 09:00–14:00 h. Experiments were performed in
accordance with the Spanish legislation on “Protection of Animals

Used for Experimental and Other Scientific Purposes” and the
European Communities Council Directive (2010/63/EU) on this
subject. Every effort was made to minimize any suffering of the
animals used in this study.
See experimental overview in Fig. 1.

Prepulse inhibition (PPI)
PPI was conducted in four sound attenuated boxes (SR-Lab Startle
Response System, San Diego Instruments, US), as previously
described [47]. Briefly, animals were individually located in an
acrylic cylinder, which was situated in a dimly illuminated box and
on the top of a platform with a sensor that detects the strength
made by the rat in each trial. Noise bursts were presented via
a speaker mounted 15 cm above the cylinder. After 5 min of
habituation, 10 “pulse-alone” trials (105dB(A), SPL, 40ms) were
delivered in order to obtain a stable baseline of startle
(BL1_Startle). Next, each one of the six types of trials were
randomly administered ten times (60 trials in total): (i) Pulse-alone
trials (105dB(A), SPL, 40 ms; BL2_Startle; used to calculate the
percentage of PPI); (ii) prepulses of 65/70/75/80dB(A), SPL (20 ms)
followed by the pulse stimulus (105dB(A), SPL, 40ms) with an
inter-stimulus interval of 100 ms; or (iii) no-stimulus trials (back-
ground noise of 55dB). The interval between trials was 15 s (range
10–20 s). The %PPI for each prepulse intensity was calculated by
applying the following formula: %PPI= [100−(startle amplitude
on prepulse trials / startle amplitude on “BL2_Startle” pulse-alone
trials × 100)].
HS rats were stratified by their average %PPI at prepulse

intensities 65 and 70dB(A). Lower prepulse intensities, which are
closer to the lowest threshold, are known to elicit lower levels of
PPI [5]. Therefore, these prepulse intensities may be more sensitive

Fig. 1 Experimental overview. Study 1: PPI and c-Fos expression in the RHA and RLA rats. RHA (n= 8) and RLA (n= 8; from six different litters
in both cases) underwent a PPI test. RHA (n= 6) and RLA (n= 6; from six different litters in both cases) underwent a pulse-alone session
(Pulse). RHA (n= 4) and RLA (n= 4; from four different litters in both cases) underwent a background noise (No-Pulse) session. They were
euthanized 2 h later to obtain samples for the c-Fos expression study. Study 2: PPI and MRI in RHA and RLA rats. RHA (n= 10) and RLA (n= 10)
underwent a PPI test and a single MRI session with a 7-day interval. Rats from both groups were obtained from at least eight different litters.
Study 3: PPI and c-Fos expression in the outbred heterogeneous rat stock (HS rats). HS rats (n= 54, from 40 different litters) underwent a PPI
session and they were stratified as Low-PPI (n= 8), Medium-PPI (n= 11) and High-PPI (n= 8) groups by their PPI levels (see “Materials and
Methods”). Randomly selected animals underwent control sessions of pulse-alone (Pulse, n= 4) or background noise (No-Pulse, n= 4). All rats
were euthanized 2 h after the respective experimental sessions to obtain samples for the c-Fos expression study. Study 4: PPI, MRI and c-Fos
expression in HS rats. HS rats (n= 46, from 40 different litters) underwent a PPI session (“PPI session 1”) and they were stratified as Low-PPI
(n= 7), Medium-PPI (n= 12), High-PPI (n= 9) groups by their PPI levels. Two additional control groups, Pulse (n= 4) and No-Pulse (n= 4),
randomly selected from the whole sample (n= 46), also underwent a PPI session (“PPI session 1”). After a 7-day interval, the Low-PPI, Medium-
PPI and High-PPI groups underwent a single MRI session, while rats from the Pulse and No-Pulse control groups were transported and kept in
the MRI testing room for an equivalent period of time as for the PPI-stratified groups. After another 7-day interval, HS rats from the PPI-
stratified groups underwent a second PPI session (“PPI session 2”), while the Pulse and No-Pulse control groups were submitted to a “pulse” or
a “background noise” session, respectively. All rats were euthanized 2 h after the respective second PPI session (“PPI session 2”) to obtain
samples for the c-Fos expression study. See variable definitions and further details in “Materials and Methods” section
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to detect differences in PPI. For both experiments with HS rats
(studies 3 and 4, see Fig. 1), subjects that were one standard
deviation below or above the group mean %PPI conformed the
Low-PPI and High-PPI groups, while a Medium-PPI group was
randomly drawn from the intermediate values.
The “Pulse” and “No-Pulse” control groups for each strain of the

Roman and HS rats underwent sessions of pulse-alone trials (i) or
non-stimulus trials (iii), respectively, of the same duration as the
PPI session.
Assignment of rats to testing box and time of testing was

counterbalanced across groups to avoid order effects. Sample size
of each experimental group (Fig. 1), including n= 4–6 animals in
control groups, was determined based on previous c-Fos studies
suggesting relatively high homogeneity of c-Fos measures in
control groups of similar size (e.g., [48, 49]).

Tissue processing, c-Fos immunohistochemistry, and microscopy
c-Fos immunostaining was performed with modifications as
described earlier [50]. Animals were euthanatized 120min
following the PPI, Pulse and No-Pulse sessions. Brains were
removed, immersed in isopentane (SIGMA 320404) and stored at
80 °C until sectioned. Coronal 20-μm thick sections were cut in
cryostat (Leica CM3050S) and thaw-mounted onto slides (Thermo
scientific). Slides were stored at −80°. Prior to staining, the slides
were allowed to reach RT, then they were immersed in
Formaldehyde 3.7–4% for 12 min at RT. After fixation, the slices
were washed several times in TBS (0.05, 0.15 M, pH 7.4) and TBS-T
(0.05%). Endogenous peroxidase activity was quenched with 3%
hydrogen peroxide (SIGMA 216763) in 70% methanol (SIGMA
179337) in 27% TBS, followed by several washes in TBS-T.
Afterwards, endogenous protein was blocked incubating the
slices with 10% normal horse serum (Sigma, H0146) in “antibody
diluent” (TBS-T with 1% (w/v) BSA (SIGMA A9647). Slices were then
incubated overnight at 4 °C with the primary antibody (goat anti-
c-Fos IgG, Santa Cruz, SC52G; 1:250). On the next day, slices were
washed in TBS-T, and were then incubated with the secondary
antibody (biotinylated horse anti-goat IgG, Vector laboratories, BA-
9500; 1:200) for 30 min. After washes in TBS-T, the samples were
incubated with Peroxidase Streptavidin (HRP conjugated, Jackson
immunoresearch, 016-030-084; 1:250) for 30min. Afterwards,
slices were washed in TBS-T, TBS and TB. Then, HRP activity was
demonstrated with DAB (50mg DAB (SIGMA, D5637)+ 100 ml of
TB+ 33microliters of H2O2 (SIGMA 216763)) for 10 min. After-
wards, slices were washed in TB, dehydrated, cleared, and cover-
slipped. Microphotographs were captured with an Eclipse 80i
Nikon microscope attached to a Nikon DXM1200F70 digital
camera at ×10 magnifications. The regions of study were the
mPFC (bregma: from 3.72 to 2.52mm); Cg (bregma: from 3.72 to
−1.56mm); dorsal HPC: CA1 of the dorsal HPC (Dorsal CA1),
dentate gyrus of the dorsal HPC (Dorsal DG) (bregma: from −2.40
to −3.84mm); ventral HPC: CA1 of the ventral HPC (Ventral CA1),
dentate gyrus of the ventral HPC (Ventral DG) (bregma: from
−4.80 to −5.52 mm); NAc: shell and core (bregma: from 2.28 to
1.56mm); dorsal striatum: caudate-putamen (Striatum CP) and
globus pallidus (Striatum GP) (bregma: from −1.80 to −3.12 mm);
amygdala: basolateral amygdala (BLA) and central amygdala (CeA)
(bregma: from −1.92 to −3.36 mm). The borders of each area were
identified with the help of a rat brain atlas [51]. See further details
of the regions of interest in Fig. S1e–k. The ImageJ software
(“analyze particles” function) was employed to automatically
identify and count the number of c-Fos immunostained nuclei
in three histological sections of each brain region/mm2 and
averaged for each animal. Particle size and appropriate grey
threshold were set for each region and maintained for all subjects.

Structural magnetic resonance imaging (MRI)
Settings, parameters and brain region analyses were conducted as
previously described [52]. Briefly, we obtained 35 coronal

T2-weighted fast spin-echo images from the olfactory bulb to
the cerebellum, which allowed us to manually count pixels of the
whole brain, mPFC (bregma: from 3.72 to 2.52 mm), Cg (bregma:
from 3.72 to −1.56mm), NAc (including shell and core sub-
regions, bregma: from 2.52 to 0.84 mm), HPC (including dorsal and
ventral parts, bregma: from −2.40 to −5.52 mm), dorsal striatum
(bregma: from 2.28 to 0.96mm), and amygdala (bregma: from
−1.20 to −5.04 mm). The borders of each area were identified
with the help of a rat brain atlas [51]. See further details of the
regions of interest in Fig. S1a–d. Counting of pixels was performed
using ImageJ software outlined by an experimenter blinded to
group status. Volumes of each delimitated area were calculated
using the following formula: [(Field of view (3,5 × 3,5 cm2)/Matrix
size (256 × 256)) × Slice thickness (0.5 mm)] × number of pixels
included in delimitated area. The percentage of relative volume (%
volume) was obtained by using the following formula: [(volume of
a delimitated region)/(total brain volume)] × 100. “% volume”
variable was used for analyses in the Roman rat strains, because
we found between-strain differences in “total brain volume”
measured in mm3. Sample size of each experimental MRI group
from studies 2 and 4 (Fig. 1) was determined based on previous
MRI studies in rats (e.g., [27, 53]).

Statistics
All the analyses were performed employing the “Statistics Package
for Social Sciences” (SPSS). Significance level was set at p < 0.05.
A 2 × 3 (‘2 strains × 3 conditions’) ANOVA followed by post hoc

Duncan’s test were used to determine differences between the
RHA and RLA rats in the different conditions (i.e., No-Pulse, Pulse,
PPI) of the c-Fos study 1.
Student’s t-test was used to test significant differences between

RHA and RLA rats from study 2.
One-way ANOVA followed by post hoc Duncan’s test were used

to determine differences among the HS rats with Low-PPI,
Medium-PPI and High-PPI, as well as the No-Pulse and Pulse
control groups in studies 3 and 4.
To study associations among variables, multiple linear regres-

sion (forward stepwise method) and factorial (direct oblimin;
oblique rotation) analyses were applied to c-Fos, MRI and PPI data
from studies 1, 3, and 4.

RESULTS
PPI and c-Fos in RHA and RLA rats (study 1)
RHA rats had lower PPI than their RLA counterparts (Table S1). No
differences were found in “BL1_Startle” between the RHA-Pulse
and RLA-Pulse groups, while the RLA-PPI group showed higher
baseline startle response (both in BL1 and BL2) than the RHA-PPI
group (Table S1). However, analyzing groups of RHA and RLA rats
previously matched for their baseline startle response, we found
that the between-strain differences in %PPI were maintained
(Fig. S2a, b).
2 × 3 ANOVA revealed a “Strain” effect on c-Fos in the “mPFC”

[F(1,30)= 6.628; p= 0.015] and the BLA [F(1,30)= 7.573; p= 0.010;
Table 1], as both regions were more activated in RLAs than in their
RHA counterparts, and a “Condition” effect in the “mPFC” [F(2,30)=
4.488; p= 0.020], the Cg [F(2,30)= 3.488; p= 0.043; Table 1] and the
CeA [F(2,30)= 4.048; p= 0.028; Table 1], indicating that these
regions had higher activation in the PPI and Pulse conditions than
in the No-Pulse condition in both strains. Importantly, there was a
“Strain × Condition” effect in the mPFC [F(2,30)= 8.243; p= 0.001].
RLA-PPI rats showed higher c-Fos expression than the RLA-Pulse,
RLA-No-Pulse and all RHA groups (Duncan’s post hoc test, p < 0.05
(Fig. 2a); representative microphotographs in Fig. 2b). No
significant “Strain” (all Fs(1,30) ≤ 4.112; all ps ≥ 0.052), “Condition”
(Fs(2,30) ≤ 2.358; all ps ≥ 0.112) or “Strain × Condition” (Fs(2,30) ≤
1.737; ps ≥ 0.193) effects were found in other brain regions
(Table 1).
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PPI and MRI in RHA and RLA rats (study 2)
RHA rats had lower PPI than their RLA counterparts (Table S2). No
differences were found in “BL1_Startle” and “BL2_Startle” between
the RHA and RLA strains (Table S2).
ANOVA revealed a Strain effect in volume (%) in the mPFC

[t(1,18)= 2.189; p= 0.042], HPC [t(1,18)= 8.886; p= <0.001] and
amygdala [t(1,18)= 5.370; p= <0.001] (Student’s t-test; Fig. 3a).
RHA strain showed lower relative volume of the mPFC, HPC, and
amygdala than the RLAs. No statistical differences were found
between groups in “% volume” in other brain regions (all
ts ≤ (1,18)1.737; ps ≥ 0.193; Table S3).

PPI and c-Fos in HS rats (study 3)
The expected differences in PPI were found after stratification in the
three rat groups, HS Low-PPI <Medium-PPI < High-PPI, while there
were no significant differences in “BL1_Startle” and “BL2_Startle”
among the three PPI-stratified groups (Table S4). Albeit non-
significant, a numerical trend towards reduced baseline startle in
Low-PPI rats was observed. For this reason, we reanalyzed the data
from the HS Low-PPI and High-PPI rats after matching them for their
baseline startle response amplitude and found that the between-
group differences in %PPI were maintained (Fig. S2c–f).
ANOVA revealed a Group effect in c-Fos expression in the

“mPFC” [F(4,30)= 7.971; p= <0.001] and “NAc shell” [F(4,30)= 2.896;
p= 0.039]. The number of c-Fos positive cells in the “mPFC” was
higher in the High-PPI rats than in the Medium-PPI and Low-PPI
groups (Duncan’s post hoc test, p < 0.05; Fig. 2c). Moreover, the
High-PPI group was the only one that statistically differed from
both the No-Pulse and Pulse control groups. Conversely, in the
“NAc shell”, the number of c-Fos labeled neurons was greater in
the Low-PPI group than in the High-PPI group (Duncan’s post hoc
test, p < 0.05; Fig. 2d). In addition, the Low-PPI group was the only
group that statistically differed from the No-Pulse control group.
No differences were found among groups in other brain regions
(all Fs(4,30) ≤ 2.524; all ps ≥ 0.062; Table 2a). Multiple regression
revealed that c-Fos expression in the mPFC and the NAc shell
predicted PPI performance (R2= 0.593; p= <0.001; Table S5). In
line with that, factor analysis of PPI, startle and c-Fos variables,

pooling HS (study 3) and Roman rats (study 1), revealed a 6-factor
solution, which grouped PPI and mPFC activation (both with
positive sign) in the second factor (Table S6).

MRI and c-Fos in HS rats (study 4)
We found the expected differences in %PPI variables (“PPI 65_70
pre”, “PPI total pre”, and “PPI 65 post”) among the three PPI-
stratified HS groups: Low-PPI < Medium-PPI < High-PPI. No differ-
ences were found in “BL1_Startle pre”, “BL2_Startle pre”,
“BL1_Startle post”, and “BL2_Startle post” among the three PPI-
stratified groups (Table S7).
ANOVA revealed a Group effect in c-Fos expression in the

“mPFC” [F(4,31)= 4.053; p= 0.009], “dorsal CA1” [F(4,31)= 2.797; p=
0.043] and “CeA” [F(4,31)= 3.624; p= 0.016]. The Low-PPI group
showed lower number of c-Fos positive neurons in the “mPFC”
than the Pulse, Medium-PPI and High-PPI groups (Duncan’s post
hoc test, p < 0.05; Fig. 2e). In the “dorsal CA1”, the High-PPI group
also showed higher c-Fos expression than the Low-PPI and No-
Pulse groups (Duncan’s post hoc test, p < 0.05, Fig. 2f). In the
“CeA”, the Pulse control group had greater activation than all the
PPI groups and the No-Pulse group, while the High-PPI group
revealed higher c-Fos expression than the No-Pulse group
(Duncan’s post hoc test, p < 0.05, Table 2b). No differences were
found among groups in other brain regions (all Fs(2,25) ≤ 1.117; all
ps ≥ 0.343; Table 2b).
Regarding volumetric measures, ANOVA revealed a Group effect

in the mPFC [F(2,25)= 4.750; p= 0.018] and the HPC [F(2,25)= 4.734;
p= 0.018]. The HS Low-PPI group showed lower mPFC and HPC
volumes than the Medium-PPI and High-PPI groups (Duncan’s
post hoc test, p < 0.05, Fig. 3b; see representative MRI images in
Fig. 3c, d). No group-related statistical differences were found in
other brain regions (all Fs(4,31) ≤ 2.552; all ps ≥ 0.059; Table S8A).
Multiple regression revealed that volumes of the HPC and mPFC
predicted PPI levels (R2= 0.513; p= 0.005; Table S8b). In relation
to this, factor analysis of study 4 (including PPI, startle, MRI and c-
Fos) showed a 4-factor solution, in which the first factor grouped
PPI (pre and post-MRI), mPFC activation and mPFC volume with
positive sign (Table S9).

Table 1. Study 1: c-Fos activation in various brain regions of Roman rats after a single PPI session

Number of c-Fos labeled neurons/mm2

RHA RLA

No-Pulse (n= 4) Pulse (n= 6) PPI (n= 8) No-Pulse (n= 4) Pulse (n= 6) PPI (n= 8) Effects

Cg 31.4 ± 1.6 68.6 ± 10.5* 61.5 ± 11.2* 33.8 ± 2.8 52.9 ± 9.6* 51.6 ± 9.5* Condition

Dorsal CA1 3.0 ± 0.7 3.4 ± 1.7 3.0 ± 0.6 3.0 ± 0.8 4.7 ± 0.9 5.9 ± 0.9

Dorsal DG 9.3 ± 3.0 8.4 ± 1.2 10.1 ± 1.3 8.2 ± 2.8 16.5 ± 2.9 9.0 ± 1.3

Ventral CA1 7.9 ± 1.3 11.0 ± 1.8 10.6 ± 1.6 9.1 ± 1.4 8.2 ± 1.0 11.3 ± 1.1

Ventral DG 4.2 ± 1.7 7.9 ± 3.5 11.4 ± 2.9 6.8 ± 1.7 11.2 ± 1.9 7.0 ± 1.0

NAc shell 23.3 ± 2.4 28.3 ± 5.9 35.0 ± 5.4 21.7 ± 7.6 38.8 ± 7.9 24.5 ± 5.1

NAc core 18.4 ± 4.3 21.7 ± 4.6 25.7 ± 4.6 15.6 ± 5.8 17.1 ± 4.6 13.5 ± 3.0

Striatum CP 3.7 ± 0.7 10.1 ± 2.1 7.3 ± 1.7 7.5 ± 2.4 9.3 ± 2.5 11.3 ± 1.1

Striatum GP 3.3 ± 1.2 5.4 ± 0.8 6.7 ± 1.9 4.9 ± 3.1 6.4 ± 2.0 5.5 ± 1.3

BLA 11.2 ± 1.4 15.7 ± 2.9 15.0 ± 3.2 20.5 ± 2.0 20.3 ± 2.1 19.2 ± 1.9 Strain

CeA 6.5 ± 1.7 12.3 ± 2.1* 11.1 ± 2.1* 1.7 ± 2.0 18.5 ± 3.9* 15.1 ± 1.6* Condition

Three groups of RHA and RLA rats were randomly distributed in the background noise control group (No-Pulse), in the pulse-alone control group (Pulse) or the
PPI group. Effects of “Condition” (with the Pulse and PPI groups showing higher Cg and CeA activation than the NP group) and “Strain” (with RLA rats showing
higher BLA activation than RHAs) are indicated in the table (ANOVA). Values are mean ± SEM
Cg cingulate cortex, Dorsal CA1 CA1 of the dorsal hippocampus, Dorsal DG dentate gyrus of the dorsal hippocampus, Ventral CA1 CA1 of the ventral
hippocampus, Ventral DG dentate gyrus of the ventral hippocampus, NAc shell nucleus accumbens shell, NAc core nucleus accumbens core, Striatum CP striatum
caudate-putamen, Striatum GP striatum globus pallidus, BLA basolateral amygdala, CeA central amygdala
*p < 0.05 vs No-Pulse group of the same strain (Duncan’s multiple range test)
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Fig. 2 Reduced PPI is associated with decreased medial prefrontal cortex (mPFC) activation in Roman and HS rats. a mPFC activation in RLA
rats was significantly higher in the PPI condition than in the NP (No-Pulse) and Pulse conditions and was also higher than all conditions in the
RHA rats. Conversely, RHA rats did not show differences in mPFC activation among the three conditions. b Representative photomicrographs
of c-Fos differences in the mPFC (c-Fos expression) between the Roman rats. RHA rats exposed to a PPI session (RHA_PPI) had lower mPFC
activation than their RLA (RLA_PPI) counterparts, as observed both at x2 and x10 magnifications. c HS rats stratified for high-PPI scores (High-
PPI) showed increased neuronal activity in the mPFC compared to HS rats stratified by medium-PPI scores (Medium-PPI) and HS rats stratified
by low-PPI scores (Low-PPI). The Medium-PPI had higher mPFC activation than the Low-PPI. Additionally, the High-PPI group showed higher
mPFC activation than the No-pulse control group (NP, control) and the Pulse control group (Pulse, control). d Nucleus accumbens shell (NAc
shell) activation in the Low-PPI group was greater than in the High-PPI and NP groups. e Following a second PPI session (study 4), the HS Low-
PPI group showed lower c-Fos expression in the mPFC than Medium-PPI, High-PPI and Pulse groups. f The dorsal CA1 of the hippocampus
(Dorsal CA1) in the the High-PPI group had higher c-Fos expression than the Low-PPI and NP groups. Values are mean ± SEM. See “n”/group in
Fig. 1. *p < 0.05, **p < 0.01, ***p < 0.001 (Duncan’s multiple range test)
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DISCUSSION
This work was aimed to investigate the neurobiological mechan-
isms associated with reduced sensorimotor gating in the Roman
and in the outbred heterogeneous HS rats. Our results showed
that both neuronal activity and volume of the mPFC, as well as
HPC volume, were highly and consistently associated with
spontaneous differences in PPI in intact rats.

PPI is related to mPFC activation and mPFC and HPC volumes in
Roman and HS rats
Results of c-Fos expression in the Roman rats (study 1) indicated
that the RLA rats showed higher activation of the mPFC than the
RHAs during the PPI test. Interestingly, the different conditions
markedly affected RLA rats, i.e., much higher c-Fos activation in
the PPI condition than the No-Pulse and Pulse conditions,
while did not significantly influence c-Fos expression in RHA
rats. Moreover, c-Fos results from study 3 revealed that the HS
High-PPI group had higher neuronal activity in the mPFC than all
the other four groups, thus suggesting specificity of the mPFC-
PPI association. Similarly, c-Fos results in HS rats from study
4 showed that the Low-PPI group displayed lower mPFC
activation than the High-PPI, Medium-PPI and Pulse groups.
The differences in c-Fos expression between both studies using
HS rats (Fig. 2c, e) may be due to habituation, since all animals
from study 4 were tested twice in the PPI apparatus. Importantly, it
is noteworthy that differences in c-Fos activation between
the Pulse and No-Pulse control groups and the PPI groups in

study 4 may reflect PPI-related mechanism, although it cannot
be excluded that these differences reflect divergences in the
experimental history between control and PPI groups, including
that PPI groups had undergone MRI measurements under
anesthesia.
The main conclusion arising from studies 1, 3, and 4 is that there

is a strong and consistent positive relationship between activation
of the mPFC and PPI response, which is generalizable through
different genetic backgrounds (i.e., different rat strains). Remark-
ably, this is globally supported by regression analysis revealing
that activation of the mPFC (together with NAc shell) predicts PPI
levels, and by factor analysis (pool of studies 1 and 3, Table S6). In
contrast, the Cg, which is a region adjacent to the mPFC and that
has been previously related to schizophrenia ([54] but see also
[55]), was equally activated by PPI and Pulse conditions in study 1
in both RHA and RLA and there were no differences among HS
rats (study 3). This result reinforces the specificity of the
association between mPFC activation and PPI. Importantly, our
findings agree with previous studies showing that PPI is: (i)
positively associated with mPFC activation in rats selectively bred
for low or high PPI [56]; (ii) impaired after several pharmacological
and neurodevelopmental treatments in the mPFC [9–11, 24, 25]; or
(iii) improved in the poly I:C rat model treated with electrical
stimulation of the mPFC [28, 29]. However, in the only previous
study using untreated and unselected animals, there was no
difference in c-Fos expression between PPI-exposed and Pulse-
exposed mice in the mPFC [48]. One possible explanation for the

Fig. 3 Lower PPI is associated with decreased MRI volumes in the medial prefrontal cortex (mPFC) and hippocampus (HPC) in Roman and HS
rats. a RHA rats showed significant reductions in the “% volume” of the mPFC, HPC and amygdala compared to their RLA counterparts. “%
volume” variable was used for analyses in the Roman rat strains, because we found between-strain differences in “total brain volume”
measured in mm3 (see Table S3). b The HS rats stratified by low PPI (Low-PPI) had lower mPFC and HPC volumes than HS rats stratified by
medium (Medium-PPI) or high (High-PPI) PPI. No statistical differences were found in the amygdala. Values are mean ± SEM. *p < 0.05, **p <
0.01, ***p < 0.001 (Student’s t-test in “a”; Duncan’s multiple range test in “b”). c, d Representative coronal MRI images showing volumetric
differences in the mPFC (c) and HPC (d) between the HS Low-PPI and High-PPI rats. The HS Low-PPI showed a thinner mPFC and HPC (white
dashed lines) than HS High-PPI rats. The borders of each area were identified with the help of a rat brain atlas [51]
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discrepancy with our findings is that in the mice study, there was
just a PPI-exposed group, and animals were not stratified by
differential PPI. In fact, the average percentage of PPI in that study
was around 50%, which roughly corresponds to Low-PPI rats in
the present study 3. Moreover, it is not yet clear that the same
neural mechanisms are involved in the regulation of PPI in
different species (e.g., mice and rats) [13, 48].
Conversely, we found no group-related differences in c-Fos

expression in the different HPC sub-regions in studies 1 and 3.
These results may seem surprising in light of the literature relating
HPC function and sensorimotor gating [5, 13, 32], although there
have also been some controversial findings [48, 57]. However, in
study 4 the Dorsal CA1 had higher activation in the HS High-PPI
group than in the Low-PPI and No-Pulse groups. In this regard, it is
assumed that the Dorsal CA1 is critically involved in several types
of memory [58]. As animals were tested twice for PPI in study 4,
this may suggest that such an increase of c-Fos activation in the
Dorsal CA1 of High-PPI rats is due to a memory process (i.e.,
habituation of PPI).
In contrast to our findings, previous studies show that PPI is

also impaired by manipulations that increase activity in the mPFC
[12] or the HPC [14–18]. However, recent evidence suggests
that the hippocampal and prefrontal modulation of PPI may be
strain-dependent as, for instance, prefrontal disinhibition in
Sprague–Dawley rats [12] and ventral hippocampal disinhibition

in Wistar rats [16] disrupt PPI, but none of these effects are
observed in Lister hooded rats [59, 60].
Regarding the MRI results, study 2 revealed that RHA rats had

lower “% volume” of the mPFC and the HPC than the RLAs. These
findings agree with previous evidence showing decreased volume
of both areas and reduced PPI in RHA compared with RLA rats, as
well as a significant positive correlation between HPC volume and
PPI [52, 61]. In keeping with that, in the present study 4, the HS Low-
PPI group had lower mPFC and HPC volumes than the Medium-PPI
and High-PPI groups. Regression analysis supports these findings, as
mPFC and HPC volumes positively predict PPI levels (see Table S8b).
In this regard, it is known that variations in the volume of particular
brain regions may reflect microscopic changes within these regions,
including changes in synaptogenesis, dendritic arborization, number
of neurites, and neuronal and glial genesis, that can, in turn,
influence behavioral responses [62–64]. For instance, a study using
a “double hit” rat model of schizophrenia reports volume
reductions in the mPFC accompanied by several neurochemical
alterations in cortical inhibitory circuits within this region, such as
a reduction in parvalbumin expressing interneurons, in mRNA
levels of calbindin and ERbB4, and in expression of PSA-NCAM and
GAD67 [55]. To the extent that macroscopic variations in the
volume of a specific brain region are accompanied by microscopic
changes that can influence behavioral processes, our MRI results
suggest that the mPFC and HPC may regulate PPI. Moreover, our

Table 2. c-Fos activation in various brain regions in HS rats from studies 3 and 4

(A) Study 3: c-Fos activation in various brain regions of HS rats after PPI

Number of c-Fos labeled neurons/mm2

No-Pulse (n= 4) Pulse (n= 4) Low-PPI (n= 8) Medium-PPI (n= 11) High-PPI (n= 8)

Cg 53.2 ± 5.4 58.6 ± 18.2 66.9 ± 9.8 75.2 ± 14.3 84.8 ± 13.0

Dorsal CA1 4.4 ± 0.8 5.1 ± 2.7 4.9 ± 1.0 5.9 ± 1.5 2.3 ± 0.7

Dorsal DG 11.4 ± 2.3 10.0 ± 3.1 11.6 ± 2.6 10.2 ± 1.0 5.0 ± 0.7

Ventral CA1 11.2 ± 0.8 11.6 ± 2.1 12.2 ± 1.6 14.2 ± 1.3 12.6 ± 2.6

Ventral DG 7.9 ± 1.8 19.5 ± 7.8 12.8 ± 2.0 18.5 ± 3.7 17.2 ± 3.1

NAc core 5.8 ± 2.2 10.2 ± 2.8 10.9 ± 1.6 17.1 ± 3.4 9.7 ± 1.7

Striatum CP 9.5 ± 3.5 13.7 ± 4.5 13.7 ± 3.3 12.4 ± 2.4 15.6 ± 2.5

Striatum GP 5.1 ± 1.5 8.1 ± 3.7 8.0 ± 1.3 6.3 ± 1.5 6.3 ± 1.2

BLA 10.5 ± 4.1 8.4 ± 2.6 13.7 ± 2.3 19.7 ± 2.0 15.8 ± 3.0

CeA 7.9 ± 1.8 12.3 ± 4.3 15.4 ± 5.5 10.1 ± 1.4 8.0 ± 1.5

(B) Study 4: c-Fos activation in various brain regions of HS rats after second PPI

(n= 4) (n= 4) (n= 7) (n= 12) (n= 9)

Cg 15.0 ± 6.9 12.9 ± 0.5 18.3 ± 2.1 23.1 ± 4.2 16.3 ± 2.2

Dorsal DG 25.1 ± 7.1 22.6 ± 2.8 25.4 ± 4.0 24.5 ± 3.0 24.8 ± 3.3

Ventral CA1 9.3 ± 1.1 13.0 ± 0.8 14.9 ± 1.3 13.8 ± 1.0 15.4 ± 2.6

Ventral DG 9.3 ± 1.0 8.6 ± 2.1 16.0 ± 1.7 16.4 ± 2.1 12.3 ± 1.6

NAc shell 13.5 ± 2.3 17.9 ± 9.7 21.3 ± 5.4 15.0 ± 3.0 20.8 ± 3.3

NAc core 9.8 ± 2.7 11.9 ± 4.2 11.2 ± 1.8 14.9 ± 1.6 12.6 ± 1.9

Striatum CP 3.9 ± 2.0 13.7 ± 4.5 11.8 ± 1.3 10.9 ± 1.5 12.3 ± 2.7

Striatum GP 6.3 ± 1.6 8.1 ± 1.7 11.6 ± 1.8 9.0 ± 1.6 10.9 ± 1.6

BLA 17.5 ± 7.2 26.8 ± 3.6 20.7 ± 3.4 20.1 ± 2.3 23.9 ± 3.1

CeA 8.4 ± 3.2* 26.8 ± 3.2 17.2 ± 2.2* 14.7 ± 1.6* 18.0 ± 3.4*#

(A) In study 3, HS rats were stratified by their PPI scores in rats with low-PPI scores (Low-PPI), medium-PPI scores (Medium-PPI) and high-PPI scores (High-PPI).
Moreover, control groups for background noise (No-Pulse) and pulse-alone (Pulse) were used. (B) In study 4, one week after undergoing an MRI session, HS rats
were submitted to another PPI session to obtain samples to conduct c-Fos analyses. See further procedural details in “Materials and Methods” and Fig. 1.
Values are mean ± SEM. Abbreviations as in Table 1.
*p < 0.05 vs. Pulse group, #p < 0.05 vs. No-Pulse group in the CeA (Duncan’s multiple range test following significant ANOVA effect)
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experimental strategy (study 4) enabled us to study PPI, MRI and c-
Fos in the same subjects. Thus, factor analysis of the most relevant
parameters (explaining 64.1% variance) revealed a 4-factor
solution, with a first factor grouping PPI variables with mPFC
volume and activation (see Table S9), which is globally consistent
with the results of group comparisons and regression analyses
(studies 3–4). Our findings are in line with previous reports
showing both impaired PPI and reduced mPFC volume in several
neurodevelopmental rat models [10, 26, 27, 53]. In addition, MRI
studies in schizophrenic patients have shown significant correla-
tions between PPI and gray matter volume in the dorsolateral
prefrontal, middle frontal and orbital/medial prefrontal cortices [8],
whereas HPC volume correlated with PPI in healthy subjects [33].
Moreover, patients with first-episode schizophrenia show signifi-
cant volumetric reductions in the HPC [65].
The present strategy, which considers the spontaneous varia-

tion of PPI in intact rats, may be a parallel of the study of brain
function/structure and PPI in humans. Nevertheless, the rat model
approach has the obvious advantage of enabling application of
invasive procedures and enhanced control of variables. For
example, our c-Fos results are in line with a previous functional
MRI (fMRI) study in humans that demonstrated that patients with
schizophrenia had lower activation of the frontal and parietal
cortical regions than healthy subjects during a PPI test [32].
Importantly, however, the higher spatial resolution of c-Fos over
fMRI improves detection of very small nuclei and single neurons
involved, which is not applicable to humans [66, 67].

NAc and amygdala activation during PPI in the Roman and HS rats
The HS Low-PPI group showed higher NAc shell activity than both
the High-PPI group and the No-Pulse control group (study 3),
revealing an opposite relationship with PPI compared to the
findings from the mPFC (see also regression analysis in Table S5).
A similar, albeit non-significant, trend was observed in study 1
between the Roman strains, as the mean c-Fos value of the PPI-
deficient RHA rats was 35.0(±5.4) vs. 24.5(±5.1) of their RLA
counterparts (see Table 1). These findings are consistent with
evidence of reduced neuronal activity in the mPFC and increased
activity in the NAc of rats selectively bred for deficient
sensorimotor gating [56]. Nevertheless, it is worth to point out
that the relationship between NAc function and PPI is still a matter
of controversy. In fact, PPI is impaired after (i) ablative lesion of the
NAc shell [19]; (ii) functional inhibition of the NAc core, but not
shell [23]; (iii) amphetamine infusion into the NAc core, but not the
NAc shell [68]; or (iv) high-frequency electrical stimulation of the
NAc shell in control-saline offspring, while somewhat paradoxi-
cally it alleviates PPI deficits in the poly I:C offspring [29]. On the
other hand, it has been reported that direct stimulation of alfa-1
and beta adrenoceptors in the NAc shell, but not core, disrupts
PPI, and that blocking alfa-1 receptors within NAc shell reverses
amphetamine-induced PPI impairments [69]. In relation to this, the
acute administration of methylphenidate, which stimulates
dopamine transmission in the NAc, elicits an increase in c-Fos
expression in both the NAc shell and core, but more markedly in
the former, in parallel to PPI impairments in mice [70]. In addition,
the disruptive effects of PPI by dopamine agonists seem to be
strain-dependent, as Sprague–Dawley are more sensitive to PPI-
disruptive effects of apomorphine and amphetamine than Lister
Hooded rats [5, 68]. To sum up, studies investigating NAc function
and PPI have provided mixed and even paradoxical results, which
indicates the need for further research. Our results, however,
would be in line with those findings suggesting that a hyperactive
NAc shell is associated with reduced PPI. Nevertheless, in study 4
no trend for a negative association between NAc shell activation
and PPI was observed, which is likely because c-Fos expression
was measured after repeated PPI exposure. In this context, there is
wide evidence that repeated exposure to a novel environment or
stress leads to decreased c-Fos response to those stimuli [71].

Therefore, c-Fos results from study 4 may be to some extent
influenced by a process of habituation [72].
On the other hand, previous studies suggest that both the

amygdala and NAc may interact to modulate PPI [2]. However, we
did not find a specific relationship between PPI and activation in
the CeA or BLA. Instead, there was (i) an unspecific “pulse” effect in
the CeA, as reflected by higher c-Fos activation in the PPI and
Pulse conditions than in the No-Pulse condition (studies 1 and 4);
and (ii) a “strain” effect in the BLA in study 1, as the BLA was
globally more activated in RLAs than in their RHA counterparts.
This finding, together with the increased amygdala volume in RLA
rats (see Fig. 3a), is consistent with previous results of strain-
related differential stress sensitivity and amygdala volume and
function [49, 52].

CONCLUSIONS
PPI is a translational measure of sensorimotor gating that is
impaired in several human diseases, such as schizophrenia, and is
used in many rodent animal models to investigate brain
mechanisms underlying these diseases. A common approach in
rodent studies has been to assess the impact of specific brain
manipulations on PPI, while neural correlates of PPI in humans
have preferentially been studied using brain imaging. In this
regard, our present work might contribute to bridge the gap
between rodent and human studies by investigating structural
and functional brain correlates in intact inbred and outbred rats
with spontaneous differences in PPI. We report a consistent
positive association between PPI and mPFC activity and volume.
Moreover, our results suggest that, apart from a hypoactive and
smaller mPFC, a hyperactive NAc shell and a smaller HPC may
underlie reduced PPI levels. Overall, our findings support the
notion that sensorimotor gating is modulated by forebrain
structures and highlight the importance of the mPFC in its
regulation.
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Figure S1. Regions of interest for c-Fos and MRI studies. a-d Schematic diagrams adapted from the Paxinos and 
Watson atlas [51] showing the regions of interest for the MRI studies 2 and 4, which include the mPFC (a; black lines; 
bregma: from 3.72 to 2.52mm), Cg (a and b; grey lines; bregma: from 3.72 to -1.56mm), NAc (b; dashed grey lines; shell 
and core sub-regions, bregma: from 2.52 to 0.84mm), HPC (c and d; black lines; dorsal and ventral parts, bregma: from -
2.40 to -5.52mm), dorsal striatum (b and c; black dashed lines; bregma: from 2.28 to 0.96mm)  and amygdala (c; gray 
lines; bregma: from -1.20 to -5.04mm). e-k Schematic diagrams adapted from the Paxinos and Watson atlas [51] showing 
the regions of interest (delineated with dashed black lines) for the c-Fos studies 1, 3 and 4, including mPFC (e; bregma: 
from 3.72 to 2.52mm); Cg (f; bregma: from 3.72 to -1.56mm); NAc: shell and core (g; bregma: from 2.28 to 1.56mm); 
dorsal HPC: CA1 of the dorsal HPC (Dorsal CA1), dentate gyrus of the dorsal HPC (Dorsal DG) (h; bregma: from -2.40 
to -3.84mm); dorsal striatum: caudate-putamen (Striatum CP) and globus pallidus (Striatum GP) (i; bregma: from -1.80 to 
-3.12mm); amygdala: basolateral amygdala (BLA) and central amygdala (CeA) (j; bregma: from -1.92 to -3.36mm); and 
ventral HPC: CA1 of the ventral HPC (Ventral CA1), dentate gyrus of the ventral HPC (Ventral DG) (k; bregma: from -
4.80 to -5.52mm). The figure includes a representative schematic diagram for each region.  
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 Startle amplitude and %PPI 
RHA groups RLA groups 

 Pulse 
(n=6) 

PPI 
(n=8) 

Pulse  
(n=6) 

PPI 
(n=8) 

BL1_Startle 2389.1 ±259.3 1569.9 ±274.5 2790.8 ±668.5 3022.2 ±560.4* 
BL2_Startle See legend 745.2 ±122.9 See legend 1995 ±377.7* 
PPI65 - 5.3 ±14.1 - 57.2 ±7.5* 

PPI70 - 37.0 ±7.1 - 69.4 ±6.0* 
PPI 65_70 - 21.1 ±9.6 - 63.3 ±6.1* 
PPI_75 - 44.2 ±8.6 - 71.5 ±5.0* 
PPI_80 - 72.5 ±4.3 - 77.0 ±3.9 
PPI_75_80 - 58.4 ±5.5 - 74.3 ±4.4* 
PPI Total - 39.7 ±7.3 - 68.8 ± 5.3* 

Table S1. Startle amplitude and %PPI in the Roman rats from Study 1. Mean±SEM of startle baseline (BL1_Startle) 
amplitude in Roman high-(RHA) and low-avoidance (RLA) rats of the pulse-alone control (Pulse) and PPI groups, as well 
as %PPI (PPI groups) averaged for pre-pulses 65dB and 70dB (PPI 65_70) and  65dB, 70dB, 75dB and 80dB (PPI Total). 
Student’s t-tests revealed significant Strain effects in “PPI65” [t(1,14)=3.242; p=0.008], “PPI70” [t(1,14)=3.481; p=0.004], 
“PPI_65_70” [t(1,14)=3.624; p=0.003], “PPI75” [t(1,14)=2.516; p=0.018], “PPI_75_80” [t(1,14)=2.009; p=0.041] and “PPI total” 
[t(1,14)=3.210; p=0.007], indicating that RHA rats showed lower PPI than the RLAs. However, no differences were found in 
“PPI80” [t(1,14)=0.838; p=0.451]. On the other hand, no differences were found in “BL startle” either between the RHA and 
RLA Pulse control groups [t(1,10)=0.560; p=0.594], while the RLA group showed higher startle response than the RHA-PPI 
group in “BL1_Startle” [t(1,14)=2.327; p=0.042] and “BL2_Startle” [t(1,14)=3.149; p=0.013]. The value of “BL2_Startle” for the 
“Pulse” group is not shown, as this group underwent 50 pulse-alone trials after the 10 first pulse trials (BL1_Startle), which 
is not comparable to the condition of PPI-stratified rats that underwent just 10 pulse-alone trials.  Values are mean±SEM. 
*, significant difference (see above) vs corresponding RHA group. 
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 Startle amplitude and %PPI 
RHA 

(n=10) 
RLA 

(n=10) 
BL1 Startle 1107.3 ±157.5 1908.7 ±384.7 
BL2_Startle 872.2 ±157.4 1313 ±377.7 
PPI_65 19.9 ±8.2 47.3 ±5.9* 
PPI_70 30.2 ±9.4 59.7 ±3.4* 
PPI 65_70 25.1 ±8.3 53.5 ±4.1* 
PPI_75 42.3 ±7.6 62.9 ±5.1* 
PPI_80 62.6 ±5.2 72.9 ±2.3 
PPI Total 38.8 ±7.1 60.7 ±3.1* 

Table S2. Startle amplitude and %PPI in the Roman rats from Study 2. Mean±SEM of startle baseline (BL1_Startle 
and BL2_Startle) amplitude in Roman high-(RHA) and low-avoidance (RLA) rats of the pulse-alone control (Pulse) and 
PPI groups, as well as %PPI (PPI groups) averaged for each pre-pulse. Student’s t-tests showed Strain effects on “PPI65” 
[t(1,18)=2.706; p=0.015], “PPI70” [t(1,18)=2.951; p=0.013], “PPI_65_70” [t(1,18)=3.079; p=0.009], “PPI75” [t(1,18)=2.249; 
p=0.039] and “PPI total” [t(1,18)=2.833; p=0.011], indicating that RHA rats showed lower PPI than the RLAs. However, no 
differences were found in “PPI80” [t(1,18)=1.810; p=0.095]. On the other hand, no strain differences were found in 
“BL1_Startle” [t(1,18)=1.884; p=0.082] and “BL2_Startle” [t(1,18)=1.078; p=0.302]. Values are mean±SEM. *, significant 
difference (see above) vs corresponding RHA group. 
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 Volume (mm3) Volume (%) 
RHA 

(n=10) 
RLA 

(n=10) 
RHA 

(n=10) 
RLA 

(n=10) 
mPFC 10.4 ±0.5 12.6 ±0.5** 0.6 ±0.02 0.7 ±0.02* 
Cg  10.3 ±0.1 11.2 ±0.2** 0.3 ±0.01 0.3 ±0.01 
NAc 8.4 ±0.3 9.2 ±0.3 0.5 ±0.02 0.5 ±0.01 
HPC 80.1 ±1.6 100.2 ±1.3*** 4.7 ±0.04 5.4 ±0.07*** 
Striatum 42.8 ±0.7 46.4 ±1.1* 2.5 ±0.02 2.5 ±0.05 
Amygdala 26.4 ±0.6 33.7 ±0.9*** 0.8 ±0.02 0.9 ±0.02*** 
Whole brain 1722.1 ±22.1 1861.6 ±36.2** 100 100 

Table S3. Study 2: Volume of the various brain regions in the Roman rats. mPFC, medial prefrontal cortex; Cg, 
cingulate cortex; NAc, nucleus accumbens; HPC, hippocampus; Striatum, dorsal striatum. Values are mean±SEM. *p < 
0.05, **p < 0.01, ***p < 0.001 vs. RHA group (Student’s t-test).  
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 Startle amplitude and % of PPI 
Pulse 
(n=4) 

Low-PPI 
(n=8) 

Medium-PPI 
(n=11) 

High-PPI 
(n=8) 

BL1_Startle 935.9 ±223.5 1074 ±260.7 1649.2 ±476.1 2235.5 ±594.5 
BL2_Startle See legend 526.3 ±212.8 802.6 ±333.7 1445.3 ±346.7 
PPI_65 - 31.7 ±4.6 63.0 ±2.5* 81.1 ±2.1** 
PPI_70 - 43.2 ±5.0 70.4 ±2.3* 88.2 ±1.0** 
PPI 65_70 - 37.2 ±2.8 66.7 ±2.0* 84.6 ±1.1** 
PPI_75 - 56.3 ±2.6 74.4 ±1.7* 85.7 ±2.2** 
PPI_80 - 67.2 ±3.8 79.2 ±2.7* 91.2 ±1.2** 
PPI Total - 49.5 ±2.6 72.8 ±1.8* 86.5 ±.8** 

Table S4. Startle amplitude and %PPI in HS rats from Study 3. Mean±SEM of baseline startle (BL Startle) amplitude 
in HS rats of the pulse-alone control (Pulse) group and the PPI groups (HS rats stratified by their PPI scores in Low-PPI, 
Medium-PPI and High-PPI), as well as percentage %PPI  averaged for pre-pulses 65dB and 70dB (PPI 65_70) and 65dB, 
70dB, 75dB and 80dB (PPI Total). ANOVA analyses showed there was a Group effect among the three PPI-stratified 
subgroups in “PPI_65” [F(2,24)=56.559; p=<0.001], “PPI_70” [F(2,24)=47.359; p=<0.001], “PPI_65_70” [F(2,24)=113.400; 
p=<0.001], “PPI_75” [F(2,24)=42.280; p=<0.001], “PPI_80” [F(2,24)=16.406; p=<0.001] and “PPI_total” [F(2,24)=90.222; 
p=<0.001]. The post-hoc Duncan test confirmed the expected differences: Low-PPI < Medium-PPI < High-PPI. One-way 
ANOVA (with the 4 groups) showed no significant group differences in “BL1_Startle” [F(3,24)=1.212; p=0.315] and in 
“BL2_Startle” [F(2,24)=1.983; p=<0.160] among the PPI-stratified groups. The value of “BL2_Startle” for the “Pulse” group 
is not shown, as this group underwent 50 pulse-alone trials after the 10 first pulse trials (BL1_Startle), which is not 
comparable to the condition of PPI-stratified rats that underwent just 10 pulse-alone trials. Values are mean±SEM. ** p < 
0.05 vs Medium-PPI and Low-PPI; * p< 0.05 vs Low-PPI (Duncan’s multiple range test). 
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Dependent 
variable 

Method Model Predictor 
variables 

r R 
(Model) 

R2 

(Model) 
p 

        
%PPI Forward 

stepwise 
2 mPFC_cFos 

NAcShell_cFos 
0.639 0.770 0.593 <0.001 
-0.418 

Table S5. Study 3: Multiple stepwise regressions between PPI session and c-Fos activation in various brain 
regions in HS rats. Forward stepwise multiple regressions between “%PPI”, as a dependent variable, and all the c-Fos 
analyzed regions, as independent variables, showed that the medial prefrontal cortex c-Fos activation (mPFC_cFos) and 
the nucleus accumbens shell c-Fos activation (NAcShell_cFos) predicted PPI performance. r, bivariate Pearson’s 
correlation.   
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Factors 
 

1 
 

2 
“Frontocortical 

Inhibition” 
factor 

 
3 

 
4 

 
5 

 
6 

BL1_Startle - - - - 0.88 - 
PPI - 0.77 - - - - 
mPFC_cFos - 0.81 - - - - 
Cg_cFos  - - - - - - 
NAc shell_cFos  0.86 - - - - - 
NAc core_cFos 0.62 - - - - - 
BLA_cFos - - - - -0.51 - 
CeA_cFos - - - -0.86 - - 
Dorsal CA1_cFos 0.78 - - - - - 
Dorsal DG_cFos 0.74 - - - - - 
Striatum CP_cFos - - - - - 0.76 
Striatum GP_cFos - - - - - 0.92 
Ventral CA1_cFos - - -0.87 - - - 
Ventral DG_cFos - - -0.65 0.50 - - 
% of cumulative 
variance 

24.3% 40.1% 51.4% 61.9% 70.2% 77.5% 

Factor correlations            1      
 -0.07 1     
 0.02 -0.16 1    
 -0.107 -0.01 -0.07 1   
 -0.25 -0.04 -0.01 -0.04 1  
 0.168 0.01 -0.12 -0.14 -0.12 1 

Table S6. Factorial analysis of PPI, Startle and c-Fos parameters in HS and Roman rats (studies 1 and 3). Six-fold 
solution of factor analysis (oblique rotation) including prepulse inhibition (PPI; 65_70dB), Startle and c-Fos parameters 
and pooling Roman (study 1) and HS (study 3) rats.  Kolmogorov-Smirnov normality analyses confirmed that all included 
variables fit with a normal distribution. Importantly, the 6-factor solution showed a 2nd factor (tentatively named 
“frontocortical inhibition”) that grouped PPI and medial prefrontal cortex (mPFC) c-Fos activation with the same sign 
(loadings of  0.77 and 0.81, respectively), which goes along with group comparisons of both parameters between the 
Roman strains and among the 3 HS sub-groups stratified by PPI (see main text). It collectively indicates a strong positive 
association between mPFC activation and PPI. Factors 1,3,5,6 showed associations among neural regions, such as 
positive associations (i.e. high positive loadings) among nucleus accumbens shell (NAc shell) and NAc core and dorsal 
hippocampus regions (i.e. dorsal CA1 and dorsal DG) in factor 1, between both ventral HPC regions (ventral CA1 and 
ventral DG) in factor 3, between amygdala (CeA) and ventral hippocampus (ventral DG)  and between both striatal regions 
(i.e. striatum caudate-putamen (CP) and globus pallidus (GP)) in factor 6. Factor 5 showed associations between 
basolateral amygdala (BLA) and Startle response. The 6 factors had very low inter-correlations, so that they can be 
considered as practically independent from each other. Only loadings > 0.50 are shown. 
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  Startle amplitude and % of PPI 
No-Pulse 

(n=4) 
Pulse 
(n=4) 

Low-PPI 
(n=7) 

Medium-PPI 
(n=12) 

High-PPI 
(n=9) 

BL1_Startle pre 527.2 ±110.7 971.5 ±454.7 1290.2 ±459.2 1474.9 ±558.3 1415.9 ±387.1 
BL2_Startle pre 461.0 ±168.4 494.0 ±117.5 352.5 ±99.4 808.5 ±287.2 1158.3 ±417.3 
PPI_65 pre 67.2 ±6.2 59.0 ±7.3 26.9 ±10.0 66.3 ±2.9* 80.7 ±1.0** 
PPI_70 pre 73.1 ±4.4 72.9 ±4.0 52.5 ±5.0 76.1 ±2.2* 83.9 ±0.9* 
PPI 65_70 pre 70.1 ±5.2 66.0 ±5.6 39.7 ±3.4 71.2 ±2.2* 82.3 ±0.4** 
PPI_75 pre 76.8 ±5.3 76.1 ±1.8 66.3 ±3.4 79.7 ±2.0* 86.1 ±1.6* 
PPI_80 pre 79.3 ±5.1 77.9 ±5.2 75.4 ±2.6 86.2 ±1.3* 89.0 ±1.1* 
PPI Total pre 74.1 ±5.0 71.5 ±4.0 54.8 ±2.7 77.1 ±1.6* 84.9 ±.6** 
BL1_Startle post - 1444.1 ±890.7 1071.2 ±258.5 1602.1 ±343.6 1194.9 ±315.4 
BL2_Startle post - See legend 525.3 ±170.8 971.0 ±267.0 854.9 ±213.6 
PPI_65 post - - 38.5 ±9.9 62.4 ±2.8* 65.4 ±4.1* 
PPI_70 post - - 63.9 ±9.9 72.6 ±4.8 69.0 ±5.3 
PPI_65_70 post - - 50.6 ±9.2 67.5 ±3.6 67.2 ±4.4 
PPI_75 post - - 74.0 ±5.2 77.2 ±2.9 78.5 ±3.5 
PPI_80 post - - 83.5 ±3.7 80.1 ±4.5 82.4 ±3.2 
PPI Total post - - 66.6 ±6.2 73.1 ±3.3 73.8 ±3.6 

Table S7. Startle amplitude and %PPI in HS rats from Study 4. HS rats underwent two PPI sessions, one before (“pre” 
in the Table) and another after (”post” in the Table) a single magnetic resonance imaging (MRI) session.  See further 
procedural details in “Methods” and Figure 1. The table shows mean±SEM of baseline startle (BL Startle,  pre and post  
MRI measurement)  amplitude in RHA and RLA rats, as well as %PPI averaged for prepulses 65dB and 70dB (PPI 65_70 
pre and post) and prepulses 65dB, 70dB, 75dB and 80dB (PPI Total, pre and post). ANOVA analyses showed a Group 
effect among the three PPI-stratified groups in “PPI_65 pre” [F(2,25)=27.824; p=<0.001], “PPI_70 pre” [F(2,25)=29.200; 
p=<0.001], “PPI 65_70 pre” [F(2,25)=76.359; p=<0.001], “PPI_75 pre” [F(2,25)=16.501; p=<0.001], “PPI_80 pre” 
[F(2,25)=16.389; p=<0.001], “PPI total pre” [F(2,25)=60.772; p=<0.001] and “PPI 65 post” [F(2,25)=6.657; p=0.005]. The post-
hoc Duncan test confirmed the expected differences in “PPI 60_70 pre” and “PPI total pre”: Low-PPI < Medium-PPI < 
High-PPI, and in “PPI 65 post”: Low-PPI < Medium-PPI and High-PPI. No differences were found in “PPI_70 post” 
[F(2,25)=0.462; p=0.635], “PPI 65_70 post” [F(2,25)=2.760; p=0.083], “PPI_75 post” [F(2,25)=0.333; p=0.720], “PPI_80 post” 
[F(2,25)=0.184; p=0.833] and “PPI total post” [F(2,25)=0.770; p=0.473] among the three PPI-selected groups and “BL1_Startle 
pre” [F(2,25)=1.340; p=0.947], “BL2_Startle pre” [F(3,25)=0.031; p=0.280], “BL1_Startle post” [F(2,25)=0.743; p=0.486] and 
“BL2_Startle post” [F(2,25)=0.801; p=0.460]  among the three PPI-stratified groups. The value of “BL2_Startle” for the 
“Pulse” group is not shown, as this group underwent 50 pulse-alone trials after the 10 first pulse trials (BL1_Startle), which 
is not comparable to the condition of PPI-stratified rats that underwent just 10 pulse-alone trials. Values are mean±SEM. 
**, p< 0.05 vs Medium-PPI and Low-PPI; *, p< 0.05 vs Low-PPI (Duncan’s multiple range test). 
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A) ANOVA 

 Volume (mm3)  %Volume  
Low-PPI 

(n=7) 
Medium-PPI 

(n=12) 
High-PPI 

(n=9) 
Low-PPI 

(n=7) 
Medium-PPI 

(n=12) 
High-PPI 

(n=9) 
mPFC 7.6 ±0.4 8.8 ±0.3* 9.1 ±0.2** 0.4 ±0.02 0.5 ±0.02* 0.5 ±0.01** 
Cg 14.7 ±0.7 16.2 ±0.8 15.3 ±0.4 0.8 ±0.04 0.9 ±0.04 0.8 ±0.03 
NAc 16.8 ±0.4 16.9 ±0.4 16.6 ±0.4 1.0 ±0.03 1.0 ±0.02 1.0 ±0.02 
HPC 85.7 ±1.1 90.6 ±1.5* 91.8 ±1.2** 4.9 ±0.07 5.1 ±0.08 5.1 ±0.05 
Striatum 73.0 ±0.7 74.0 ±1.6 73.6 ±0.9 4.2 ±0.05 4.2 ±0.08 4.1 ±0.05 
Amygdala 31.5 ±1.3 32.4 ±1.0 31.7 ±1.4 1.8 ±0.07 1.8 ±0.06 1.8 ±0.09 
Whole brain 1750.7 ±11.5 1766.1 ±20.0 1806.1 ±18.1 100 100 100 

 
B)  Multiple stepwise regressions 

Dependent 
variable 

Method Model Predictor 
variables 

r R 
(Model) 

R2 

(Model) 
p 

%PPI Forward  
stepwise 

1 mPFC_MRI 
HPC_MRI 

0.565 
0.554 

0.650 0.422 0.001 

Table S8. Study 4: Volume of various brain regions in the HS rats as a function of different PPI levels. a HS rats 
were stratified by their PPI scores in rats with low PPI scores (Low-PPI), medium PPI scores (Medium-PPI) and high PPI 
scores (High-PPI). Values are mean±SEM.  *p < 0.05 **p < 0.01 vs. Low-PPI.  Abbreviations as in Table 2. b Forward 
stepwise multiple regressions between “%PPI”, as a dependent variable, and all the c-Fos analyzed regions, as 
independent variables, showed that the hippocampal volume (HPC_MRI) and the medial prefrontal cortex volume 
(mPFC_MRI) predicted PPI performance.  r, bivariate (Pearson’s) correlation. 
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Factors 
 

1 
“Frontocortical 

Inhibition” 
factor 

 
2 

 
3 

 
4 

BL1_Startle pre - - 0.92 - 
BL1_Startle post -  0.84 - 
PPI pre 0.90 - - - 
PPI post 0.58 -0.50 - - 
mPFC_cFos 0.56 - - - 
NAc shell_cFos  - - - -0.72 
Striatum CP_cFos - 0.60 - - 
Ventral DG_cFos - - - 0.79 
CeA_cFos - 0.64 - - 
mPFC_mm3 0.78 - - - 
NAc_mm3 - 0.71 - - 
% of cumulative variance 21.7% 38.7% 53.3% 64.1% 
Factor correlations            1    

 -0.01 1   
 0.08 -0.02 1  
 -0.11 -0.07 0.01 1 

Table S9. Factorial analysis of PPI, Startle, MRI and c-Fos parameters in HS rats (study 4). Four-factor solution 
(oblique rotation) including prepulse inhibition (PPI; 65_70dB), Startle, c-Fos and magnetic resonance imaging (MRI) 
variables from outbred HS rats (study 4). To avoid redundancy among variables (i.e. highly correlated variables) and to 
reduce them to the minimum meaningful ones, varimax factor analyses were applied to c-Fos and MRI data separately, 
and one variable (the one showing the highest loading) from each of the resulting factors was selected for the final 
combined (obliquely-rotated) factor analysis (which combined behavioral, C-Fos and MRI data) shown in the table. 
Varimax analysis of c-Fos data led to 5 components from which mPFC_cFos, NAc shell_cFos, Striatum CP_cFos, Ventral 
DG_cFos and CeA_cFos were chosen, whereas varimax factor analysis of MRI data led to a 2-factor solution, from which 
mPFC_mm3 and NAc_ mm3   were selected. These c-Fos and MRI selected variables, together with Startle-Pre, Startle-
Post, PPI-Pre and PPI-Post, were submitted to an obliquely-rotated (oblimin direct) factor analysis. Direct oblimin rotation 
grouped the main variables in four main components that explained 64.1% of the variance. The first component (tentatively 
named “frontocortical inhibition”, as in the previous table) collected with positive sign “PPI_pre” (0.90), PPI_post (0.58), 
“mPFC_cFos” (0.56) and  “mPFC_MRI” (0.78) variables, revealing tight associations between the mPFC, both activity 
and structure, and PPI scores. The second component grouped with negative sign PPI_post (-0.50) and with positive sign 
Striatum CP c-Fos (0.60), CeA_cFos (0.64) and NAc_mm3 (0.71). The third component clustered with positive sign 
Startle_pre (0.92) and Startle_post (0.84). The last component of the factorial analysis collected with negative sign 
Striatum CP_cFos (-0.72) and with positive sign Ventral DG_cFos (0.79).  The 4 factors had very low inter-correlations, 
so that they can be considered as practically independent from each other. Only loadings > 0.50 are shown. See variable 
definitions in “Materials and Methods” section.  
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Figure S2. Influence of matching Roman (a, b) or HS (c-f) rats for their baseline startle response on startle 
amplitude on “prepulse + pulse” trials (a, c, e) and on the percentage of prepulse inhibition (%PPI; b, d, f). We 
conducted additional analyses to test whether there was a possible floor effect due to reduced baseline startle in low-PPI 
rats (i.e. RHAs or HS Low-PPI). Thus, we first matched baseline startle response (from pulse-alone trials) in the different 
groups of Roman and HS rats and then we applied repeated measures ANOVA.  We pooled rats from studies 1 and 2 
(total “Roman sample” of RHA and RLA rats, n=18 each strain) and studies 3 and 4 (total “HS sample” of HS rats, with 
Low-PPI, n=15, and High-PPI, n=17) to match them by their startle response to pulse-alone trials. For the “Roman sample” 
analysis, half of the RHA rats showing the greater startle amplitude to “pulse-alone” trials (“BL2_Startle” variable, from 
Tables S1-2) were selected (n=9), while half of the RLA rats showing the lower startle amplitude were also selected (n=9). 
As shown in “a”, even though RHA and RLA rats started from the same level of “Startle amplitude” in pulse-alone (“Pulse”) 
trials, RLA rats showed a higher reduction in their startle amplitude across the different prepulse+pulse (i.e. PP65+P to 
PP80+P) trials (significant interaction “group x trial type”, F(4,64)=2.875, p=0.030, repeated-measures ANOVA). Moreover, 
and most importantly, we conducted a repeated-measures ANOVA analysis on %PPI (taking the different prepulse 
intensities –PPI65 to PPI80- as the “within-subjects” factor; see “b”), which showed significant “group x trial type” 
(F(3,48)=3.088, p=0.036) and “group” (F(1,16)=4.996, p=0.041)  effects, revealing an apparently genuine deficit in PPI in the 
RHA rats.  As done for the Roman rats, in the “total HS sample” analysis, half of HS Low-PPI rats showing the greater 
startle amplitude to “Pulse” trials (“BL2_Startle” variable from Supplemental tables 4 and 7) were selected (n=8), while 
half of the HS High-PPI rats showing the lower startle amplitude were selected (n=8). As shown in “c”, even though HS 
Low-PPI and High-PPI rats started from the same level of “Startle amplitude” in “Pulse” trials, HS High-PPI rats showed 
a higher reduction in their startle amplitude in the different prepulse+pulse trials (significant interaction “group x trial type”, 
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F(4,56)=4.280, p=0.004, repeated-measures ANOVA). Moreover, we conducted a repeated-measures ANOVA analysis on 
%PPI (taking the different prepulse intensities as the “within-subjects” factor). As shown in “d”, there were highly significant 
“group x trial type” (F(3,42)=12.654, p=<0.001) and “group” (F(1,14)=124.204, p=<0.001) effects, showing an apparently 
genuine deficit in PPI in the HS Low-PPI rats. Finally, with the idea to test whether a further reduced baseline startle 
amplitude leads to reduced %PPI, we conducted the same previous analysis with the HS rats but removing the two 
animals with higher baseline startle response from each group. We obtained the same differences as in “c” and “d”: 
“group x trial type” interaction on “startle amplitude” (F(4,40)=11.376, p=<0.001; “e”) and “group x trial type” (F(3,30)=9.157, 
p=<0.001; “f”) and “group” (F(1,10)=93.714, p=<0.001; “f”) effects on %PPI. In conclusion, since reduced %PPI in HS Low-
PPI and RHA rats (vs. HS High-PPI and RLA rats, respectively) occur with or without parallel reductions in the startle 
amplitude to pulse-alone (“Pulse”) trials, this indicates that the reduction observed in %PPI reflects a “real” impairment in 
sensorimotor gating.   
Pulse:  Mean ± SEM of startle amplitude in “Pulse-alone” trials. PP65+P to PP80+P:  Mean ± SEM of startle amplitude in 
“Prepulse + Pulse” trials at different prepulse intensities. PPI65 to PPI80: Mean ± SEM of percentage of PPI in “Prepulse 
+ Pulse” trials at different prepulse intensities. *p < 0.05, **p<0.01, ***p<0.001, “group x trial type” effect (repeated 
measures ANOVA). 
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The main aim of this Doctoral Dissertation was to study the behaviors and 

neurobiological mechanisms associated with spontaneous low PPI in intact inbred and 
outbred rats (i.e. RHA and HS Low-PPI), as well as testing a treatment to increase PPI 

in these animals. Thus, this Doctoral Dissertation provides evidence for the validity of 
RHA and HS Low-PPI rats that goes from behavior to brain mechanisms, as well as from 

brain mechanisms to behavior. Fig. 7 illustrates a summary of our main results.  
 

 

 
 

 
Figure 7. Summary of results from this Doctoral Dissertation and previous findings in the HS Low-
PPI and RHA rats. To show a more comprehensive representation, findings are grouped in three clusters 
according to the three validity criteria of animal models (face, construct, and predictive validity). In gray 
triangles, results derived from this Doctoral Dissertation. Note: CD38 findings only refer to the RHA rats. In 
black, previous findings in the HS Low-PPI and RHA rats.   
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1. Relationship among impaired PPI and other schizophrenia-like behavioral 

features in Roman and HS rats. 
 

Schizophrenia is an exclusively human condition, and it is impossible to develop a 
model expressing all schizophrenia symptoms. However, as face validity is fundamental 

for a rodent model of a mental disorder, it is important to evaluate all putative models 
with the widest range conceivable of schizophrenia-like symptoms. In this sense, in 

Study 1, we aimed to explore whether spontaneous low PPI in intact inbred Roman and 

outbred HS rats was associated with increased exploratory activity, anxiety-like, or 
compulsive-like behaviors.  

 
As described earlier, increased exploratory activity in response to novelty is a key 

feature to model positive-like symptoms in rodents [103], while anxiety and obsessive-
compulsive symptoms are highly comorbid in schizophrenic patients [13,14]. We used 

different behavioral tasks in order to test these behavioral phenotypes, such as the open-
field (exploration), the elevated zero-maze (anxiety), and the marble burying test 

(compulsivity). Our subjects of study were the outbred HS rats stratified by Low-, 

Medium-, and High-PPI, and the inbred Roman rats that show spontaneous differences 
in PPI (RLA > RHA). This study allowed us to explore (i) whether the stratification for low 

PPI also co-stratifies other schizophrenia-like symptoms in HS rats and (ii) whether the 
RHA rats show other schizophrenia-relevant symptoms.  

 
Our results revealed that the HS rats stratified by Low-PPI and the RHA rats showed 

increased exploratory activity in response to novelty. In this regard, previous findings 
from our laboratory showed that reduced PPI was associated with other schizophrenia-

like cognitive symptoms in both HS Low-PPI and RHA rats, such as impaired latent 
inhibition and working memory [164,165,179]. Thus, our results showing a cluster of 

positive schizophrenia-like (psychomotor agitation) and cognitive schizophrenia-like 

symptoms in HS Low-PPI and RHA rats provide substantial face validity for the human 
condition. Of note, the evidence supporting the association between “low PPI” and 

“increased exploratory activity” is typically derived from animals submitted to a variety of 
manipulations or treatments, including social isolation [181,182], ventral hippocampal 

lesion [183–185], genetic models [103,186–190], NMDA infusion [183,185], NMDA 
antagonists administration [191] or amphetamine administration [137,192–195]. 

However, there is a relative paucity of data derived from outbred naïve animals. The use 
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of HS rats may have better translational value in view of the high genetic heterogeneity 

of the human population.  
 

On the other hand, contrary to what is reported in some human studies [14,196], 
there were no associations between low PPI and the presence of anxious-like or 

compulsive-like behaviors. In fact, RHA and HS rats with reduced PPI showed low 
anxiety-like behavior, which is in line with previous reports in rodents [197,198]. 

Moreover, the association between “high PPI” and “high anxiety-like behavior” seen in 

the RLA and HS High-PPI rats agreement with the profile of hypervigilance previously 
observed in the high-PPI Wistar-Kyoto rats [198]. 

 
In summary, this study suggests that reduced PPI and increased exploratory activity, 

as well as impaired latent inhibition and working memory [164,165,179], are part of a 
cluster of symptoms that must be taken into consideration when modeling schizophrenia-

like features. Moreover, it provides higher face validity to our two rat models of 
schizophrenia-related features, i.e. RHA and HS Low-PPI rats. 
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2. Association between structural and functional brain differences and deficient 

PPI in the Roman and HS rats. 
 

The underlying mechanisms of PPI have been extensively studied in rodent models 
of schizophrenia evaluating the impact of specific brain manipulations on PPI. These 

studies suggest that PPI is modulated by the CSPT circuit [39,123,128]. On the other 
hand, PPI mechanisms have also been investigated in humans by exploring the neural 

correlates of PPI using non-invasive brain imaging. In this regard, in Study 2, we aimed 

to explore neural correlates of PPI using non-invasive and invasive procedures in the 
inbred Roman and outbred HS rats. Specifically, we aimed to evaluate whether 

spontaneous PPI variation in intact inbred Roman and outbred HS rats was associated 
with functional and structural differences in the CSPT circuit. Thus, we explored brain 

volume (by structural MRI) and neuronal activity (by c-Fos expression) of relevant 
regions of the CSPT circuit, such as the mPFC, cingulate cortex, HPC, amygdala, NAc 

and dorsal striatum, in intact rats with spontaneous differences in PPI. Moreover, this 
study allowed us to provide evidence for the construct validity of our two rat models of 

schizophrenia, i.e. RHA and HS Low-PPI rats. 

 
First, our data revealed that differences in sensorimotor gating in intact inbred Roman 

and outbred HS rats were associated with divergences in mPFC activity and volume. 
Specifically, low PPI was linked to decreased mPFC activity and volume. This finding 

agrees with a previous report showing reduced mPFC in vivo neuronal activity in rats 
selectively bred for low PPI [116]. Moreover, several reports reveal that PPI is modified 

by treatments that alter the normal functioning of the mPFC, such as pharmacological 
treatments [199–201], neurodevelopmental approaches [125,126,202–204] or deep 

brain stimulation [205,206]. In agreement with rodent research, human studies using 
functional and structural MRI have revealed reduced PFC activity and volume in relation 

to PPI performance in healthy and schizophrenic subjects [38,39,154]. Importantly, it 

must be taken into consideration the higher spatial resolution of c-Fos over functional 
MRI, as c-Fos allows the identification of very small nuclei and single neurons [207,208]. 

In keeping with that, in Study 3, we aimed to elucidate what kind of neurons are involved 
in the association between low neuronal activity and reduced PPI. In order to do so, in 

line with the GABA hypothesis (see 1.5.3. Glutamate hypothesis and 1.5.4. GABA 
hypothesis), we conducted a fluorescent immunostaining with c-Fos, PV, and PSD-95 (a 

marker for excitatory inputs) in the mPFC of Roman rats. Our data revealed higher 
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activity of PV interneurons (double staining PV and c-Fos) in the RLA group that 

underwent the PPI session than the RLA control groups and all the RHA groups 
(including RHA under the PPI condition). In agreement with our result, previous reports 

have revealed that prenatal administration of PCP or lipopolysaccharide reduces the 
density of PV-positive cells and the c-Fos activity in the mPFC in parallel to PPI 

impairments [209,210]. Similarly, several treatments used to model schizophenia-like 
symptoms have also reported a reduction in PV cell density in the mPFC 

[74,108,145,211–215].  Likewise, in another study using genetically modified mice, it was 

demonstrated that the PV-deficient (PV–/–) mice show lower PPI than the PV+/+ control 
group [216]. On the other hand, we found “Strain” differences in the mean density of PV 

interneurons (RLA>RHA, which could be indicative of reduced PV expression and 
activity [209,215,217]) and the PSD-95 puncta (a marker for excitatory synapses) on 

active PV interneurons. The RHA rats showed globally lower PSD-95 density on active 
PV cells than the RLA, which agrees with the idea that excitatory drive plays a role in the 

activity of PV interneurons in schizophrenia [72] (see Fig. 3). This study, using 
fluorescent immunostaining, adds further knowledge to our findings indicating reduced 

general volume and activity of the mPFC in the RHA rats and identifies inhibitory PV 

interneurons as part of the circuit that modulates PPI. 
 

Second, in Study 2, we found that the HPC volume was positively associated with 
PPI performance in both HS and Roman rats. In line with the PFC results, the RHA rats, 

compared to the RLAs, and the HS Low-PPI rats, compared to the HS Medium-PPI and 
High-PPI groups, showed reduced volume of the HPC. This finding agrees with previous 

reports showing that the HPC volume is positively associated with the magnitude of PPI 
response in both control rats [125] and healthy human subjects [154].  

 
Third, our data revealed increased neuronal activity in the NAc shell in the HS Low-

PPI rats compared to the HS High-PPI group. Regarding the Roman rats, a similar but 

non-significant trend was observed, as the RHA showed higher c-Fos mean value in the 
NAc shell than the RLAs. This result, together with increased mPFC activity and volume, 

replicates what is observed in rats selectively bred for low PPI [116], since they also 
show reduced mPFC activity and increased NAc activity. However, research studying 

the role of the NAc activity in PPI has provided diverse and paradoxical findings 
[129,136,192,206,218–220], which suggest the need for further investigation. 



Discussion 

 98 

On the other hand, in this study, we conducted additional analyses of PPI measures 

to see whether reduced PPI in both RHA and HS Low-PPI meant actual deficits in PPI, 
rather than simple baseline startle differences (see Study 2, Figure S2). Specifically, we 

proved that matching Roman and HS rats by their baseline startle levels (from pulse-
alone trials) maintained PPI differences between the RHA and RLA rats and between 

the HS Low-PPI and High PPI. This evidence points out, for the first time, genuine deficits 
in PPI in both the RHA and the HS Low-PPI rats that reinforce the validity of both rat 

models of schizophrenia-like features. 

 
In summary, the structural and functional findings, along with behavioral results from 

Study 1, indicate that deficient PPI is associated with several neurobiological and 

behavioral traits that resemble schizophrenia features in both RHA and HS Low-PPI. 
Thus, our results underline the usefulness of PPI to model schizophrenia-related 

features and, in turn, provide more validity to our two rat models of schizophrenia.  
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3. Effects of peripheral oxytocin administration on PPI in the Roman and HS rats. 

 
Oxytocin has been proposed as an alternative natural drug with potential 

antipsychotic-like effects for schizophrenia [84,85,92]. In this regard, previous research 
suggests that oxytocin would have PPI-enhancing effects in rats [85,96], which lead us 

to test oxytocin in our two rats of study, i.e. HS and Roman rats. First, we conducted a 
pilot dose-response study in the HS rats. We matched HS rats in three groups according 

to similar low PPI levels to have room for PPI improvement. A week later, they were 

randomly distributed to either saline, 0.04, or 0.2mg/kg group conditions, and received a 
dose of saline or oxytocin 30min before the PPI test. Second, derived from the pilot study, 

we tested the same doses in the RLA and RHA rats. Finally, as the Roman rats showed 
divergent oxytocin effects on PPI and they differ in several oxytocin-related behaviors, 

such as maternal nurturing, social interaction, and stress responses [107,158,165], we 
studied differences in gene expression in the oxytocin pathway. 

 
Our data from the pilot dose-response study in the HS rats revealed that oxytocin 

increased PPI at dose of 0.04 compared to vehicle. Importantly, the dose of 0.04 did not 

differ from the dose of 0.2. For this reason, we decided to test both doses in the Roman 
rats. In this regard, as expected, oxytocin had a more powerful PPI-enhancing effect on 

the schizophrenia-like RHA rats than in RLAs. Specifically, oxytocin at 0.2mg/kg 
improved PPI at the PPI intensity of 75dB, while it had no significant effects on the RLAs. 

These results are in line with previous findings indicating that oxytocin improves PPI or 
attenuates PPI deficits in rodents [85,95,96,221], as well as other schizophrenia-related 

behaviors and cognitive functions [84,94,222–224].   
 

Interestingly, the fact that we found divergent effects in the RHA and RLA may 
suggest baseline differences in the oxytocin pathway between the strains, which might 

be relevant for PPI modulation. In order to test this hypothesis, we conducted a gene 

expression study in the mPFC of representative samples of RHA and RLA rats from the 
saline groups and the 0.2mg/kg effective oxytocin dose. We reported a significant 

“Strain” effect in the regulator of oxytocin release CD38, as we found higher expression 
in the RLA rats than in the RHAs. This gene encodes the protein CD38 that is involved 

in the secretion of oxytocin and shows a positive association with oxytocin release 
[88,225,226]. In this sense, our data indicate that the RHA rats could have lower baseline 

oxytocin levels and this may explain why they had a greater benefit from the oxytocin 
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administration to improve PPI [225,227]. Our findings on CD38 are consistent with 

several studies reporting alterations in the oxytocin pathway both in animal models of 
schizophrenia-relevant phenotypes [85,228–233] and human schizophrenia patients 

[89,101,226,234].  Particularly, a previous mice study reported that animals lacking 
CD38 show deficiencies in several PFC-dependent behaviors [232]. On the other hand, 

oxytocin administration increased oxytocin receptor (OXTR) expression on both Roman 
rat strains. This effect is in agreement with previous findings indicating that oxytocin 

administration restores the reduction of OXTR expression in the mPFC triggered by 

prolonged stress in rats [235]. Importantly, it is noteworthy that OXTR plays a relevant 
role on the regulation of excitatory-inhibitory balance in the mPFC that might be relevant 

for schizophrenia-related disorders [236]. In this regard, it has been reported reduced 
OXTR expression in the PFC in both the schizophrenia-like Wisket rats [233] and 

schizophrenic patients [234].  
 

Consistent with the GABA hypothesis of schizophrenia (see 1.5.4. GABA hypothesis 
and 1.6.3. Oxytocin), we speculate that oxytocin increased PPI in the RHA rats by 

regulating dopamine release through the modulation of the excitatory-inhibitory cortical 

circuit. Previous findings indicate that oxytocin improves PPI by regulating dopamine 
transmission, as oxytocin attenuates the PPI disrupting effects of amphetamine [95] and 

the cocaine-induced mesolimbic dopamine release and hyperactivity [222]. Even though 
altered dopamine transmission underlies psychotic symptoms of schizophrenia, recent 

data indicate that this alteration might be caused by an imbalance between neocortical 
excitatory glutamatergic and inhibitory GABAergic neurons [31,48]. In this regard, 

previous studies showing that the RHA rats could have an excessive glutamatergic and 
dopaminergic tone in the PFC and striatum [172,174], as well as reduced activity of PV 

interneurons (study 3), suggest that  the behavioral deficits observed in the RHA might 
be related to an excitation-inhibition imbalance in the PFC. Accordingly, as oxytocin 

administration has been linked to a decrease in glutamate and an increase in GABA 

release [97,99,237,238], oxytocin might have improved PPI in the RHA by increasing 
activation of OXTR in inhibitory interneurons in the mPFC and, in turn, reducing 

mesolimbic dopamine transmission. Further studies are needed to confirm this 
hypothesis. 
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4. Reduced PPI in the RHA and HS Low-PPI rats: Are they valid and useful rat 

models for schizophrenia? 
 

PPI is a translational measure of sensorimotor gating that is used in several human 
clinical conditions and in relevant rodent models to probe brain mechanism underlying 

these conditions. After the observation in 1978 that PPI is deficient in schizophrenia 
[117], as well as in many other clinical conditions [113], the use of rodent models of 

impaired sensorimotor gating has increased in the last 40 years [119]. 

 
The development of animal models to study the impact of brain-site specific or 

environmental manipulations on PPI is relevant to investigate schizophrenia-related 
disorders, as most of them show face, predictive, and construct validity [78]. However, 

the use of rodents that spontaneously differ in PPI or other schizophrenia-related 
phenotypes allows studying illness-related features in a way that is similar to human 

research (see 2.4. Experimental strategies). Moreover, these “intact” animal models may 
offer the chance to understand the mechanisms involved in schizophrenia-like symptoms 

without confounding effects of a given manipulation or treatment. In this regard, the RHA 

and HS Low-PPI rats, which are both characterized by spontaneous low PPI, have 
shown some behavioral (see Study 1) and neurobiological features that are relevant for 

schizophrenia-related symptoms and have contributed to investigate its mechanisms 
(see [138,164,165,172,179,180] and Fig. 7). For example, in Studies 2 and 3, by studying 

associations between spontaneous differences in PPI and brain activity and volume, we 
contribute to bridge the gap between rodent studies that examined the impact of specific 

brain manipulations on PPI and human imaging or postmortem studies that examined 
brain correlates of PPI. 

 
On the other hand, taking into account the anatomical and genetic heterogeneity of 

schizophrenia, as well as the severe side effects of the current antipsychotic medications 

(see 1.6. Pharmacological treatments), the potential usefulness of PPI to provide deeper 
knowledge for schizophrenia is a matter of controversy [78]. Alternatively, PPI has been 

proposed as a helpful biomarker for schizophrenia-related disorders in humans and 
rodents. Following this point of view, PPI would be a suitable candidate to reduce the 

heterogeneity and multiple interaction in the pathogenesis of schizophrenia by stratifying 
individuals according to differences in this simple measure [239]. In this sense, as the 

pathogenesis of schizophrenia occurs during the early brain maturation (see 1.3. Risk 
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factors), PPI would be helpful in the early life to detect individuals that are at risk of 

suffering from schizophrenia. Thus, using rodents that spontaneously differ in PPI (e.g. 
HS Low-PPI and RHA) allows reducing the entire constellation of schizophrenia 

symptoms and focusing on the study of individuals that are “at risk” of suffering from 
schizophrenia-like disorders or symptoms. Furthermore, as previous evidence indicates 

that high PPI levels are associated with a higher benefit from learning-based therapies 
in schizophrenic patients, it would be important to develop animal models that allow 

testing the potential PPI-enhancing effects of drugs, rather than studying the impact of 

different treatments that disrupt PPI or attenuate the effects of a brain manipulation 
[78,239]. With the idea to test the potential PPI-enhancing effects of drugs, some intact 

animals selectively bred or stratified by low basal PPI have shown to be more sensitive 
to the PPI-enhancing effects of various treatments [240–242]. Accordingly, subjects with 

low basal PPI might allow to identify appropriate candidates for enhancing the efficacy 
of cognitive-behavioral therapy. In this regard, the RHA and HS Low-PPI rats that show 

spontaneous relatively lower PPI than the RLA and HS High-PPI, respectively, might be 
useful rat models to identify drugs (i.e. oxytocin) suitable for increasing the efficacy of 

cognitive-behavioral therapy. These behaviorally stratified or selectively bred animal 

models are less specific than animal models based on hypothesis-driven approaches, 
but they do not have the limitation of assuming a particular neurobiological mechanism. 

 
Overall, despite the fact that animal models with brain-site specific or environmental 

manipulations are valid and important for the study of the mechanisms underlying 
schizophrenia and related disorders, the HS Low-PPI and the RHA rats are also valid 

models that can contribute to provide relevant knowledge about the disorder. Moreover, 
as the HS Low-PPI and the RHA are more sensitive to the PPI-enhancing effects of 

drugs, they would be useful to find treatments to improve the efficacy of cognitive 
therapies. 
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The data obtained in the present Doctoral Dissertation identifies schizophrenia-like 

reduced sensorimotor gating in intact inbred RHA and outbred HS rats as a valid and 
relevant tool to explore the behavioral and neural mechanisms underlying schizophrenia. 

Specifically, the main conclusions we have drawn are the following: 
 

1. Increased exploratory activity in response to novelty is related to PPI deficits in RHA 
and HS Low-PPI rats, showing a link between positive-like and cognitive-like 

symptoms. 

 
2. Reduced PPI is not associated with anxious-like or compulsive-like responses in 

RHA and HS Low-PPI rats. 
 

3. Increased anxiety is associated with higher PPI in HS and Roman rats, which is in 
agreement with a behavioral profile of hypervigilance. 

 
4. PPI deficits in intact RHA and HS Low-PPI rats are associated with different brain 

abnormalities observed in schizophrenic patients, such as decreased mPFC activity 

and volume, as well as reduced HPC volume. 

 
5. As described in schizophrenia and in contrast to the mPFC findings, HS Low-PPI 

rats show increased NAc shell activity.  
 

6. The PPI-dependent activity of GABAergic PV interneurons is lower in RHA rats than 
in their RLA counterparts, suggesting that reduced cortical inhibition could underlie 

the behavioral differences between the Roman rat strains. 
 

7. Exogenous oxytocin administration, which shows an inhibitory profile on 
GABA/Glutamate function, attenuates natural PPI deficits in HS Low-PPI and RHA 

rats, while it does not affect RLAs. 

 
8. Oxytocin increases OXTR expression in the mPFC of both Roman rat strains. 

 
9. RHA rats show lower constitutive expression of the regulator of oxytocin release 

CD38 in the mPFC than RLAs, which is in agreement with the differential PPI effects 
of oxytocin.





 

 107 

 

 
 
 
 

References 
 





References 

 109 

1.  National Institute of Mental Health. NIMH » Schizophrenia. Natl Institutes Heal. 
2016. https://www.nimh.nih.gov/health/topics/schizophrenia/index.shtml.  

2.  Kahn RS, Sommer IE, Murray RM, Meyer-Lindenberg A, Weinberger DR, Cannon 
TD, et al. Schizophrenia. Nat Rev Dis Prim. 2015;1:1–23. 

3.  Howes OD, Murray RM. Schizophrenia: An integrated sociodevelopmental-
cognitive model. Lancet. 2014;383:1677–1687. 

4.  Hjorthøj C, Stürup AE, McGrath JJ, Nordentoft M. Years of potential life lost and 
life expectancy in schizophrenia: a systematic review and meta-analysis. The 
Lancet Psychiatry. 2017;4:295–301. 

5.  Jablensky A. The diagnostic concept of schizophrenia: its history, evolution, and 
future prospects. Dialogues Clin Neurosci. 2010;12:271–287. 

6.  Falkai P, Rossner MJ, Schulze TG, Hasan A, Brzózka MM, Malchow B, et al. 
Kraepelin revisited: schizophrenia from degeneration to failed regeneration. Mol 
Psychiatry. 2015;20:671–676. 

7.  American Psychiatric Association. DSM-V. 2013. 

8.  Lefort-Besnard J, Varoquaux G, Derntl B, Gruber O, Aleman A, Jardri R, et al. 
Patterns of schizophrenia symptoms: hidden structure in the PANSS 
questionnaire. Transl Psychiatry. 2018;8:237. 

9.  Rolls ET, Lu W, Wan L, Yan H, Wang C, Yang F, et al. Individual differences in 
schizophrenia. BJPsych Open. 2017;3:265–273. 

10.  Buchanan RW, Carpenter WT. Domains of psychopathology an approach to the 
reduction of heterogeneity in schizophrenia. J Nerv Ment Dis. 1994;182:193–204. 

11.  Schultz SH, North SW, Shields CG. Schizophrenia: A review. Am Fam Physician. 
2007;75:1821–1829. 

12.  Tandon R, Nasrallah HA, Keshavan MS. Schizophrenia, ‘just the facts’ 4. Clinical 
features and conceptualization. Schizophr Res. 2009;110:1–23. 

13.  Buckley PF, Miller BJ, Lehrer DS, Castle DJ. Psychiatric comorbidities and 
schizophrenia. Schizophr Bull. 2009;35:383–402. 

14.  Braga RJ, Reynolds GP, Siris SG. Anxiety comorbidity in schizophrenia. 
Psychiatry Res. 2013;210:1–7. 

15.  Sawa A, Snyder SH. Schizophrenia: Diverse approaches to a complex disease. 
Science (80- ). 2002;296:692–695. 

16.  Owen MJ, Sawa A, Mortensen PB. Schizophrenia. Lancet. 2016;388:86–97. 

17.  van Os J, Kapur S. Schizophrenia: Info from the ICS. Lancet. 2009;374:635–645. 

18.  Holder SD, Wayhs A. Schizophrenia. Am Fam Physician. 2014;90:775–782. 

19.  Harrison PJ, Owen MJ. Genes for schizophrenia? Recent findings and their 
pathophysiological implications. Lancet. 2003;361:417–419. 

20.  van de Leemput J, Hess JL, Glatt SJ, Tsuang MT. Genetics of Schizophrenia: 
Historical Insights and Prevailing Evidence. Adv Genet. 2016;96:99–141. 

21.  Gottesman II, Erlenmeyer-Kimling L. Family and twin strategies as a head start in 



References 

 110 

defining prodromes and endophenotypes for hypothetical early-interventions in 
schizophrenia. Schizophr Res. 2001;51:93–102. 

22.  Miller B, Messias E, Miettunen J, Alaräisänen A, Järvelin M-R, Koponen H, et al. 
Meta-analysis of paternal age and schizophrenia risk in male versus female 
offspring. Schizophr Bull. 2011;37:1039–1047. 

23.  Davies G, Welham J, Chant D, Torrey EF, McGrath J. A Systematic Review and 
Meta-analysis of Northern Hemisphere Season of Birth Studies in Schizophrenia. 
Schizophr Bull. 2003;29:587–593. 

24.  Palmer CGS. Evidence for maternal-fetal genotype incompatibility as a risk factor 
for schizophrenia. J Biomed Biotechnol. 2010;2010:576318. 

25.  Brown AS. Epidemiologic studies of exposure to prenatal infection and risk of 
schizophrenia and autism. Dev Neurobiol. 2012;72:1272–1276. 

26.  Varese F, Smeets F, Drukker M, Lieverse R, Lataster T, Viechtbauer W, et al. 
Childhood adversities increase the risk of psychosis: A meta-analysis of patient-
control, prospective-and cross-sectional cohort studies. Schizophr Bull. 
2012;38:661–671. 

27.  Vassos E, Pedersen CB, Murray RM, Collier DA, Lewis CM. Meta-analysis of the 
association of urbanicity with schizophrenia. Schizophr Bull. 2012;38:1118–1123. 

28.  Arseneault L, Cannon M, Witton J, Murray RM. Causal association between 
cannabis and psychosis: Examination of the evidence. Br J Psychiatry. 
2004;184:110–117. 

29.  Moore THM, Zammit S, Lingford-Hughes A, Barnes TRE, Jones PB, Burke M, et 
al. Cannabis use and risk of psychotic or affective mental health outcomes: a 
systematic review. Lancet (London, England). 2007;370:319–328. 

30.  Van Os J, Rutten BPF, Poulton R. Gene-environment interactions in 
schizophrenia: Review of epidemiological findings and future directions. 
Schizophr Bull. 2008;34:1066–1082. 

31.  Howes O, McCutcheon R, Stone J. Glutamate and dopamine in schizophrenia: 
An update for the 21st century. J Psychopharmacol. 2015;29:97–115. 

32.  Zhou Y, Fan L, Qiu C, Jiang T. Prefrontal cortex and the dysconnectivity 
hypothesis of schizophrenia. Neurosci Bull. 2015;31:207–219. 

33.  Sigurdsson T, Duvarci S. Hippocampal-Prefrontal Interactions in Cognition, 
Behavior and Psychiatric Disease. Front Syst Neurosci. 2015;9:190. 

34.  Vertes RP. Interactions among the medial prefrontal cortex, hippocampus and 
midline thalamus in emotional and cognitive processing in the rat. Neuroscience. 
2006;142:1–20. 

35.  Kesner RP, Churchwell JC. An analysis of rat prefrontal cortex in mediating 
executive function. Neurobiol Learn Mem. 2011;96:417–431. 

36.  Euston DR, Gruber AJ, McNaughton BL. The Role of Medial Prefrontal Cortex in 
Memory and Decision Making. Neuron. 2012;76:1057–1070. 

37.  Hazlett EA, Buchsbaum MS. Sensorimotor gating deficits and hypofrontality in 
schizophrenia. Front Biosci. 2001;6:D1069-72. 



References 

 111 

38.  Kumari V, Gray JA, Geyer MA, Ffytche D, Soni W, Mitterschiffthaler MT, et al. 
Neural correlates of tactile prepulse inhibition: A functional MRI study in normal 
and schizophrenic subjects. Psychiatry Res - Neuroimaging. 2003;122:99–113. 

39.  Kumari V, Fannon D, Geyer MA, Premkumar P, Antonova E, Simmons A, et al. 
Cortical grey matter volume and sensorimotor gating in schizophrenia. Cortex. 
2008;44:1206–1214. 

40.  Buzsáki G, Moser EI. Memory, navigation and theta rhythm in the hippocampal-
entorhinal system. Nat Neurosci. 2013;16:130–138. 

41.  Eichenbaum H, Cohen NJ. Can we reconcile the declarative memory and spatial 
navigation views on hippocampal function? Neuron. 2014;83:764–770. 

42.  Gruart A, Sánchez-Campusano R, Fernández-Guizán A, Delgado-García JM. A 
differential and timed contribution of identified hippocampal synapses to 
associative learning in mice. Cereb Cortex. 2015;25:2542–2555. 

43.  Harrison PJ. Postmortem studies in schizophrenia. Dialogues Clin Neurosci. 
2000;2:349–357. 

44.  Yager LM, Garcia AF, Wunsch AM, Ferguson SM. The ins and outs of the 
striatum: Role in drug addiction. Neuroscience. 2015;301:529–541. 

45.  Olive MF, Taylor, Lewis. The neurocircuitry of illicit psychostimulant addiction: 
acute and chronic effects in humans. Subst Abuse Rehabil. 2013:29. 

46.  Ferré S, Lluís C, Justinova Z, Quiroz C, Orru M, Navarro G, et al. Adenosine-
cannabinoid receptor interactions. Implications for striatal function. Br J 
Pharmacol. 2010;160:443–453. 

47.  McCutcheon RA, Abi-Dargham A, Howes OD. Schizophrenia, Dopamine and the 
Striatum: From Biology to Symptoms. Trends Neurosci. 2019;42:205–220. 

48.  Elert E. Aetiology: Searching for schizophrenia’s roots. Nature. 2014;508:S2-3. 

49.  Millan MJ, Andrieux A, Bartzokis G, Cadenhead K, Dazzan P, Fusar-Poli P, et al. 
Altering the course of schizophrenia: progress and perspectives. Nat Rev Drug 
Discov. 2016;15:485–515. 

50.  Haber SN. The place of dopamine in the cortico-basal ganglia circuit. 
Neuroscience. 2014;282:248–257. 

51.  Brisch R, Saniotis A, Wolf R, Bielau H, Bernstein HG, Steiner J, et al. The role of 
dopamine in schizophrenia from a neurobiological and evolutionary perspective: 
Old fashioned, but still in vogue. Front Psychiatry. 2014;5:47. 

52.  Bramness JG, Gundersen ØH, Guterstam J, Rognli EB, Konstenius M, Løberg 
EM, et al. Amphetamine-induced psychosis - a separate diagnostic entity or 
primary psychosis triggered in the vulnerable? BMC Psychiatry. 2012;12:221. 

53.  Seeman P, Chau Wong M, Tedesco J, Wong K. Brain receptors for antipsychotic 
drugs and dopamine: direct binding assays. Proc Natl Acad Sci U S A. 
1975;72:4376–4380. 

54.  Seeman P, Lee T, Chau-Wong M, Wong K. Antipsychotic drug doses and 
neuroleptic/dopamine receptors. Nature. 1976;261:717–719. 

55.  Madras BK. History of the discovery of the antipsychotic dopamine D2 receptor: 



References 

 112 

A basis for the dopamine hypothesis of schizophrenia. J Hist Neurosci. 
2013;22:62–78. 

56.  Seeman P, Schwarz J, Chen J-F, Szechtman H, Perreault M, McKnight GS, et al. 
Psychosis pathways converge via D2high dopamine receptors. Synapse. 
2006;60:319–346. 

57.  Seeman P. Schizophrenia and dopamine receptors. Eur Neuropsychopharmacol. 
2013;23:999–1009. 

58.  Steeds H, Carhart-Harris RL, Stone JM. Drug models of schizophrenia. Ther Adv 
Psychopharmacol. 2015;5:43–58. 

59.  Nichols DE, Nichols CD. Serotonin receptors. Chem Rev. 2008;108:1614–1641. 

60.  Aghajanian GK, Marek GJ. Serotonin model of schizophrenia: emerging role of 
glutamate mechanisms. Brain Res. Rev., vol. 31, 2000. p. 302–312. 

61.  Celada P, Puig MV, Artigas F. Serotonin modulation of cortical neurons and 
networks. Front Integr Neurosci. 2013;7:25. 

62.  Miyamoto S, Miyake N, Jarskog LF, Fleischhacker WW, Lieberman JA. 
Pharmacological treatment of schizophrenia: A critical review of the pharmacology 
and clinical effects of current and future therapeutic agents. Mol Psychiatry. 
2012;17:1206–1227. 

63.  Solmi M, Murru A, Pacchiarotti I, Undurraga J, Veronese N, Fornaro M, et al. 
Safety, tolerability, and risks associated with first-and second-generation 
antipsychotics: A state-of-the-art clinical review. Ther Clin Risk Manag. 
2017;13:757–777. 

64.  Mailman R, Murthy V. Third Generation Antipsychotic Drugs: Partial Agonism or 
Receptor Functional Selectivity? Curr Pharm Des. 2010;16:488–501. 

65.  Bleich A, Brown S-L, Kahn R, van Praag HM. The Role of Serotonin in 
Schizophrenia. Schizophr Bull. 1988;14:297–315. 

66.  Neill JC, Barnes S, Cook S, Grayson B, Idris NF, McLean SL, et al. Animal models 
of cognitive dysfunction and negative symptoms of schizophrenia: Focus on 
NMDA receptor antagonism. Pharmacol Ther. 2010;128:419–432. 

67.  Moghaddam B, Javitt D. From revolution to evolution: the glutamate hypothesis of 
schizophrenia and its implication for treatment. Neuropsychopharmacology. 
2012;37:4–15. 

68.  Blum BP, Mann JJ. The GABAergic system in schizophrenia. Int J 
Neuropsychopharmacol. 2002;5:159–179. 

69.  Williams S, Boksa P. Gamma oscillations and schizophrenia. J Psychiatry 
Neurosci. 2010;35:75–77. 

70.  Lisman JE, Coyle JT, Green RW, Javitt DC, Benes FM, Heckers S, et al. Circuit-
based framework for understanding neurotransmitter and risk gene interactions in 
schizophrenia. Trends Neurosci. 2008;31:234–242. 

71.  Gonzalez-Burgos G, Cho RY, Lewis DA. Alterations in cortical network oscillations 
and parvalbumin neurons in schizophrenia. Biol Psychiatry. 2015;77:1031–1040. 

72.  Chung DW, Fish KN, Lewis DA. Pathological basis for deficient excitatory drive to 



References 

 113 

cortical parvalbumin interneurons in schizophrenia. Am. J. Psychiatry, vol. 173, 
American Psychiatric Association; 2016. p. 1131–1139. 

73.  Lewis DA, Cruz DA, Melchitzky DS, Pierri JN. Lamina-Specific Deficits in 
Parvalbumin-Immunoreactive Varicosities in the Prefrontal Cortex of Subjects 
With Schizophrenia: Evidence for Fewer Projections From the Thalamus. Am J 
Psychiatry. 2001;158:1411–1422. 

74.  Reynolds GP, Abdul-Monim Z, Neill JC, Zhang Z-J. Calcium binding protein 
markers of GABA deficits in schizophrenia--postmortem studies and animal 
models. Neurotox Res. 2004;6:57–61. 

75.  Reynolds GP, Zhang ZJ, Beasley CL. Neurochemical correlates of cortical 
GABAergic deficits in schizophrenia: selective losses of calcium binding protein 
immunoreactivity. Brain Res Bull. 2001;55:579–584. 

76.  Beasley CL, Reynolds GP. Parvalbumin-immunoreactive neurons are reduced in 
the prefrontal cortex of schizophrenics. Schizophr Res. 1997;24:349–355. 

77.  Beasley CL, Zhang ZJ, Patten I, Reynolds GP. Selective deficits in prefrontal 
cortical GABAergic neurons in schizophrenia defined by the presence of calcium-
binding proteins. Biol Psychiatry. 2002;52:708–715. 

78.  Swerdlow NR, Light GA. Animal models of deficient sensorimotor gating in 
schizophrenia: Are they still relevant? Curr. Top. Behav. Neurosci., vol. 28, 2016. 
p. 305–325. 

79.  López-Muñoz F, Alamo C, Cuenca E, Shen WW, Clervoy P, Rubio G. History of 
the discovery and clinical introduction of chlorpromazine. Ann Clin Psychiatry. 
2005;17:113–135. 

80.  Leucht S, Cipriani A, Spineli L, Mavridis D, Örey D, Richter F, et al. Comparative 
efficacy and tolerability of 15 antipsychotic drugs in schizophrenia: A multiple-
treatments meta-analysis. Lancet. 2013;382:951–962. 

81.  Leucht S, Corves C, Arbter D, Engel RR, Li C, Davis JM. Second-generation 
versus first-generation antipsychotic drugs for schizophrenia: a meta-analysis. 
Lancet. 2009;373:31–41. 

82.  Geyer MA, Olivier B, Joëls M, Kahn RS. From antipsychotic to anti-schizophrenia 
drugs: role of animal models. Trends Pharmacol Sci. 2012;33:515–521. 

83.  Agid O, Arenovich T, Sajeev G, Zipursky RB, Kapur S, Foussias G, et al. An 
algorithm-based approach to first-episode schizophrenia: Response rates over 3 
prospective antipsychotic trials with a retrospective data analysis. J Clin 
Psychiatry. 2011;72:1439–1444. 

84.  Feifel D, Shilling PD, Hillman J, Maisel M, Winfield J, Melendez G. Peripherally 
administered oxytocin modulates latent inhibition in a manner consistent with 
antipsychotic drugs. Behav Brain Res. 2015;278:424–428. 

85.  Caldwell HK, Stephens SL, Young WS. Oxytocin as a natural antipsychotic: A 
study using oxytocin knockout mice. Mol Psychiatry. 2009;14:190–196. 

86.  MacDonald E, Dadds MR, Brennan JL, Williams K, Levy F, Cauchi AJ. A review 
of safety, side-effects and subjective reactions to intranasal oxytocin in human 
research. Psychoneuroendocrinology. 2011;36:1114–1126. 



References 

 114 

87.  Meyer-Lindenberg A, Domes G, Kirsch P, Heinrichs M. Oxytocin and vasopressin 
in the human brain: Social neuropeptides for translational medicine. Nat Rev 
Neurosci. 2011;12:524–538. 

88.  Quintana DS, Rokicki J, van der Meer D, Alnæs D, Kaufmann T, Córdova-
Palomera A, et al. Oxytocin pathway gene networks in the human brain. Nat 
Commun. 2019;10:668. 

89.  Cochran DM, Fallon D, Hill M, Frazier JA. The role of oxytocin in psychiatric 
disorders: A review of biological and therapeutic research findings. Harv Rev 
Psychiatry. 2013;21:219–247. 

90.  Theodoridou A, Rowe AC, Penton-Voak IS, Rogers PJ. Oxytocin and social 
perception: oxytocin increases perceived facial trustworthiness and 
attractiveness. Horm Behav. 2009;56:128–132. 

91.  Kosfeld M, Heinrichs M, Zak PJ, Fischbacher U, Fehr E. Oxytocin increases trust 
in humans. Nature. 2005;435:673–676. 

92.  Feifel D, MacDonald K, Nguyen A, Cobb P, Warlan H, Galangue B, et al. 
Adjunctive intranasal oxytocin reduces symptoms in schizophrenia patients. Biol 
Psychiatry. 2010;68:678–680. 

93.  Bradley ER, Seitz A, Niles AN, Rankin KP, Mathalon DH, O’Donovan A, et al. 
Oxytocin increases eye gaze in schizophrenia. Schizophr Res. 2019;212:177–
185. 

94.  Lee PR, Brady DL, Shapiro RA, Dorsa DM, Koenig JI. Social interaction deficits 
caused by chronic phencyclidine administration are reversed by oxytocin. 
Neuropsychopharmacology. 2005;30:1883–1894. 

95.  Feifel D, Reza T. Oxytocin modulates psychotomimetic-induced deficits in 
sensorimotor gating. Psychopharmacology (Berl). 1999;141:93–98. 

96.  Feifel D, Shilling PD, Belcher AM. The effects of oxytocin and its analog, 
carbetocin, on genetic deficits in sensorimotor gating. Eur 
Neuropsychopharmacol. 2012;22:374–378. 

97.  Qi J, Han WY, Yang JY, Wang LH, Dong YX, Wang F, et al. Oxytocin regulates 
changes of extracellular glutamate and GABA levels induced by 
methamphetamine in the mouse brain. Addict Biol. 2012;17:758–769. 

98.  Risbrough V, Ji B, Hauger R, Zhou X. Generation and characterization of 
humanized mice carrying COMT158 Met/Val alleles. Neuropsychopharmacology. 
2014;39:1823–1832. 

99.  Lieberman JA, Girgis RR, Brucato G, Moore H, Provenzano F, Kegeles L, et al. 
Hippocampal dysfunction in the pathophysiology of schizophrenia: a selective 
review and hypothesis for early detection and intervention. Mol Psychiatry. 
2018;23:1764–1772. 

100.  Bartholomeusz CF, Ganella EP, Labuschagne I, Bousman C, Pantelis C. Effects 
of oxytocin and genetic variants on brain and behaviour: Implications for treatment 
in schizophrenia. Schizophr Res. 2015;168:614–627. 

101.  Rich ME, Caldwell HK. A role for oxytocin in the etiology and treatment of 
schizophrenia. Front Endocrinol (Lausanne). 2015;6. 



References 

 115 

102.  Geyer MA. Developing translational animal models for symptoms of schizophrenia 
or bipolar mania. Neurotox Res. 2008;14:71–78. 

103.  Powell CM, Miyakawa T. Schizophrenia-relevant behavioral testing in rodent 
models: a uniquely human disorder? Biol Psychiatry. 2006;59:1198–1207. 

104.  Gibbs RA, Weinstock GM, Metzker ML, Muzny DM, Sodergren EJ, Scherer S, et 
al. Genome sequence of the Brown Norway rat yields insights into mammalian 
evolution. Nature. 2004;428:493–520. 

105.  Jones C, Watson D, Fone K. Animal models of schizophrenia. Br J Pharmacol. 
2011;164:1162–1194. 

106.  Fernando ABP, Robbins TW. Animal models of neuropsychiatric disorders. Annu 
Rev Clin Psychol. 2011;7:39–61. 

107.  del Río C, Oliveras I, Cañete T, Blázquez G, Tobeña A, Fernández-teruel A. 
Genetic Rat Models of Schizophrenia-Relevant Symptoms. World J Neurosci. 
2014;4:261–278. 

108.  Powell SB, Weber M, Geyer MA. Genetic models of sensorimotor gating: 
Relevance to neuropsychiatric disorders. Curr Top Behav Neurosci. 
2012;12:251–318. 

109.  Schwabe K, Krauss JK. What rodent models of deep brain stimulation can teach 
us about the neural circuit regulation of prepulse inhibition in neuropsychiatric 
disorders. Schizophr Res. 2018;198:45–51. 

110.  Graham FK. The more or less startling effects of weak prestimulation. 
Psychophysiology. 1975;12:238–248. 

111.  Swerdlow NR, Sutherland AN. Preclinical models relevant to Tourette syndrome. 
Adv Neurol. 2006;99:69–88. 

112.  Braff DL, Geyer MA, Light GA, Sprock J, Perry W, Cadenhead KS, et al. Impact 
of prepulse characteristics on the detection of sensorimotor gating deficits in 
schizophrenia. Schizophr Res. 2001;49:171–178. 

113.  Kohl S, Heekeren K, Klosterkötter J, Kuhn J. Prepulse inhibition in psychiatric 
disorders--apart from schizophrenia. J Psychiatr Res. 2013;47:445–452. 

114.  Cadenhead KS, Light GA, Geyer MA, McDowell JE, Braff DL. Neurobiological 
measures of schizotypal personality disorder: Defining an inhibitory 
endophenotype? Am J Psychiatry. 2002;159:869–871. 

115.  Braff DL, Light GA. The use of neurophysiological endophenotypes to understand 
the genetic basis of schizophrenia. Dialogues Clin Neurosci. 2005;7:125–135. 

116.  Alam M, Angelov S, Stemmler M, von Wrangel C, Krauss JK, Schwabe K. 
Neuronal activity of the prefrontal cortex is reduced in rats selectively bred for 
deficient sensorimotor gating. Prog Neuro-Psychopharmacology Biol Psychiatry. 
2015;56:174–184. 

117.  Braff D, Stone C, Callaway E, Geyer M, Glick I, Bali L. Prestimulus effects on 
human startle reflex in normals and schizophrenics. Psychophysiology. 
1978;15:339–343. 

118.  Swerdlow NR, Light GA, Sprock J, Calkins ME, Green MF, Greenwood TA, et al. 
Deficient prepulse inhibition in schizophrenia detected by the multi-site COGS. 



References 

 116 

Schizophr Res. 2014;152:503–512. 

119.  Swerdlow NR, Braff DL, Geyer MA. Sensorimotor gating of the startle reflex: What 
we said 25 years ago, what has happened since then, and what comes next. J 
Psychopharmacol. 2016;30:1072–1081. 

120.  Schwarzkopf SB, McCoy L, Smith DA, Boutros NN. Test-retest reliability of 
prepulse inhibition of the acoustic startle response. Biol Psychiatry. 1993;34:896–
900. 

121.  Giakoumaki SG, Bitsios P, Frangou S. The level of prepulse inhibition in healthy 
individuals may index cortical modulation of early information processing. Brain 
Res. 2006;1078:168–170. 

122.  Weike AI, Bauer U, Hamm AO. Effective neuroleptic medication removes prepulse 
inhibition deficits in schizophrenia patients. Biol Psychiatry. 2000;47:61–70. 

123.  Geyer MA, Krebs-Thomson K, Braff DL, Swerdlow NR. Pharmacological studies 
of prepulse inhibition models of sensorimotor gating deficits in schizophrenia: a 
decade in review. Psychopharmacology (Berl). 2001;156:117–154. 

124.  Braff DL, Geyer MA, Swerdlow NR. Human studies of prepulse inhibition of startle: 
Normal subjects, patient groups, and pharmacological studies. 
Psychopharmacology (Berl). 2001;156:234–258. 

125.  Schubert MI, Porkess M V., Dashdorj N, Fone KCF, Auer DP. Effects of social 
isolation rearing on the limbic brain: A combined behavioral and magnetic 
resonance imaging volumetry study in rats. Neuroscience. 2009;159:21–30. 

126.  Day-Wilson KM, Jones DNC, Southam E, Cilia J, Totterdell S. Medial prefrontal 
cortex volume loss in rats with isolation rearing-induced deficits in prepulse 
inhibition of acoustic startle. Neuroscience. 2006;141:1113–1121. 

127.  Oliveras I, Sánchez-González A, Piludu MA, Gerboles C, Río-Álamos C, Tobeña 
A, et al. Divergent effects of isolation rearing on prepulse inhibition, activity, 
anxiety and hippocampal-dependent memory in Roman high- and low-avoidance 
rats: A putative model of schizophrenia-relevant features. Behav Brain Res. 
2016;314:6–15. 

128.  Swerdlow NR, Geyer MA. Using an animal model of deficient sensorimotor gating 
to study the pathophysiology and new treatments of schizophrenia. Schizophr 
Bull. 1998;24:285–301. 

129.  Swerdlow NR, Geyer MA, Braff DL. Neural circuit regulation of prepulse inhibition 
of startle in the rat: current knowledge and future challenges. 
Psychopharmacology (Berl). 2001;156:194–215. 

130.  Saint Marie RL, Miller EJ, Breier MR, Weber M, Swerdlow NR. Projections from 
ventral hippocampus to medial prefrontal cortex but not nucleus accumbens 
remain functional after fornix lesions in rats. Neuroscience. 2010;168:498–504. 

131.  Miller EJ, Saint Marie LR, Breier MR, Swerdlow NR. Pathways from the ventral 
hippocampus and caudal amygdala to forebrain regions that regulate 
sensorimotor gating in the rat. Neuroscience. 2010;165:601–611. 

132.  Ellenbroek BA, Budde S, Cools AR. Prepulse inhibition and latent inhibition: The 
role of dopamine in the medial prefrontal cortex. Neuroscience. 1996;75:535–542. 



References 

 117 

133.  Swerdlow NR, Braff DL, Geyer MA, Lipska BK, Weinberger DR, Jaskiw GE. 
Increased sensitivity to the sensorimotor gating-disruptive effects of apomorphine 
after lesions of medial prefrontal cortex or ventral hippocampus in adult rats. 
Psychopharmacology (Berl). 1995;122:27–34. 

134.  Yee BK. Cytotoxic lesion of the medial prefrontal cortex abolishes the partial 
reinforcement extinction effect, attenuates prepulse inhibition of the acoustic 
startle reflex and induces transient hyperlocomotion, while sparing spontaneous 
object recognition memory in the rat. Neuroscience. 1999;95:675–689. 

135.  Swerdlow NR, Taaid N, Halim N, Randolph E, Kim YK, Auerbach P. Hippocampal 
lesions enhance startle gating-disruptive effects of apomorphine in rats: A 
parametric assessment. Neuroscience. 2000;96:523–536. 

136.  Kodsi MH, Swerdlow NR. Reduced prepulse inhibition after electrolytic lesions of 
nucleus accumbens subregions in the rat. Brain Res. 1997;773:45–52. 

137.  Swerdlow NR, Stephany N, Wasserman LC, Talledo J, Shoemaker J, Auerbach 
PP. Amphetamine Effects on Prepulse Inhibition Across-Species: Replication and 
Parametric Extension. Neuropsychopharmacology. 2002;28:640–650. 

138.  Oliveras I, Sánchez-González A, Sampedro-Viana D, Piludu MA, Río-Alamos C, 
Giorgi O, et al. Differential effects of antipsychotic and propsychotic drugs on 
prepulse inhibition and locomotor activity in Roman high- (RHA) and low-
avoidance (RLA) rats. Psychopharmacology (Berl). 2017;234:957–975. 

139.  Gururajan A, Taylor DA, Malone DT. Cannabidiol and clozapine reverse MK-801-
induced deficits in social interaction and hyperactivity in Sprague–Dawley rats. J 
Psychopharmacol. 2012;26:1317–1332. 

140.  Tomasella E, Bechelli L, Ogando MB, Mininni C, Di Guilmi MN, De Fino F, et al. 
Deletion of dopamine D2 receptors from parvalbumin interneurons in mouse 
causes schizophrenialike phenotypes. Proc Natl Acad Sci U S A. 2018;115:3476–
3481. 

141.  Boerner T, Bygrave AM, Chen J, Fernando A, Jackson S, Barkus C, et al. The 
group II metabotropic glutamate receptor agonist LY354740 and the D2 receptor 
antagonist haloperidol reduce locomotor hyperactivity but fail to rescue spatial 
working memory in GluA1 knockout mice. Eur J Neurosci. 2017;45:912–921. 

142.  Fatemi SH, Earle J, Kanodia R, Kist D, Emamian ES, Patterson PH, et al. Prenatal 
viral infection leads to pyramidal cell atrophy and macrocephaly in adulthood: 
implications for genesis of autism and schizophrenia. Cell Mol Neurobiol. 
2002;22:25–33. 

143.  Shi L, Fatemi SH, Sidwell RW, Patterson PH. Maternal influenza infection causes 
marked behavioral and pharmacological changes in the offspring. J Neurosci. 
2003;23:297–302. 

144.  Ibi D, Nagai T, Kitahara Y, Mizoguchi H, Koike H, Shiraki A, et al. Neonatal polyI:C 
treatment in mice results in schizophrenia-like behavioral and neurochemical 
abnormalities in adulthood. Neurosci Res. 2009;64:297–305. 

145.  Gilabert-Juan J, Belles M, Saez AR, Carceller H, Zamarbide-Fores S, Moltó MD, 
et al. A ‘double hit’ murine model for schizophrenia shows alterations in the 
structure and neurochemistry of the medial prefrontal cortex and the 
hippocampus. Neurobiol Dis. 2013;59:126–140. 



References 

 118 

146.  Díaz-Morán S, Palència M, Mont-Cardona C, Cañete T, Blázquez G, Martínez-
Membrives E, et al. Gene expression in hippocampus as a function of differential 
trait anxiety levels in genetically heterogeneous NIH-HS rats. Behav Brain Res. 
2013;257:129–139. 

147.  Hayward A, Tomlinson A, Neill JC. Low attentive and high impulsive rats: A 
translational animal model of ADHD and disorders of attention and impulse 
control. Pharmacol Ther. 2016;158:41–51. 

148.  Holl K, He H, Wedemeyer M, Clopton L, Wert S, Meckes JK, et al. Heterogeneous 
stock rats: a model to study the genetics of despair-like behavior in adolescence. 
Genes, Brain Behav. 2018;17:139–148. 

149.  Jupp B, Caprioli D, Dalley JW. Highly impulsive rats: Modelling an endophenotype 
to determine the neurobiological, genetic and environmental mechanisms of 
addiction. DMM Dis Model Mech. 2013;6:302–311. 

150.  Merchán A, Mora S, Gago B, Rodriguez-Ortega E, Fernández-Teruel A, Puga JL, 
et al. Excessive habit formation in schedule-induced polydipsia: Microstructural 
analysis of licking among rat strains and involvement of the orbitofrontal cortex. 
Genes, Brain Behav. 2019;18:e12489. 

151.  Schwabe K, Freudenberg F, Koch M. Selective breeding of reduced sensorimotor 
gating in Wistar rats. Behav Genet. 2007;37:706–712. 

152.  Ellenbroek BA, Geyer MA, Cools AR. The behavior of APO-SUS rats in animal 
models with construct validity for schizophrenia. J Neurosci. 1995;15:7604–7611. 

153.  Sagvolden T, Metzger MA, Schiørbeck HK, Rugland AL, Spinnangr I, Sagvolden 
G. The spontaneously hypertensive rat (SHR) as an animal model of childhood 
hyperactivity (ADHD): changed reactivity to reinforcers and to psychomotor 
stimulants. Behav Neural Biol. 1992;58:103–112. 

154.  Kumari V, Antonova E, Zachariah E, Galea A, Aasen I, Ettinger U, et al. Structural 
brain correlates of prepulse inhibition of the acoustic startle response in healthy 
humans. Neuroimage. 2005;26:1052–1058. 

155.  Driscoll P, Escorihuela RM, Fernandez-Teruel A, Giorgi O, Schwegler H, Steimer 
T, et al. Genetic Selection and Differential Stress Responses: The Roman 
Lines/Strains of Rats. Ann N Y Acad Sci. 1998;851:501–510. 

156.  Escorihuela RM, Fernández-Teruel A, Gil L, Aguilar R, Tobeña A, Driscoll P. 
Inbred roman high- and low-avoidance rats: Differences in anxiety, novelty-
seeking, and shuttlebox behaviors. Physiol Behav. 1999;67:19–26. 

157.  Steimer T, Driscoll P. Inter-individual vs line/strain differences in 
psychogenetically selected Roman High-(RHA) and Low-(RLA) Avoidance rats: 
Neuroendocrine and behavioural aspects. Neurosci Biobehav Rev. 2005;29:99–
112. 

158.  Río-Álamos C, Oliveras I, Piludu MA, Gerbolés C, Cañete T, Blázquez G, et al. 
Neonatal handling enduringly decreases anxiety and stress responses and 
reduces hippocampus and amygdala volume in a genetic model of differential 
anxiety: Behavioral-volumetric associations in the Roman rat strains. Eur 
Neuropsychopharmacol. 2017;27:146–158. 

159.  Giorgi O, Piras G, Corda MG. The psychogenetically selected Roman high- and 
low-avoidance rat lines: A model to study the individual vulnerability to drug 



References 

 119 

addiction. Neurosci Biobehav Rev. 2007;31:148–163. 

160.  Guitart-Masip M, Johansson B, Cañete T, Fernández-Teruel A, Tobeña A, 
Terenius L, et al. Regional adaptations in PSD-95, NGFI-A and secretogranin 
gene transcripts related to vulnerability to behavioral sensitization to 
amphetamine in the Roman rat strains. Neuroscience. 2008;151:195–208. 

161.  Giménez-Llort L, Cañete T, Guitart-Masip M, Fernández-Teruel A, Tobeña A. Two 
distinctive apomorphine-induced phenotypes in the Roman high- and low-
avoidance rats. Physiol Behav. 2005;86:458–466. 

162.  Corda MG, Piras G, Lecca D, Fernández-Teruel A, Driscoll P, Giorgi O. The 
psychogenetically selected Roman rat lines differ in the susceptibility to develop 
amphetamine sensitization. Behav Brain Res. 2005;157:147–156. 

163.  Coppens CM, de Boer SF, Steimer T, Koolhaas JM. Impulsivity and aggressive 
behavior in Roman high and low avoidance rats: Baseline differences and 
adolescent social stress induced changes. Physiol Behav. 2012;105:1156–1160. 

164.  Esnal A, Sánchez-González A, Río-Álamos C, Oliveras I, Cañete T, Blázquez G, 
et al. Prepulse inhibition and latent inhibition deficits in Roman high-avoidance vs. 
Roman low-avoidance rats: Modeling schizophrenia-related features. Physiol 
Behav. 2016;163:267–273. 

165.  Oliveras I, Río-Álamos C, Cañete T, Blázquez G, Martínez-Membrives E, Giorgi 
O, et al. Prepulse inhibition predicts spatial working memory performance in the 
inbred Roman high- and low-avoidance rats and in genetically heterogeneous 
NIH-HS rats: relevance for studying pre-attentive and cognitive anomalies in 
schizophrenia. Front Behav Neurosci. 2015;9:213. 

166.  Aguilar R, Escorihuela RM, Gil L, Tobeña A, Fernández-Teruel A. Differences 
between two psychogenetically selected lines of rats in a swimming pool 
matching-to-place task: long-term effects of infantile stimulation. Behav Genet. 
2002;32:127–134. 

167.  Tournier BB, Steimer T, Millet P, Moulin-Sallanon M, Vallet P, Ibañez V, et al. 
Innately low D2 receptor availability is associated with high novelty-seeking and 
enhanced behavioural sensitization to amphetamine. Int J 
Neuropsychopharmacol. 2013;16:1819–1834. 

168.  Guitart-Masip M, Johansson B, Fernández-Teruel A, Tobeña A, Giménez-Llort L. 
Divergent effect of the selective D3 receptor agonist pd-128,907 on locomotor 
activity in Roman high- and low-avoidance rats: relationship to NGFI-A gene 
expression in the Calleja islands. Psychopharmacology (Berl). 2008;196:39–49. 

169.  Meyza KZ, Boguszewski PM, Nikolaev E, Zagrodzka J. Diverse sensitivity of 
RHA/Verh and RLA/Verh rats to emotional and spatial aspects of a novel 
environment as a result of a distinct pattern of neuronal activation in the 
fear/anxiety circuit. Behav Genet. 2009;39:48–61. 

170.  Garcia-Falgueras A, Castillo-Ruiz MM, Put T, Tobeña A, Fernández-Teruel A. 
Differential hippocampal neuron density between inbred Roman high- (low 
anxious) and low-avoidance (high anxious) rats. Neurosci Lett. 2012;522:41–46. 

171.  Fomsgaard L, Moreno JL, de la Fuente Revenga M, Brudek T, Adamsen D, Rio-
Alamos C, et al. Differences in 5-HT2A and mGlu2 Receptor Expression Levels 
and Repressive Epigenetic Modifications at the 5-HT2A Promoter Region in the 



References 

 120 

Roman Low- (RLA-I) and High- (RHA-I) Avoidance Rat Strains. Mol Neurobiol. 
2018;55:1998–2012. 

172.  Elfving B, Müller HK, Oliveras I, Østerbøg TB, Rio-Alamos C, Sanchez-Gonzalez 
A, et al. Differential expression of synaptic markers regulated during 
neurodevelopment in a rat model of schizophrenia-like behavior. Prog Neuro-
Psychopharmacology Biol Psychiatry. 2019;95:109669. 

173.  Klein AB, Ultved L, Adamsen D, Santini MA, Tobeña A, Fernandez-Teruel A, et 
al. 5-HT2A and mGlu2 receptor binding levels are related to differences in 
impulsive behavior in the Roman Low- (RLA) and High- (RHA) avoidance rat 
strains. Neuroscience. 2014;263:36–45. 

174.  Giorgi O, Corda MG, Fernández-Teruel A. A genetic model of impulsivity, 
vulnerability to drug abuse and schizophrenia-relevant symptoms with 
translational potential: The roman high- Vs. Low-avoidance rats. Front Behav 
Neurosci. 2019;13:145. 

175.  Río-Álamos C, Piludu MA, Gerbolés C, Barroso D, Oliveras I, Sánchez-González 
A, et al. Volumetric brain differences between the Roman rat strains: Neonatal 
handling effects, sensorimotor gating and working memory. Behav Brain Res. 
2019;361:74–85. 

176.  Hansen C, Spuhler K. Development of the National Institutes of Health Genetically 
Heterogeneous Rat Stock. Alcohol Clin Exp Res. 1984;8:477–479. 

177.  Baud A, Hermsen R, Guryev V, Stridh P, Graham D, McBride MW, et al. 
Combined sequence-based and genetic mapping analysis of complex traits in 
outbred rats. Nat Genet. 2013;45:767–775. 

178.  Baud A, Flint J, Fernandez-Teruel A, Consortium TRGSM. Identification of 
Genetic Variants Underlying Anxiety and Multiple Sclerosis in Heterogeneous 
Stock Rats. World J Neurosci. 2014;04:216–224. 

179.  Sánchez-González A, Esnal A, Río-Álamos C, Oliveras I, Cañete T, Blázquez G, 
et al. Association between prepulse inhibition of the startle response and latent 
inhibition of two-way avoidance acquisition: A study with heterogeneous NIH-HS 
rats. Physiol Behav. 2016;155:195–201. 

180.  Østerbøg TB, On DM, Oliveras I, Río-Álamos C, Sanchez-Gonzalez A, Tapias-
Espinosa C, et al. Metabotropic Glutamate Receptor 2 and Dopamine Receptor 2 
Gene Expression Predict Sensorimotor Gating Response in the Genetically 
Heterogeneous NIH-HS Rat Strain. Mol Neurobiol. 2019. 28 November 2019. 
https://doi.org/10.1007/s12035-019-01829-w. 

181.  Domeney A, Feldon J. The disruption of prepulse inhibition by social isolation in 
the wistar rat: How robust is the effect? Pharmacol Biochem Behav. 1998;59:883–
890. 

182.  Lukkes JL, Watt MJ, Lowry CA, Forster GL. Consequences of post-weaning social 
isolation on anxiety behavior and related neural circuits in rodents. Front Behav 
Neurosci. 2009;3:18. 

183.  Peleg-Raibstein D, Feldon J. Effects of dorsal and ventral hippocampal NMDA 
stimulation on nucleus accumbens core and shell dopamine release. 
Neuropharmacology. 2006;51:947–957. 

184.  Tseng KY, Chambers RA, Lipska BK. The neonatal ventral hippocampal lesion as 



References 

 121 

a heuristic neurodevelopmental model of schizophrenia. Behav Brain Res. 
2009;204:295–305. 

185.  Wang J, Li G, Xu Y, Zhang W-N. Hyperactivity and disruption of prepulse inhibition 
induced by NMDA infusion of the rat ventral hippocampus: Comparison of uni- 
and bilateral stimulation. Neurosci Lett. 2015;594:150–154. 

186.  Kulikov A V., Korostina VS, Kulikova EA, Fursenko D V., Akulov AE, Moshkin MP, 
et al. Knockout Zbtb33 gene results in an increased locomotion, exploration and 
pre-pulse inhibition in mice. Behav Brain Res. 2016;297:76–83. 

187.  Miyakawa T, Leiter LM, Gerber DJ, Gainetdinov RR, Sotnikova TD, Zeng H, et al. 
Conditional calcineurin knockout mice exhibit multiple abnormal behaviors related 
to schizophrenia. Proc Natl Acad Sci. 2003;100:8987–8992. 

188.  Munesue T, Yokoyama S, Nakamura K, Anitha A, Yamada K, Hayashi K, et al. 
Two genetic variants of CD38 in subjects with autism spectrum disorder and 
controls. Neurosci Res. 2010;67:181–191. 

189.  Takao K, Kobayashi K, Hagihara H, Ohira K, Shoji H, Hattori S, et al. Deficiency 
of Schnurri-2, an MHC Enhancer Binding Protein, Induces Mild Chronic 
Inflammation in the Brain and Confers Molecular, Neuronal, and Behavioral 
Phenotypes Related to Schizophrenia. Neuropsychopharmacology. 
2013;38:1409–1425. 

190.  Young JW, Ratty A, Dawe GS, Geyer MA. Altered exploration and sensorimotor 
gating of the chakragati mouse model of schizophrenia. Behav Neurosci. 
2014;128:460–467. 

191.  Maple AM, Call T, Kimmel PC, Hammer RP. Effects of Repeated Ropinirole 
Treatment on Phencyclidine-Induced Hyperlocomotion, Prepulse Inhibition 
Deficits, and Social Avoidance in Rats. J Pharmacol Exp Ther. 2017;361:109–
114. 

192.  Alsene KM, Fallace K, Bakshi VP. Ventral striatal noradrenergic mechanisms 
contribute to sensorimotor gating deficits induced by amphetamine. 
Neuropsychopharmacology. 2010;35:2346–2356. 

193.  Blanc G, Trovero F, Vezina P, Hervé D, Godeheu AM, Glowinski J, et al. Blockade 
of prefronto-cortical alpha 1-adrenergic receptors prevents locomotor 
hyperactivity induced by subcortical D-amphetamine injection. Eur J Neurosci. 
1994;6:293–298. 

194.  Dickinson SL, Gadie B, Tulloch IF. α1- and α2-Adrenoreceptor antagonists 
differentially influence locomotor and stereotyped behaviour induced by d-
amphetamine and apomorphine in the rat. Psychopharmacology (Berl). 
1988;96:521–527. 

195.  Ott DA, Mandel RJ. Amphetamine sensitivity in open-field activity vs. the prepulse 
inhibition paradigm. Brain Res Bull. 1995;37:219–222. 

196.  Braga RJ, Mendlowicz M V, Marrocos RP, Figueira IL. Anxiety disorders in 
outpatients with schizophrenia: prevalence and impact on the subjective quality of 
life. J Psychiatr Res. 2005;39:409–414. 

197.  Lindemann S, Gernert M, Bennay M, Koch M, Löscher W. Comparative analysis 
of anxiety-like behaviors and sensorimotor functions in two rat mutants, ci2 and 
ci3, with lateralized rotational behavior. Physiol Behav. 2008;93:417–426. 



References 

 122 

198.  McAuley JD, Stewart AL, Webber ES, Cromwell HC, Servatius RJ, Pang KCH. 
Wistar–Kyoto rats as an animal model of anxiety vulnerability: Support for a 
hypervigilance hypothesis. Behav Brain Res. 2009;204:162–168. 

199.  Koch M, Bubser M. Deficient sensorimotor gating after 6-hydroxydopamine lesion 
of the rat medial prefrontal cortex is reversed by haloperidol. Eur J Neurosci. 
1994;6:1837–1845. 

200.  Japha K, Koch M. Picrotoxin in the medial prefrontal cortex impairs sensorimotor 
gating in rats: Reversal by haloperidol. Psychopharmacology (Berl). 
1999;144:347–354. 

201.  Uehara T, Sumiyoshi T, Matsuoka T, Itoh H, Kurachi M. Effect of prefrontal cortex 
inactivation on behavioral and neurochemical abnormalities in rats with excitotoxic 
lesions of the entorhinal cortex. Synapse. 2007;61:391–400. 

202.  Schneider M, Koch M. Behavioral and morphological alterations following 
neonatal excitotoxic lesions of the medial prefrontal cortex in rats. Exp Neurol. 
2005;195:185–198. 

203.  Piontkewitz Y, Arad M, Weiner I. Abnormal Trajectories of Neurodevelopment and 
Behavior Following In Utero Insult in the Rat. Biol Psychiatry. 2011;70:842–851. 

204.  Toriumi K, Oki M, Muto E, Tanaka J, Mouri A, Mamiya T, et al. Prenatal 
phencyclidine treatment induces behavioral deficits through impairment of 
GABAergic interneurons in the prefrontal cortex. Psychopharmacology (Berl). 
2016;233:2373–2381. 

205.  Klein J, Hadar R, Götz T, Männer A, Eberhardt C, Baldassarri J, et al. Mapping 
brain regions in which deep brain stimulation affects schizophrenia-like behavior 
in two rat models of schizophrenia. Brain Stimul. 2013;6:490–499. 

206.  Bikovsky L, Hadar R, Soto-Montenegro ML, Klein J, Weiner I, Desco M, et al. 
Deep brain stimulation improves behavior and modulates neural circuits in a 
rodent model of schizophrenia. Exp Neurol. 2016;283:142–150. 

207.  Lazovic J, Wrzos HF, Yang QX, Collins CM, Smith MB, Norgren R, et al. Regional 
activation in the rat brain during visceral stimulation detected by c-fos expression 
and fMRI. Neurogastroenterol Motil. 2005;17:548–556. 

208.  Dodd GT, Williams SR, Luckman SM. Functional magnetic resonance imaging 
and c-Fos mapping in rats following a glucoprivic dose of 2-deoxy-d-glucose. J 
Neurochem. 2010;113:1123–1132. 

209.  Toriumi K, Oki M, Muto E, Tanaka J, Mouri A, Mamiya T, et al. Prenatal 
phencyclidine treatment induces behavioral deficits through impairment of 
GABAergic interneurons in the prefrontal cortex. Psychopharmacology (Berl). 
2016;233:2373–2381. 

210.  Wischhof L, Irrsack E, Osorio C, Koch M. Prenatal LPS-exposure - a 
neurodevelopmental rat model of schizophrenia - differentially affects cognitive 
functions, myelination and parvalbumin expression in male and female offspring. 
Prog Neuro-Psychopharmacology Biol Psychiatry. 2015;57:17–30. 

211.  Penschuck S, Flagstad P, Didriksen M, Leist M, Michael-Titus AT. Decrease in 
parvalbumin-expressing neurons in the hippocampus and increased 
phencyclidine-induced locomotor activity in the rat methylazoxymethanol (MAM) 
model of schizophrenia. Eur J Neurosci. 2006;23:279–284. 



References 

 123 

212.  Harte MK, Powell SB, Swerdlow NR, Geyer MA, Reynolds GP. Deficits in 
parvalbumin and calbindin immunoreactive cells in the hippocampus of isolation 
reared rats. J Neural Transm. 2007;114:893–898. 

213.  Bissonette GB, Bae MH, Suresh T, Jaffe DE, Powell EM. Prefrontal cognitive 
deficits in mice with altered cerebral cortical GABAergic interneurons. Behav Brain 
Res. 2014;259:143–151. 

214.  Kim H, Ährlund-Richter S, Wang X, Deisseroth K, Carlén M. Prefrontal 
Parvalbumin Neurons in Control of Attention. Cell. 2016;164:208–218. 

215.  Kaalund SS, Riise J, Broberg B V., Fabricius K, Karlsen AS, Secher T, et al. 
Differential expression of parvalbumin in neonatal phencyclidine-treated rats and 
socially isolated rats. J Neurochem. 2013;124:548–557. 

216.  Popelář J, Rybalko N, Burianová J, Schwaller B, Syka J. The effect of parvalbumin 
deficiency on the acoustic startle response and prepulse inhibition in mice. 
Neurosci Lett. 2013;553:216–220. 

217.  Gandal MJ, Sisti J, Klook K, Ortinski PI, Leitman V, Liang Y, et al. GABA B -
mediated rescue of altered excitatory-inhibitory balance, gamma synchrony and 
behavioral deficits following constitutive NMDAR-hypofunction. Transl Psychiatry. 
2012;2. 

218.  Pothuizen HHJ, Jongen-Rêlo AL, Feldon J. The effects of temporary inactivation 
of the core and the shell subregions of the nucleus accumbens on prepulse 
inhibition of the acoustic startle reflex and activity in rats. 
Neuropsychopharmacology. 2005;30:683–696. 

219.  Swerdlow NR, Shoemaker JM, Bongiovanni MJ, Neary AC, Tochen LS, Saint 
Marie RL. Strain differences in the disruption of prepulse inhibition of startle after 
systemic and intra-accumbens amphetamine administration. Pharmacol Biochem 
Behav. 2007;87:1–10. 

220.  Issy AC, Del Bel EA. 7-Nitroindazole blocks the prepulse inhibition disruption and 
c-Fos increase induced by methylphenidate. Behav Brain Res. 2014;262:74–83. 

221.  Zhang X, Li Q, Zhang M, Lam S, Sham PC, Bu B, et al. The effect of oxytocin on 
social and non-social behaviour and striatal protein expression in C57BL/6N mice. 
PLoS One. 2015;10. 

222.  Sarnyai Z. Oxytocin and neuroadaptation to cocaine. Prog Brain Res. 
1999;119:449–466. 

223.  Kohli S, King M V., Williams S, Edwards A, Ballard TM, Steward LJ, et al. Oxytocin 
attenuates phencyclidine hyperactivity and increases social interaction and 
nucleus accumben dopamine release in rats. Neuropsychopharmacology. 
2019;44:295–305. 

224.  Calcagnoli F, Kreutzmann JC, de Boer SF, Althaus M, Koolhaas JM. Acute and 
repeated intranasal oxytocin administration exerts anti-aggressive and pro-
affiliative effects in male rats. Psychoneuroendocrinology. 2015;51:112–121. 

225.  Jin D, Liu HX, Hirai H, Torashima T, Nagai T, Lopatina O, et al. CD38 is critical 
for social behaviour by regulating oxytocin secretion. Nature. 2007;446:41–45. 

226.  Kiss I, Levy-Gigi E, Kéri S. CD 38 expression, attachment style and habituation of 
arousal in relation to trust-related oxytocin release. Biol Psychol. 2011;88:223–



References 

 124 

226. 

227.  Higashida H, Yokoyama S, Kikuchi M, Munesue T. CD38 and its role in oxytocin 
secretion and social behavior. Horm Behav. 2012;61:351–358. 

228.  MacBeth AH, Lee HJ, Edds J, Young WS. Oxytocin and the oxytocin receptor 
underlie intrastrain, but not interstrain, social recognition. Genes, Brain Behav. 
2009;8:558–567. 

229.  Zelena D, Pintér O, Langnaese K, Richter K, Landgraf R, Makara GB, et al. 
Oxytocin in brattleboro rats: Increased synthesis is contrasted by blunted 
intrahypothalamic release from supraoptic nucleus neurones. J Neuroendocrinol. 
2013;25:711–718. 

230.  Lee JH, Zhang JY, Wei ZZ, Yu SP. Impaired social behaviors and minimized 
oxytocin signaling of the adult mice deficient in the N-methyl-D-aspartate receptor 
GluN3A subunit. Exp Neurol. 2018;305:1–12. 

231.  Smith AS, Korgan AC, Young WS. Oxytocin delivered nasally or intraperitoneally 
reaches the brain and plasma of normal and oxytocin knockout mice. Pharmacol 
Res. 2019;146. 

232.  Martucci LL, Amar M, Chaussenot R, Benet G, Bauer O, De Zélicourt A, et al. A 
multiscale analysis in CD38−/− mice unveils major prefrontal cortex dysfunctions. 
FASEB J. 2019;33:5823–5835. 

233.  Banki L, Büki A, Horvath G, Kekesi G, Kis G, Somogyvári F, et al. Distinct changes 
in chronic pain sensitivity and oxytocin receptor expression in a new rat model 
(Wisket) of schizophrenia. Neurosci Lett. 2020;714. 

234.  Uhrig S, Hirth N, Broccoli L, von Wilmsdorff M, Bauer M, Sommer C, et al. 
Reduced oxytocin receptor gene expression and binding sites in different brain 
regions in schizophrenia: A post-mortem study. Schizophr Res. 2016;177:59–66. 

235.  Wang SC, Lin CC, Tzeng NS, Tung CS, Liu YP. Effects of oxytocin on prosocial 
behavior and the associated profiles of oxytocinergic and corticotropin-releasing 
hormone receptors in a rodent model of posttraumatic stress disorder. J Biomed 
Sci. 2019;26. 

236.  Young WS, Song J. Characterization of Oxytocin Receptor Expression Within 
Various Neuronal Populations of the Mouse Dorsal Hippocampus. Front Mol 
Neurosci. 2020;13. 

237.  Zhou L, Sun WL, Young AB, Lee K, McGinty JF, See RE. Oxytocin reduces 
cocaine seeking and reverses chronic cocaine-induced changes in glutamate 
receptor function. Int J Neuropsychopharmacol. 2015;18. 

238.  Zhang X, Li Q, Zhang M, Lam S, Sham PC, Bu B, et al. The Effect of Oxytocin on 
Social and Non-Social Behaviour and Striatal Protein Expression in C57BL/6N 
Mice. PLoS One. 2015;10:e0145638. 

239.  Perez VB, Swerdlow NR, Braff DL, Näätänen R, Light GA. Using biomarkers to 
inform diagnosis, guide treatments and track response to interventions in 
psychotic illnesses. Biomark Med. 2014;8:9–14. 

240.  Acheson DT, Stein MB, Paulus MP, Geyer MA, Risbrough VB. The effect of 
pregabalin on sensorimotor gating in ‘low’ gating humans and mice. 
Neuropharmacology. 2012;63:480–485. 



References 

 125 

241.  Angelov SD, Dietrich C, Krauss JK, Schwabe K. Effect of deep brain stimulation 
in rats selectively bred for reduced prepulse inhibition. Brain Stimul. 2014;7:595–
602. 

242.  Swerdlow NR, Talledo J, Sutherland AN, Nagy D, Shoemaker JM. Antipsychotic 
effects on prepulse inhibition in normal ‘low gating’ humans and rats. 
Neuropsychopharmacology. 2006;31:2011–2021. 

 

 





 

 127 

 

 
 
 
 

Annex 
 

 
 

 
 

 
 

 
 

 
 

 

 
 

 

 





 

 129 

 

 
 

 
 

 
 

Annex 1 
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prefrontal cortex in intact inbred Roman rats with reduced sensorimotor 
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SHORT COMMUNICATION 

 
Decreased activity of parvalbumin interneurons in the medial prefrontal cortex in 

intact inbred Roman rats with reduced sensorimotor gating 
 

Carles Tapias-Espinosa, …, Alberto Fernández-Teruel 
 

 

ABSTRACT 
Prepulse inhibition (PPI) of the startle response is a wide-spread cognitive paradigm to 

assess schizophrenia-like sensorimotor gating deficits in rodents. Preclinical and clinical 
studies indicate that PPI is modulated by the medial prefrontal cortex (mPFC), which is 

in line with previous findings indicating that natural PPI differences in the Roman rats 
(RLA>RHA) are associated with differences in mPFC activity (RLA>RHA). In this 

context, a dysfunctional cortical excitatory-inhibitory balance is proposed as the main 
neural substrate for cognitive dysfunction in schizophrenia. Here, we explore whether 

PPI differences in the Roman rats could be associated with differences in the activity of 

inhibitory neurons (parvalbumin-containing GABAergic (PV) interneurons) and/or 
reduced excitatory drive to PV interneurons (PSD-95 puncta on PV interneurons). Our 

data showed that reduced PPI in the RHA rats was associated with reduced activity of 
PV interneurons, while the RHA and RLA rats globally differed in the density of both PV 

interneurons and PSD-95 puncta on active PV interneurons. These findings point to 
reduced cortical inhibition as a candidate to explain the schizophrenia-like features 

observed in the RHA rats and supports the role of impaired cortical inhibition in 
schizophrenia.  
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INTRODUCTION 

 

Sensorimotor gating is the process to filter out relevant from irrelevant information 
[1], which is deficient in several neuropsychiatric conditions, including schizophrenia [2]. 

Sensorimotor gating can be operationally measured by prepulse inhibition (PPI) of the 
startle response [3]. Impaired PPI in rodents is used as a common endophenotype to 

model this basic attentional schizophrenia-like deficiency and to try to elucidate the 
mechanisms underlying schizophrenia. In this regard, findings from clinical and 

preclinical studies indicate that PPI would be modulated by the cortico-striato-pallido-
thalamic (CSPT) circuit [2,4–8]. In agreement with the role of the CSPT circuit in PPI, we 

found that PPI differences were associated with differences in volume and activity of the 

medial prefrontal cortex (mPFC) in both intact inbred Roman and outbred NIH-HS rats 
[9]. Interestingly, our data revealed fewer c-Fos-labelled neurons in the mPFC of rats 

with reduced PPI, which raised the question of what kind of neurons in the mPFC may 
be involved in the modulation of PPI. In this regard, several hypotheses have been 

proposed to try to explain the etiology of schizophrenic symptoms based on different 
neurotransmission systems, such as the dopaminergic, serotoninergic, glutamatergic, 

GABAergic systems.  
 

The GABA hypothesis postulates that GABA-mediated cortical inhibition is 
dysfunctional in schizophrenia, leading to excessive excitatory neural transmission to 

subcortical brain regions [10–12]. In this regard, it has been suggested that dysfunctional 

NMDA receptors in GABAergic interneurons do not activate these inhibitory neurons, 
and this leads to overactivation of glutamatergic projections [10,13]. In turn, this higher 

glutamatergic transmission would over-activate (i) the mesolimbic dopaminergic 
neurons, responsible for positive symptoms of schizophrenia; and (ii) the GABAergic 

neurons that project to the PFC, causing negative and cognitive symptoms [10]. This 
hypothesis is based on the evidence that schizophrenic patients show poor gamma 

oscillation frequency in the PFC, a pattern of neuronal firing critical for cognitive abilities, 
such as attention and working memory [13–16]. Gamma oscillations depend on cortical 

inhibitory circuitry and it seems that dysfunctional cortical GABA-mediated synaptic 

inhibition would explain cognitive impairment in schizophrenia [16,17]. Particularly, a 
subpopulation of GABA interneurons that expresses the calcium-binding protein 

parvalbumin (PV) seems to be essential to provide inhibitory inputs and to drive cortical 
gamma oscillations [15,16]. Importantly, consistent with the GABAergic hypothesis, it 
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has been recently demonstrated that excitatory synapses (measured by PSD-95) are 

selectively decreased on PV interneurons in the PFC of schizophrenic patients and this 
predicts the activity-dependent downregulation of PV [18]. In this regard, studies have 

repeatedly shown reduced number and/or expression of PV interneurons in both 
schizophrenic patients [19–23] and animal models of schizophrenia [3,16,20,24–28].  

 
Regarding PPI in rats, previous findings indicate that prenatal phencyclidine (PCP) 

or lipopolysaccharide reduce the density of PV-positive cells and the c-Fos activity in the 

mPFC in parallel to PPI impairments [29,30].  Similarly, the PV knockout (PV–/–) mice 
show lower PPI than the PV+/+ control group [31]. Regarding the Roman rats, we found 

that the spontaneous PPI-deficient Roman high-avoidance (RHA) rats showed lower 
mPFC activity related to PPI performance than the Roman low-avoidance (RLA) rats. In 

this context, we aimed to explore whether the differences observed in the mPFC activity 
associated with PPI differences in the Roman rats might be explained by differences in 

PV interneuron activity and/or differences in excitatory synaptic density in PV 
interneurons. The strength of the excitatory synapses can be measured by PSD-95 

puncta, which is the major scaffolding protein in the excitatory postsynaptic density [32]. 

 
The inbred RHA and RLA rats were bidirectionally selected for rapid vs. non-

acquisition of the two-way active avoidance task, respectively. Interestingly, compared 
with their RLA counterparts, RHA rats show spontaneous reductions in PPI, working 

memory, and latent inhibition, among other schizophrenia-relevant features [9,33]. 
These behavioral differences in parallel to between-strain divergences in the 

dopaminergic, serotoninergic, and glutamatergic systems, indicate that the RHA rats 
might be a valid animal model to study the underlying mechanisms of schizophrenia-

related symptoms [34]. 
 

In this study, we investigated the colocalization of c-Fos with PV interneurons and 

PSD-95 puncta on PV cell bodies in the mPFC of the Roman rats after a PPI session. 
We hypothesize that RHAs, compared to the RLA strain, would show fewer number of 

active PV interneurons and lower excitatory synaptic inputs (PSD-95) to PV interneurons 
following PPI testing. 
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METHODS 

 
Subjects 

We used 42 male Roman rats (RHA = 21; RLA = 21) from our permanent colony 
at the Department of psychiatry and Forensic Medicine, Universitat Autònoma de 

Barcelona. They were aged 2.5-3 months old, weighing 220-290 g. They were housed 
in pairs in macrolon cages (50 x 25 x 14 cm) and maintained with food and water ad 

libitum, under a 12:12 light-dark cycle (lights on at 08:00am) and controlled temperature 

(22±2 C) and humidity (50-60%).  
 

Prepulse inhibition of the startle response (PPI) 
PPI was performed as previously described in [9]. In short, rats were individually 

located in an acrillic cylinder within an attenuated box (SR-Lab Startle Response System, 
San Diego Instruments, US). Noise bursts were presented through a speaker located 

15cm above the cylinder. The PPI session consisted of: (i) 5-min acclimation period; (ii) 
10 pulse-alone trials (105dB(A), SPL, 40ms); (iii) 60 random trials of: 10 pulse-alone 

(used to calculate %PPI), 10 prepulses of each intensity 65/70/75/80dB(A, SLP, 20ms) 

followed by pulse stimulus with an inter-stimulus interval of 100ms, or non-stimulus trials 
(background noise of 55dB). The %PPI for each prepulse intensity was obtained by 

applying the following formula: %PPI = [100 – (startle amplitude on prepulse trials/startle 
amplitude on pulse-alone trials x 100). The No-Pulse (NP), Prepulse-alone (Pre), and 

the Pulse-alone (Pulse) control groups for each strain underwent sessions of non-
stimulus trials, prepulse-alone trials, and pulse-alone trials of the same duration as the 

PPI test. Animals were randomly assigned to time and box of testing to avoid order 
effects. Group n's were as follows: RHA-NP = 4; RHA-Pre = 4; RHA-Pulse = 5; RHA-PPI 

= 8; RLA-NP = 4; RLA-Pre = 4; RLA-Pulse = 6; RLA-PPI = 7. 
 

Tissue processing and florescent Immunohistochemistry 

Two hours after the PPI, Prepulse-alone, Pulse-alone, or No-Pulse sessions, rats 
were anaesthetized with a lethal dose of pentobarbital and perfused transcardically with 

a solution of 0.1M PBS (pH 7.6), followed by 3.7-4% paraformaldehyde in PBS (Casa 
Álvarez). Once the brains were removed, they were immersed in 4% paraformaldehyde 

for 2h and then in 30% sucrose in PBS for 2 days. Coronal 30-μm thick sections of the 
mPFC (bregma: from 3.72 to 2.52mm) were cut in cryostat (Leica CM3050S), 

cryopreserved, and stored at 80°C until free-floating florescent immunohistochemistry 
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staining. Prior to stanning, sections were treated with antigen retrieval (citrate buffer pH 

6). After several PBS and PBS-T washes, endogenous peroxidase was blocked 
incubating the slices with 10% normal horse serum (Sigma H0146) in “antibody diluent” 

(PBS-T with 1% (w/v) BSA). Slices were then incubated overnight at 4°C with the primary 
antibodies (goat anti-c-Fos IgG, Santa Cruz, SC52G, 1:500; mouse anti-PV, 1:2000, 

sigma; Rabbit anti-PSD-95, 1:1000, Abcam). On the next day, free-floating samples were 
washed in PBS-T and then incubated with the secondary antibody for c-Fos (biotinylated 

horse anti-goat IgG, Vector Laboratories, 1:400) for 40 min. After washes in PBS-T, the 

slices were incubated for 45 min with Alexa Flour 555 conjugated with streptavidin, Alexa 
Flour 488 conjugated with anti-mouse, and Alexa Flour 647 conjugated with anti-rabbit 

(all of them from ThermoFisher Sciencific, diluted 1:750). Then, sections were washed 
in PBS-T and PBS, incubated for 5 min with DAPI (Hoechst, 1:1000), and washed in 

PBS and PB. Finally, samples were mounted, and cover slipped using mounting solution. 
 

Image Acquisition, Post-Image Processing and Object Sampling 
Images were taken on a confocal microscope (Leica SP5) using a 63x/1.50 NA SC 

oil immersion objective. For each animal, fifteen image stacks (512x512; 0.7μm) of the 

mPFC were randomly selected. The IMARIS 9.5 software was used to automatically 
identify and count the number of c-Fos and PV nuclei and PSD-95 puncta in three 

sections of the mPFC/mm2 and averaged for each animal. Based on the ability of 
antibodies to penetrate tissue, we obtained a representative image of objects that were 

in the middle of the z-planes. No differences were observed in the mean volume of tissue 
sampled among groups.  

 
Statistics 

Co-localization of c-Fos and PV cell bodies was calculated in order to determine 
the density of active PV interneurons in the total image area. The percentage of PV 

interneurons colocalization with c-Fos (%PV+/c-Fos) was determined by the following 

formula: PV/c-Fos density = [number of “PV+c-Fos+” cells / “PV+ total cells” x 100]. The 
number of PSD-95 puncta per surface area of PV+ or “PV+c-Fos+” cells was calculated 

in order to determine the density of excitatory synapses on PV interneurons or active PV 
interneurons, respectively.  

 
All the analyses were performed using the SPSS statistical software. Data are 

expressed as Mean ± SEM. Significance level was set at p<0.05. 
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Student’s t-test was used to test for significant PPI differences between RHA and 

RLA rats. 
A 2 x 4 (‘2 strains x 4 conditions’) ANOVA was used to explore differences in the 

different neural markers (PV, c-Fos, and PSD95, and their combination) between the 
RHA and RLA rats in the different experimental conditions (i.e. No-Pulse, Prepulse-

alone, Pulse-alone, and PPI). 
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RESULTS 

 
As expected, the RHA rats showed lower PPI than their RLA counterparts and 2x4 

ANOVA revealed a “Strain x Condition” effect in c-Fos activity in the mPFC (F(3,34)=2.985; 
p=0.045). Importantly, Duncan’s post hoc test confirmed that the RLA rats under the PPI 

conditions showed higher c-Fos activity than the NP, Pre, and Pulse RLA groups and all 
the RHA groups, while there were no differences among RHA groups (Fig. 1b).  

 

Regarding PV interneurons, 2x4 ANOVA revealed a significant “Strain” effect 
(F(1,34)=15.891; p=<0.001; Fig. 1a), as the RLA rats showed a higher number of PV+ cells 

in the mPFC than the RHA rats, both in cell bodies and surface area. There were no 
“Condition” (F(3,34)=0.256; p=0.857) or “Strain x Condition” (F(3,34)=1.172; p=0.335) 

effects. 
 

On the other hand, concerning the percentage of active PV interneurons, 2x4 
ANOVA showed a significant “Strain effect” (F(1,34)=4.864; p=0.034), as it was globally 

higher in the RLA than in the RHA rats, and a  “Strain x Condition” effect (F(3,34)=2.894; 

p=0.049). Post-hoc Duncan’s test confirmed that the RLA under the PPI condition 
showed higher percentage of active PV interneurons than the RLA control groups and 

the RHA groups (p<0.05; Fig. 2a). In fact, the RHA-PPI rats, compared to their RLA-PPI 
counterparts, exhibit an approximately 60% reduced activation of PV interneurons. 

 
Finally, regarding PSD-95, no significant effects were observed in either total 

number of PSD-95 puncta or PSD-95 puncta on PV+ cells (Fig. 1c and Fig. 2b, 
respectively; all p > 0.498). However, we found a “Strain” effect in the density of PSD-95 

puncta on active PV+ cells (PSD-95 puncta on “PV+c-Fos+” cells; F(1,34)=6.447; 
p=0.016), as it was globally higher in RLA rats than in RHAs (Duncan’s post hoc test, 

p<0.05; Fig. 2c). No “Condition” (F(3,34)=0.227; p=0.841) or “Strain x Condition” 

(F(3,34)=0.159; p=0.923) effects were found in the density of PSD-95 puncta on active 
PV+ cells. 
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DISCUSSION 

 
This study aimed to elucidate the specific mechanisms associated with reduced 

neuronal activity in the mPFC during PPI in the RHA rats compared to the RLAs. Our 
results indicated that the differences in neuronal activity might be partly explained by 

differences in activity of PV interneurons. Specifically, the RLA rats showed both higher 
PPI and activity of PV interneurons than the RHAs. Additionally, our data revealed two 

relevant strain differences between the Roman rats, i.e. the density of PV interneurons 

and the density of PSD-95 puncta on active PV+ cells.  
 

Our result showing reduced activity of PV interneurons agrees with several studies 
reporting reduced PV interneurons in schizophrenia [19–23] and animal models of 

schizophrenia-related features [3,16,20,24–28]. In this regard, prenatal and postnatal 
neurodevelopmental models of schizophrenia have shown impaired PPI associated to 

reduced density of PV interneurons and c-Fos activity after PPI [29,30], while loss of PV 
gene involves impaired PPI [31]. In this study, we have also shown that the 

schizophrenia-like RHA rats show lower density of PV interneurons in the mPFC than 

the RLAs. This evidence is supported by previous findings indicating that prenatal 
exposure to MK-801 or PCP (NMDA antagonists) decreases PV interneuron density in 

the PFC of rats, enhances locomotion, and reduces PPI [29,30]. However, as noted by 
[27,29], it is noteworthy that using florescent immunohistochemistry we could not detect 

whether the RHA rats had lower PV expression below detection limit rather than loss of 
PV interneurons, as it happens in the NR1-deficient mice model of schizophrenia [35]. 

In this regard, the possible differences in PV expression between the Roman rats are in 
line with differences observed in PV activity, as lower PV expression would also indicate 

lower activity [18]. In fact, in a previous study with the Roman rats using stereology, there 
were no differences in PV density between the strains in the PFC, even though there 

were some important methodological differences between the studies, such as region 

delineation, immunohistochemical procedures and antibody dilution, effects of testing, or 
animal age [36]. Our results regarding the activity of PV interneurons are consistent with 

previous reports in schizophrenic patients showing that PV interneurons express lower 
GAD67 [37,38], as well as reduced PV density [19–23,39]. In this sense, the reduction 

in the activity of PV interneurons could drive to the disinhibition of pyramidal neurons that 
causes increased mesolimbic dopamine and schizophrenia-like symptoms in the RHA 

rats [34]. 
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On the other hand, according to the GABA hypothesis of schizophrenia, it has been 
suggested that dysfunctional excitatory drive to cortical PV interneurons causes 

hypoactivation of these interneurons and it leads to overactivation of glutamatergic 
projections to the mesolimbic system [10,13]. To explore this issue, we analyzed the 

colocalization of PSD-95 puncta (a marker for excitatory projections) on PV interneurons. 
We did not find differences in the RHA and RLA rats either between strains or among 

the PPI subgroups, which contrasts with a previous study in humans reporting an 18% 

reduction in mean density of PSD-95+ puncta on PV+ interneurons in schizophrenic 
patients [18]. However, interestingly, we found strain differences in the mean density of 

PSD95+ puncta on “PV+c-Fos” interneurons, as the schizophrenia-like RHA rats showed 
globally lower PSD-95 density on active PV+ cells than the RLA strain. This finding 

agrees with the idea that the excitatory drive play a role in the activity of PV interneurons, 
even though PSD-95 seems to be related to PPI performance. 

 
 

 

 
 

CONCLUSIONS 
 

Our data indicate that the higher neuronal activity in the mPFC during PPI, showed 
by the RLA rats compared to the RHAs, is partly explained by differences in PV 

interneurons activity. This result points to reduced cortical inhibition as a likely candidate 
to explain the schizophrenia-like features observed in the RHA rats and supports the role 

of impaired cortical inhibition in schizophrenia.  
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Figure 1. Low PPI is related to reduced medial prefrontal (mPFC) activity (RLA>RHA), 
while the Roman rats differ in the density of parvalbumin-positive (PV+) cells. A) The 

RHA rats show globally lower PV+ density than the RLAs. B) The RLA rats in the PPI 
condition showed higher c-Fos activity in the mPFC than the RLA control groups (NP, 

no-pulse; Pre, prepulse-alone; Pulse, pulse-alone) and all the RHA groups. C) No 

differences in the density of PSD-95 puncta were observed. Values are mean±SEM. See 
“n”/groups in Methods. *p<0.05; ***p<0.001; ns, non-significant (Duncan’s multiple range 

test). 
 

 
 

 

 
Figure 2. Reduced PPI is related to decreased activity of parvalbumin-positive (PV+) 

cells in the medial prefrontal of Roman rats. A) The RLA rats in the PPI condition show 
a higher percentage of active PV+ interneurons than the RLA control groups (NP, no-

pulse; Pre, prepulse-alone; Pulse, pulse-alone) and all the RHA groups. B) No 

differences in the density of PSD-95 puncta on PV+ interneurons were observed. C) The 
RHA rats show globally lower density of PSD-95 puncta on PV+ interneurons than the 

RLAs. Values are mean±SEM. See “n”/groups in Methods. *p<0.05; ns, non-significant 
(Duncan’s multiple range test). 
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ABSTRACT 

 
Prepulse inhibition (PPI) of the startle response is a measure of sensorimotor gating that 

is impaired in many clinical conditions, including schizophrenia. The inbred Roman high-
avoidance (RHA) rats, compared to their low-avoidance (RLA) counterparts, show 

distinct schizophrenia-like phenotypes, such as spontaneous deficits in PPI 
accompanied by decreased medial prefrontal cortex (mPFC) activity and volume. 

Schizophrenia-like deficits are usually attenuated by antipsychotic drugs, but these drugs 

often produce severe side effects. In order to reduce these side effects, the neuropeptide 
oxytocin has been proposed as an alternative natural antipsychotic for schizophrenia. 

Here, we examined the effects of peripheral oxytocin administration (saline, 0.04, and 
0.2mg/kg) on PPI in the RHA vs. RLA rats, as well as in the outbred heterogeneous stock 

(HS) rats. Our results showed that oxytocin increased PPI in the HS rats and attenuated 
PPI deficits in the RHA rats, but it did not affect PPI in the RLAs. To explore whether 

these divergent effects were due to differences in the oxytocin pathway, we analyzed 
gene expression of the oxytocin receptor (OXTR) and the regulator of oxytocin release 

(CD38) in the mPFC of the Roman rats. Consistent with the differential oxytocin effects 

on PPI (RHA>RLA), constitutive CD38 expression was reduced in the RHA rats 
compared to the RLAs, while oxytocin administration increased OXTR expression in both 

strains. Overall, the present work reveals that oxytocin administration shows 
antipsychotic-like effects on PPI in outbred and inbred rats, and it suggests that these 

effects may depend on basal differences in the oxytocin pathway. 
 

 
Keywords: schizophrenia, oxytocin, sensorimotor gating, gene expression, qPCR, CD38, 

OXTR, Roman rats 
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INTRODUCTION 

 

Prepulse inhibition (PPI) of the startle response is a measure of sensorimotor 

gating that is impaired in many neuropsychiatric disorders, including schizophrenia. PPI 
shows the ability of a sensory pre-stimulus to reduce a startle motor response [1] and is 

modulated by the medial prefrontal cortex (mPFC) in rats [2–5] and the PFC in humans 
[6–8].  

 
The inbred Roman high-avoidance (RHA) rats display, compared to their low-

avoidance counterparts (RLA), several schizophrenia-like behavioral phenotypes, such 
as (i) impaired PPI, working memory, and latent inhibition [9,10]; (ii) increased 

exploratory activity [11]; (iii) poorer maternal behavior [12]; and (iv) decreased social 
behavior (unpublished results). Moreover, molecular, neuroanatomical, and 

neurochemical analyses have shown that the RHA rats exhibit several brain 

abnormalities that resemble schizophrenia [13–16]. For instance, the RHA rats show low 
PPI accompanied by reduced mPFC activity and volume [14]. Furthermore, 

pharmacological studies have shown that the administration of several antipsychotic 
drugs in the RHA rats can attenuate schizophrenia-like phenotypes, such as 

hyperactivity and PPI deficits [17]. In this regard, even though antipsychotic drugs usually 
attenuate schizophrenia-like impairments in rodents and humans [5,18,19], they produce 

severe side effects [20]. Importantly, the neuropeptide oxytocin has been proposed as 
an alternative natural antipsychotic for schizophrenia, which would have the advantage 

of presenting less side effects than antipsychotics [21–24]. Thus, oxytocin can become 
a candidate of interest to replace or be adjuvant of the current schizophrenia medication. 

 

Oxytocin is a neuropeptide synthesized in the paraventricular and supraoptic nuclei 
of the hypothalamus [25,26]. It is known to promote uterine contractions and 

breastfeeding, but recent evidence has shown that oxytocin might be also critical for 
social attachments and cognitive-relevant behaviors [23,27]. Specifically, high oxytocin 

levels in blood plasma are associated with several positive events, such as trust, physical 
contact with a partner, and reduced hormonal response to stressors or reduced anxiety. 

In contrast, low levels of oxytocin have been related to several psychiatric conditions, 
such as autism spectrum disorders, depression, and schizophrenia [21]. In this sense, 

recent findings have pinpointed that oxytocin administration induces several 
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antipsychotic-like effects, as it increases trustworthiness in healthy subjects [28], 

reduces positive and negative symptoms in schizophrenia [29], increases eye gaze in 
schizophrenia [30], and  improves several schizophrenia-like behaviors in rodents, such 

as social interaction [31] or PPI [32,33].  
 

Oxytocin acts on oxytocin receptors (OXTR) and its secretion is regulated by the 
CD38 protein [34,35]. In this regard, studies in rodents lacking OXTR or CD38 show 

impairments in oxytocin-related behaviors, such as maternal nurturing [34,36] and social 

behavior [34,36]. Interestingly, it has been recently found that mice lacking CD38 show 
PFC abnormalities accompanied by alterations in several behaviors that depend on this 

region [37]. Of note, the OXTR and CD38 genes have been implicated in complex human 
behaviors, such as the processing of anticipatory, appetitive, and aversive cognitive 

states [38]. Regarding the role of oxytocin in the brain, findings are generally consistent 
with the idea that oxytocin has an inhibitory profile, as it reduces glutamate and increases 

GABA release [39–41].  
 

In order to test the oxytocin effects on PPI, based on previous works by [32,33,42], 

first we conducted a dose-effect pilot study in the outbred heterogeneous stock (HS) rats. 
Derived from this study, we examined the effects of oxytocin on PPI in the RHA and RLA 

rat strains. Then, given the behavioral differences between the Roman rats, we explored 
differences in the oxytocin pathway (OXTR and CD38) by real-time quantitative 

polymerase chain reaction (qPCR). Our major hypotheses were that oxytocin would 
cause a more marked PPI improvement in the RHA than in the RLA rats and there would 

be between-strain differences in OXTR and CD38 expression in the mPFC.  
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MATERIAL AND METHODS 

 
Subjects 

We used naïve male HS (n= 46), and inbred RHA (n=54) and RLA (n=45) rats 
from our breeding colonies (Dept. Psychiatry and Forensic Medicine, Universitat 

Autònoma de Barcelona). They were aged 3-4 months, weighting 320-390 g. They were 
housed in pairs in macrolon cages (50 x 25 x 14) and kept with food and water ad libitum, 

maintained under a 12:12h light-dark cycle (lights on at 08:00 a.m.) and with controlled 

temperature (22 ± 2°C) and humidity (50-70%). 
 

Experimental procedures 
Oxytocin administration and behavioral testing were conducted during the light 

cycle (9:00–14:00). Experiments were carried out in accordance with the Spanish 
legislation on “Protection of Animals Used for Experimental and Other Scientific 

Purposes” and the European Communities Directive (2010/63/EU) on this subject. Every 

effort was made to minimize any suffering of animals used in this study. 

First, we carried out a pilot study using the genetically heterogeneous (outbred) 

HS rats  (the “National Institutes of Health genetically heterogeneous” rat stock; see 
[43,44]), which served as a pilot study designed to select effective doses of oxytocin. 

Second, we conducted the Roman rat study, in which we aimed to test the hypothesis 
that oxytocin (the dose/s selected from the pilot HS study) would had improving effects 

on PPI particularly in the RHA rats. 
As illustrated in Fig. 1, before the PPI test, the HS rats underwent a “screening” 

PPI test to select them according to relatively low PPI levels compared to those found in 

the HS colony, while the Roman rats did not undergo it. 
 

 
Oxytocin administration 

Following random assignment to group condition, HS groups and RHA and RLA 
rat strains received subcutaneous injections 30-min before the PPI test of either sterile 

0.9% saline vehicle, 0.04mg/kg oxytocin or 0.2mg/kg oxytocin (VWR International 
Eurolab, S.L., Barcelona, Spain) dissolved in sterile saline, based on previous studies 

[32,33,42]. Pair-housed rats were injected and behaviorally tested at the same time. 
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Prepulse inhibition 

PPI was conducted in four sound attenuated boxes (SR-Lab Startle Response 
System, San Diego Instruments, USA), as previously described by our laboratory with 

minor modifications [11]. Briefly, rats were located in a cylinder, which was situated in a 
dimly illuminated box and on the top of a platform with a sensor that detects the strength 

made by the rat in each trial. Noise bursts were presented via a speaker mounted 15cm 
above the cylinder. After 5 min of acclimation period, 10 “pulse-alone” trials (105dB(A), 

SPL, 40ms; Startle_Block1) were delivered in order to obtain a stable baseline of startle. 

After this pulse-alone period, six types of trials were randomly administered ten times 
(60 trials in total): (i) Pulse alone trials  (105dB(A), SPL, 40ms; used to calculate the 

percentage of PPI; Startle_Block2); (ii) prepulses of 60/65/70/75dB(A), SPL, 20ms, 
followed by the pulse stimulus with an inter-stimulus interval of 100ms; or (iii) no-stimulus 

trials (background noise of 55dB). The interval between trials was 15 s (range 10-20 s). 
The percentage of PPI for each prepulse intensity was calculated by applying the 

following formula: %PPI = [100-(startle amplitude on prepulse trials/startle amplitude on 
pulse trials)x100].  

 

For selection of HS rats with relatively low PPI levels, based on a previous work 
[45], we used a shorter version of the PPI test. This session consisted of (i) a 2-min 

acclimation period; (ii) 5 pulse-alone trials; and (iii) randomly administered trials of 12 
pulse-alone trials and 3 pre-pulse 65dB + pulse trials. The percentage of PPI for selection 

of HS rats was calculated by applying the following formula: baseline %PPI = [100-
(startle amplitude on the 3 prepulse trials/startle amplitude on 12 pulse trials)x100].  This 

baseline PPI (“PPI_screening” session) allowed us to select a sub-sample of HS rats by 
their similar and relatively low PPI levels to have room for improvement in the “final” PPI 

session upon oxytocin administration.  
 

RNA extraction, Reverse Transcription, and qPCR 

Immediately after the PPI test, a random and representative sample of RHA and 
RLA rats belonging to the saline or 0.2mg/kg oxytocin groups were euthanized to conduct 

qPCR analyses (>8 rats per group). Their mPFC was dissected out, immediately frozen 
in liquid nitrogen, and stored at -80°C.  

 
RNA was extracted from the mPFC tissue as described earlier in [46] with minor 

modifications. Briefly, RNA from tissue samples (around 30μg) was extracted using the 
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miRNeasy mini kit (Qiagen; cat. no. 217004) in a RNAase-free environment. RNA 

samples were subjected to DNAse treatment using the Turbo DNA-free kit (Ambion; cat. 
no. AM1907). RNA concentration was determined using Thermo ScientificTM NanoDrop 

2000c spectrophotometer (ThermoFisher Scientific, USA). RNA integrity number (RIN) 
was determined using the 2100 Agilent Bioanalyzer (Agilent Technologies, Palo Alto, 

CA, USA) and only samples with RIN value >8 were and A260/A280 ratio ≥ 1.8 were 
included in the analyses. The purified RNA (200ng) was transcribed into complementary 

DNA (cDNA) using qScript cDNA SuperMix kit (Quanta Biosciences, cat. no. 95048), 

according to the manufacturer instructions. The cDNA products were diluted 1:5 with 
RNase/DNase-free water.  

 
Each sample was run on a 96-well plate in duplicates and one reaction contained 

3μL diluted cDNA, 0.6μL of each primer (final concentration 300nM), 0.8μL of RNAse-
free water, and 5μL of Fast SYBR Green Master Mix (Applied Biosystems, cat. no. 

438512). The following primers were used: GAPDH (F: 
CATCAAGAAGGTGGTGAAGCA, R: CTGTTGAAGTCACAGGAGACA); RPL13A (F: 

AGCAGCTCTTGAGGCTAAGG, R: GGGTTCACACCAAGAGTCCA); CD38 (F: 

GAAAGGGAAGCCTACCACGAA, R: GCCGGAGGATTTGAGTATAGATCA); OXTR (F: 
TCGTACTGGCCTTCATCGTG, R: TGAAGGCAGAAGCTTCCTTGG). To compare the 

multiple samples between the assays, a positive control (a pool of cDNA from all samples 
used as a calibrator) and a negative control (RNase/DNase-free water) were included in 

each run. To check for gDNA contaminations, a negative control of RNA from which the 
reverse transcription had been omitted was included for each sample analysis. 

 
All qPCR reactions were run on a QuantStudio3 qPCR system (Applied 

Biosystems) using a standardized 40-cycle Fast SYBR Green program with 
annealing/acquisition segments adjusted for each primer sets: GAPDH, RPL13A, and 

CD38 at 61°C; OXTR at 58°C. Expression levels of housekeeping genes did not differ 

across groups. A comparative cycle of threshold fluorescence (Ct) method was used and 
the relative transcription level of the target gene was normalized to that of average for 

housekeeping genes (GAPDH and RPL13A) and expressed as relative quantity to the 
calibrator sample using the Pfaffl method [47]. 
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Statistics 

All the analyses were performed using the “Statistics Package for Social Sciences” 
(SPSS). Significance level at p < 0.05. 

 
3 x 4 (“3 treatments x 4 prepulse intensities”) repeated measures ANOVA was 

applied followed by post hoc Duncan’s test to determine differences among the three HS 
groups, as we had the a priori hypothesis that the drug treatment was expected to 

increase PPI levels [32,33]. 3 x 2 (“3 treatments x 2 startle Blocks – Startle_Block1 and 

Startle_Block2”) repeated measures ANOVA was applied to determine differences 
among groups in baseline startle response (to pulse-alone trials). 

 
2 x 3 x 4 (“2 strains x 3 treatments x 4 prepulse intensities”) repeated measures 

ANOVA was applied to data from the Roman rat study, followed by post hoc Duncan’s 
test, as we also had the a priori hypothesis that the drug treatment would increase PPI 

levels particularly in the PPI-impaired RHA strain.  2 x 3 x 2 (“2 strains x 3 treatments x 
2 startle Blocks – Startle_Block1 and Startle_Block2”) repeated measures ANOVA was 

applied to determine differences among groups. 

 
2 x 2 (“2 strains x 2 treatments”) ANOVAs were applied to data from the gene 

expression study, followed by post hoc Duncan’s test to determine differences in gene 
expression between the RHA and RLA that underwent the two treatment conditions 

(saline vs. 0.2mg/kg oxytocin). Before the gene expression analysis, the Grubbs outlier 
test was run, and significant outliers removed (final sample was of 5-8 rats per group). 

 
Within-strain Spearman’s rank correlations were performed between PPI scores 

and gene expression values, with Bonferroni’s correction for multiple coefficients.   
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RESULTS 

 
In the HS rats, 3 x 4 repeated measures ANOVA revealed a “Prepulse” effect 

[F(3,45)=24.52; p=<0.001], as PPI was greater at higher prepulse intensities; while there 
was no “Treatment x Prepulse” effect [F(6,45)=0.82; p=<0.560]. However, there was a 

“Treatment” effect on PPI [F(2,15)=4.20; p=0.036]. Particularly, the HS group that 
received a dose of 0.04mg/kg showed higher PPI than the saline control group in 

“PPI_75dB” and “PPI_Total” measures, and did not differ from the dose of 0.2mg/kg 

(Duncan’s post hoc test, p<0.05; Fig. 2). Notably, there were no differences among the 
three groups in their levels of PPI in the “PPI_Screening” session [F(2,15)=0.001; 

p=0.999], indicating that the groups were matched correctly. With regard to baseline 
startle response, there was a “Block” effect [F(1,15)=24.778; p=<0.001], indicating startle 

habituation, while there was no significant “Block x Treatment” [F(2,15)=0.035; p=0.966] 
or “Treatment” [F(1,15)=0.059; p=0.943] effects (see Fig. 2). Thus, oxytocin had a 

specific effect on PPI in HS rats previously matched for their PPI levels in the 
“PPI_screening” session. 

 

In the Roman rats, 2 x 3 x 4 repeated measures ANOVA showed a “Prepulse” 
effect on PPI [F(3,279)=110.80; p=<0.001], as PPI was higher at higher prepulse 

intensities; and a “Strain x Prepulse” effect on PPI [F(3,279)=4.91; p=0.009], as PPI was 
higher in the RLA rats than their RHA counterparts. No significant “Strain x Treatment x 

Prepulse” effect on PPI was found [F(6,279)=1.28; p=0.265]. Importantly, however, there 
was a “Treatment x Prepulse” effect on PPI [F(6,279)=2.98; p=0.008], as RHA rats 

treated with the dose of 0.2mg/kg significantly improved PPI compared to the RHA 
control saline, and did not statistically differ from the RLA rats at the “PPI_75dB” 

(Duncan’s post hoc test, p<0.05; Fig. 3). Regarding baseline startle, there was a “Block” 
effect [F(1,93)=67.77; p=<0.001], indicating startle habituation from Startle_Block1 to 

Startle_Block2, and a “Strain” effect [F(1,93)=21.10; p=<0.001], as startle was overall 

higher in the RLA rats than the RHA rats. However, there was no “Block x Treatment” 
[F(2,93)=0.842; p=0.434] or “Block x Strain x Treatment” [F(2,93)=0.347; p=0.708] 

effects (see Fig. 3). Thus, oxytocin had a specific improving effect on PPI in RHA rats 
that was absent in RLA rats. 

 
In line with the behavioral data, as shown in Fig. 4, ANOVA revealed a “Strain” 

effect on CD38 gene expression in the mPFC [F(1,21)=11.61; p=0.003], which was 
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higher in the RLA rats than the RHA rats. This finding coheres with the fact that oxytocin 

was effective to improve PPI in the RHAs, while being devoid of effects in the RLA rats. 
Moreover, there was a “Treatment” effect on OXTR expression [F(1,21)=5.50; p=0.029], 

as it was globally higher in subjects treated with oxytocin than in saline groups (Fig. 4). 
Within-strain Spearman's rank correlations among the two genes and PPI scores 

(“PPI_75dB” and “PPI_TOTAL”) yielded non-significant results for RHAs (coefficient 
range 0.03 to – 0.28, all non-significant after Bonferroni correction; n=13) as well as for 

RLA rats (coefficient range 0.03 to -0.58, all non-significant after Bonferroni correction; 

n=12). This indicates that there are no systematic associations among individual PPI 
levels and gene expression, thus allowing to consider the observed (group) gene effects 

as genuine and not influenced by the PPI session itself.    
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DISCUSSION 

 
The main aim of the current study was to test the potential antipsychotic-like effects 

of oxytocin on PPI in our rat model of schizophrenia-relevant symptoms, i.e. the RHA 
rats. Our results showed that oxytocin was effective to improve PPI performance in 

inbred RHA rats compared to the saline group, while oxytocin had no effect on the RLAs. 
Moreover, a novel outstanding finding is that gene expression analysis revealed 

differences in the oxytocin pathway between the Roman rats, as RHA rats showed 

lowered expression of CD38 than their RLA counterparts.  
 

Together with results from the pilot study in the HS rats, PPI findings in the RHA 
rats are in line with previous studies showing that oxytocin administration reverses the 

PPI-disrupting effects of amphetamine and the NMDA antagonist MK-801 [32], 
attenuates the natural PPI deficits in Brown-Norway rats [33] and increases PPI in 

C57BL/6N mice [48]. In this sense, it has been reported that the sensitivity to the PPI 
disrupting effects of the NMDA antagonist PCP are increased in oxytocin knock-out mice 

[22]. Apart from PPI, oxytocin has shown a potential antipsychotic profile in other 

behaviors and cognitive functions, such as hyperactivity [49], social withdrawal [31,50], 
aggressive behavior [51], and impaired latent inhibition [42]. 

 
The present work adds further evidence on the potential antipsychotic value of 

oxytocin for two main reasons. First, we show that oxytocin improved PPI in a sub-
sample of genetically heterogeneous rats, selected for their relatively low PPI scores in 

relation to the HS population. The HS rats are known to have higher genetic 
heterogeneity than other laboratory rats, which confers these results an enhanced 

translational value in view of the heterogeneity of the human population [11,43]. Second, 
we report divergent strain-related effects of oxytocin in the Roman rats, as the treatment 

improved PPI in the PPI-deficient RHA strain but not in the RLA strain, suggesting 

possible endogenous differences in oxytocin related to PPI.  
 

To see whether these divergent effects in the Roman rats were related to 
differences in the oxytocin pathway, we analyzed gene expression of the oxytocin 

receptor (OXTR) and the oxytocin regulator (CD38) in the mPFC. Consistent with the 
differential oxytocin effects on PPI (RHA>RLA), our data revealed that CD38 expression 

in the mPFC was reduced in RHA rats compared to their RLA counterparts. Interestingly, 
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loss of CD38, which is associated with low oxytocin levels [34], causes abnormalities in 

PFC-dependent behaviors [37]. Together with the fact that RHA rats display attentional 
and sensorimotor gating deficits, reduced social behavior and impaired working memory, 

the reduced CD38 expression in the PFC of RHA rats may be consistent with alterations 
in the oxytocin pathway reported from animal models of schizophrenia-relevant features 

[22,37,52–54] and human schizophrenia studies [21,35,55,56]. For example, 
the vasopressin-deficient Brattleboro rats show abnormal oxytocin release in response 

to stress [57], as well as several natural schizophrenia-like deficits, including 

impairments in PPI, social discrimination, and memory [58]. Thus, it seems reasonable 
that the RHA rats would benefit more from oxytocin administration than the RLAs. On 

the other hand, OXTR expression was increased in both RHA and RLA rats that 
underwent oxytocin administration. In agreement with our data, a recent finding indicates 

that oxytocin administration reverses reduced OXTR expression in the mPFC caused by 
prolonged stress [59]. In addition, the schizophrenia-like Wisket rats show reduced 

OXTR expression related to decreased acute pain sensitivity [54].  Moreover, it has been 
reported that OXTR expression is reduced in post-mortem brains of schizophrenic 

patients [56]. Regarding oxytocin administration, the entry of exogenously administered 

oxytocin into the brain is still a matter of controversy [48,60]. However, our data suggest 
that oxytocin administration increased OXTR in the mPFC of the Roman rats. Thus, 

oxytocin increased OXTR in the mPFC in both rat strains, but not CD38. Since the 
Roman rats were euthanized around 1 hour after the administration of oxytocin (when 

they finished the PPI test), the possibility remains that the CD38 gene in the mPFC, if 
altered by oxytocin administration, had already returned to its basal levels (RHA < RLA), 

while oxytocin had more long-lasting effects on the OXTR. Also, even though we did not 
observe “treatment” effect in CD38 levels in the PFC, we cannot rule out that exogenous 

oxytocin administration increases CD38 in the hypothalamus [26]. On the other hand, 
the absence of significant gene-PPI correlations indicates that there are no systematic 

associations among individual expression of both genes and “PPI_75dB” and 

“PPI_Total” levels. This suggests that the gene expression effects observed here are 
more likely due to the “strain” or “treatment” effects rather than influences from the PPI 

experience or PPI differences.   
 

Here, we focused on the mPFC, as previous studies have indicated differences in 
volume, activity, and gene expression between the Roman rats in this region 

[13,14,16,61]. However, focusing only on the mPFC is a limitation of the present study, 
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as for instance the hippocampus or the nucleus accumbens have also been involved in 

PPI modulation [4,14,62] and the hypothalamus is critical for oxytocin synthesis [25,26]. 
Future studies will be addressed to a wider range of brain areas. 

 
Regarding the neural mechanisms through which oxytocin improves PPI, one 

could speculate that it does it through the inhibition of dopamine transmission, as 
oxytocin attenuates the PPI disrupting effects of amphetamine [32] and the cocaine-

induced mesolimbic dopamine release and hyperactivity [49]. Accordingly, impaired 

dopamine transmission has been described as one of the fundamental factors in the 
etiopathology of psychotic symptoms of schizophrenia [63]. However, recent findings 

have highlighted that dopamine transmission is regulated by the balance between 
neocortical excitatory glutamatergic and inhibitory GABAergic neurons, and this balance 

is primarily affected in schizophrenia [63,64]. Specifically, schizophrenic patients would 
have excessive glutamate release and reduced GABA inhibition. In this sense, previous 

findings indicate that, compared to RLAs, the RHA rats could have an excessive 
glutamatergic and dopaminergic tone in the PFC and striatum that could drive an 

imbalance between excitation and inhibition [16,65]. Consequently, as oxytocin 

administration has been associated with a reduction in glutamate and an increase in 
GABA release [39–41,48], and OXTR is expressed in GABAergic interneurons [66], it is 

possible that oxytocin reduces dopamine transmission by increasing inhibition in mPFC 
neurons. 

 
CONCLUSIONS 

Overall, the present work reveals that oxytocin administration shows antipsychotic-
like effects on PPI in both outbred HS and inbred RHA rats, and it suggests that these 

effects may depend on basal differences in the oxytocin pathway. To the best of our 
knowledge, this is the first study that combines the oxytocin effects on PPI and gene 

expression of oxytocin-related genes in the mPFC in a genetically based rat model of 

schizophrenia-like features. Our present results support the notion that oxytocin 
administration regulates sensorimotor gating in a strain-dependent manner, while also 

highlighting basal differences in CD38 expression in the mPFC between the RHA and 
RLA rat strains that may be relevant for neurobiological research on schizophrenia.  
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Figure 1. Experimental timeline. Study 1: HS rats underwent a short pre-selective 
version of the PPI test that was used to conform three similar random groups with relative 

low PPI. After a 7-day rest period, animals were injected with saline solution, 0.04mg/kg 

oxytocin, or 0.2mg/kg oxytocin 30-min before a PPI test. Study 2: RHA and RLA rats 
were randomly distributed in three groups that received saline solution, 0.04mg/kg 

oxytocin, or 0.2mg/kg oxytocin 30-min before a PPI test. Immediately after ending the 
PPI session, random and representative samples of the saline and 0.2mg/kg oxytocin 

from both strains were euthanized and the mPFC was dissected out to conduct gene 
expression analyses by quantitative polymerase chain reaction (qPCR). 
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Figure 2. Oxytocin improves PPI in the HS rats treated with oxytocin compared to saline 

group and has no effects on startle response. a) No “treatment” effects were observed 
among the three groups of HS rats treated with saline solution, oxytocin 0.04mg/kg, or 

0.2mg/kg in the baseline startle blocks (1 and 2). b) A significant “treatment” effect was 

observed among the three groups of HS rats across the different prepulse intensities 
(PPI60, 65, 70, and 75dB), as PPI was higher in the HS rat group treated with oxytocin 

0.04mg/kg compared to the saline group. *, p<0.05 (Duncan’s multiple range test). 
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Figure 3. Oxytocin attenuates PPI deficits in the RHA rats at the 75dB prepulse intensity 

and has no effects on startle response. a) No “treatment” or “strain x treatment” effects 
were observed among the six groups of RHA and RLA rats treated with saline solution, 

oxytocin 0.04mg/kg, or 0.2mg/kg in the baseline startle blocks (1 and 2). However, there 

was a “strain” effect, as startle was globally higher in the RLA rats than in the RHAs. b) 
A significant “prepulse x treatment” effect was observed among groups across the 

different prepulse intensities (PPI_60, 65, 70, and 75dB), as oxytocin improved PPI in 
the RHA rats treated with oxytocin 0.2mg/kg compared to saline group at the 75dB 

prepulse intensity. *, p<0.05; ##, p<0.01 (Duncan’s multiple range test). 
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Figure 4. The RHA rats show lower CD38 expression than the RLA rats, while oxytocin 
increases OXTR expression in the medial prefrontal cortex (mPFC). A significant “strain” 

effect was observed in CD38 relative mRNA expression in the mPFC, as the RLA rats 

globally showed higher expression than the RHAs. On the other hand, there was a 
significant “treatment” effect in OXTR expression in the mPFC, as both RHA and RLA 

rats treated with oxytocin 0.2mg/kg showed higher expression than RHA and RLA rats 
treated with saline solution. *, p<0.05. 
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