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Abstract

It is recognized that developing valid animal models is essential for the research on the neuro-
biological mechanisms of (and treatments for) psychiatric disorders, even when these are as com-
plex as schizophrenia. To be considered a valid analogue of the disorder, a given model should
present good face validity (i.e. similarity of symptoms), good predictive validity (i.e. similarity of
treatment effects and potential for discovering novel treatments) and enough construct validity
(i.e. the model should help discover neurobiological mechanisms underlying the disorder or some
relevant symptoms). The complexity of symptoms (positive, negative and cognitive) of schizo-
phrenia makes it a very difficult task for a model to mimic all the main features of the disorder,
but some rodent (mouse and rat) models have behavioural and even neurobiological phenotype
characteristics resembling positive-like symptoms, cognitive symptoms and some neurochemical
features of schizophrenia. As several recent works have already reviewed the main behavioural
and developmental models, as well as the most used drug-induced, lesion-induced and genetic
mouse models, the present review focuses on describing the most relevant genetically-based rat
models of schizophrenia-relevant symptoms. Thus, we discuss several selective breeding pro-
grams leading to rat lines/strains which present impaired prepulse inhibition (PPI) of the acoustic
startle response and (in some cases) latent inhibition deficits (both of which may be considered as
endophenotypes of schizophrenia related with pre-attentive processes and attention, respectively),
as well as other schizophrenia-relevant symptoms (e.g. learning deficits). Evidence is presented
for the effects of genetic background on PPI (and other symptoms/phenotypes), as well as for en-
vironmental influences on genetic predisposition to enhanced apomorphine (mixed dopamine
receptor agonist) effects. Some of the described rat models appear to present face validity and, to
a certain extent, construct validity. While efforts should be made to evaluate the predictive valid-
ity of these genetic rat models, we propose that they have the advantage (over mouse knockouts,
for example) of better representing “normal” genetic, neurobiological and phenotype variation,
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thus allowing the study of associations among them by means of genetic mapping or gene expres-
sion studies.
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1. Introduction

After over 100 years of systematic efforts to unravel the origin of schizophrenias, the cause of these disorders
remains unknown. The schizophrenias are a group of chronic mental disorders, often severely disabling, affect-
ing about 1% of the world population. They constitute one of the major challenges for health systems and social
assistance by the degree of disability and the care and expense required. They consist of a collection of signs and
symptoms that are diagnosed by prototypical manifestations of mental confusion or psychosis which commonly
progress towards a debilitating cognitive disorganization. The main manifestations of schizophrenia are classi-
fied into “positive” symptoms (e.g. hallucinations, delusions, thought disorders), “negative” symptoms (e.g. so-
cial withdrawal, apathy) and “cognitive” symptoms. Antipsychotic medications are often only partially success-
ful. Around 30% patients are unresponsive to therapy (e.g. [1]-[6]).

In the absence of definitive evidence for the molecular causes of schizophrenia, research has mostly relied on
drugs as indirect tools to get knowledge on possible neurochemical mechanisms involved in the disorder. For
example, if a psychostimulant dopaminergic drug induces locomotor sensitization or impairment in some excu-
tive function (both effects are considered as analogues of some particular symptoms of schizophrenia), this sug-
gests that dopamine may be involved in schizophrenia. Likewise, if a serotonin agonist has psychotomimetic ef-
fects (i.e. it elicits a psychotic state), this may give support to the contention that serotonin is involved in
schizophrenic symptoms. If a drug that acts as a dopamine or serotonin receptor antagonist alleviates schizo-
phrenic symptoms, then this is taken as evidence in support for a role for these particular (dopamine or serotonin)
receptors/neurotransmitters in schizophrenia. Typical neuroleptics (chlorpromazine, haloperidol), block dopa-
mine D2 receptors with potencies related to their antipsychotic effectiveness. The “dopamine hypothesis” of
schizophrenia is derived from these findings (e.g. [1] [6]). The “serotonin hypothesis” of psychosis comes from
the finding that hallucinogens (that mimic some positive schizophrenic symptoms), such as LSD, act as agonists
at 5-HT2ARs (serotonin 2A receptors), while atypical neuroleptics (clozapine, olanzapine, risperidone; e.g. [5]
[7]) are antagonists at these receptors. Some antagonists of the NMDA subtype of glutamate receptor, such as
phencyclidine (PCP), also mimic schizophrenic symptoms. This, jointly with the anti-schizophrenic-like effects
of some mGIuR2 agonist (e.g. LY2140023) has led to the “glutamate hypothesis” of psychosis ([5]-[8]).

2. Rodent Models and Behaviors Relevant to Schizophrenia

Some of the most commonly used animal models of schizophrenia derive from the similarity of the human ef-
fects of psychotomimetic or psychostimulant drugs to the symptoms of schizophrenia, i.e. those animal ana-
logues mostly reproduce positive (psychotic) symptoms. The need for more predictive and valid rodent models
heralds the poor understanding we have on its precise etiology. Many human genetic studies have revealed the
existence of susceptibility genes (mostly related to synaptic and glia function, neuronal growth and cortical/
subcortical circuitry development; reviews by [1] [2] [7]), while they also indicate that interactions between ge-
netic susceptibility and environment play a prominent role (e.g. [2]). Thus, the current view of schizophrenia is
that it is a poligenetic neurodevelopmental cognitive disorder with environmental influences (e.g. [1]-[3]), that
cannot be reduced to its psychotic symptoms and is not just a result of abnormal dopamine (nor serotonin) func-
tioning [9]. There is an urgent need to establish newer animal models that can take these insights from human
studies into account and which show better construct and predictive validity (for developing new drugs/treatments
and restoring cognitive dysfunctions of schizophrenia; e.g. [1] [2] [9]).

Moreover, the complexity and diversity of schizophrenia does not allow to focus on the entire constellation of
symptoms of the disorder. Just as schizophrenic patients do not manifest every possible symptom, an “ideal” or
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“improved” animal model of schizophrenia will not necessarily present alterations in all schizophrenia-relevant
symptoms/behaviors. Thus, it is clear that individual rodent behaviors (either spontaneous or induced by—for
instance—a psychotomimetic drug, either conditioned or unconditioned) can not constitute models of schizo-
phrenia by themselves. We need animal models able to recapitulate several relevant features of schizophrenia,
which in turn would be of especial value if some of these features/symptoms are also linked to some susceptibil-
ity gene/s or neural alterations thought to be relevant for the disorder (e.g. [2] [3] [9] [10]).

The characteristics of some of the main behavioral models/procedures currently used to measure schizophre-
nia-relevant phenotypes of the three types of schizophrenia-related signs/symptoms can be summarized as fol-
lows (see also Table 1): 1) Baseline or novelty-induced hyperactivity, dopamine agonist-and psychotomimetic
(phencyclidine, ketamine)-induced hyperactivity/stereotypies, are considered as signs connected with some of
the positive symptoms of the disorder. 2) Altered social interaction responses (including nesting behaviour) in a
variety of situations are considered as analogues related to negative—social withdrawal—symptoms of schizo-
phrenia ([2]; Table 1). 3) Cognitive impairment in schizophrenia includes information processing, abstract

Table 1. Profile of RHA rats in models, behaviors and neural aspects relevant to schizophrenia.

Schizophrenia-relevant behavioural models/symptoms or

neural phenotypes RHA vs RLA

1. -Positive Signs/Symptoms (ref. [104] [106] [109] [114])

A. -Locomotor activity in response to novelty *RHA higher locomotor response to novelty (also compared to the
Sprague Dawley strain).

B. -Sensitivity to psychotomimetic/psychostimulant drugs
-Augmented locomotor/stereotypic responses to DA agonists. *RHA: higher stereotypic responses to APO (also compared to
Sprague-Dawley strain) and locomotor responses to AMPH in some
cases.

*RHA: enhanced locomotor and DAergic sensitization (also

compared to the Sprague Dawley rat strain).

-Augmented locomotor and DAergic sensitization to AMPH.

11. -Negative Signs/Symptoms (ref. [115])

A. -Decreased nesting behavior
B. -Social behavior/aggression: Resident-Intruder test

111. -Cognitive Symptoms (ref. [20] [79] [98] [99] [113] [116])

A. -Decreased working memory

B. -Deficits in attention/sensorimotor gating/executive functions

-Decreased sensorimotor gating (prepulse
inhibition-PPI-deficits)

-Decreased latent inhibition

-5-choice serial reaction time test (5-CSRTT)

C. -General cognitive deficits

*RHA: impaired nesting behaviour (see Figure 2).
*RHA: increased aggression latency in resident-intruder test.

*RHA: impaired working memory in the delayed-matching-to-place
paradigm in the MWM (also compared to the outbred NIH-HS rat
stock/strain).

*RHA: impaired PPI (vs RLA and NIH-HS rats; see Figure 1)

*RHA: impaired latent inhibition threshold (compared to Sprague
Dawley rat strain).

*RHA: impaired 5-CSRTT efficiency. Increased premature
responses and impulsivity.

*RHA: impaired in several spatial reference learning (and
explicit/declarative memory) tasks—e.g. MWM and Hebb-Williams
maze and classical aversive conditioning (also compared to NIH-HS
rats).

1V. -Neurochemical/neuroanatomical phenotypes linked to schizophrenia (ref. [104] [106] [107] [108] [110] [111] [113])

A. -Central DAergic function
B. -Hippocampal function and neuromorphology

C. -Serotonin and glutamate function

D. -5-HT2A/mGIuR2 complex in prefrontal cortex

*RHA: increased mesolimbic and mesocortical dopamine responses
to DAergic agonists or stress (respectively).

*RHA: decreased hippocampal function and reduced neuronal
density in hippocampal CA fields/layers.

*RHA: enhanced expression of 5-HT2A and absence of expression
of mGIuR2 receptors in prefrontal cortex. Also absence of mGIuR2
expression in the hippocampus and striatum.

*In comparison with the RLAs, the 5-HT2A/mGIuR2 complex in
RHAs resembles the profile of schizophrenic patients and mGIuR2
knockout mice.
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categorization, executive function/flexibility, attention and memory (for a review see [2]). Working memory is
one of the most studied in rodents, by using the 8-arm radial maze (8-ARM), delayed/spontaneous alternation
tasks or the delayed matching to place task in the Morris water maze (MWM) ([11] [12]; see review in [2]). 4)
Impaired explicit/declarative memory (relevant in schizophrenia) is modelled in several tasks with the MWM,
the 8-ARM or odor discrimination tests (see e.g. [2]). 5) Sensorimotor gating tests/tasks model the pre-attentive
processing deficits observed in schizophrenia (e.g. [2]). Prepulse inhibition (PPI; a weak stimulus—prepulse—
reduces the startle response to a subsequent intense startling stimulus), which measures sensorimotor gating, is
decreased in schizophrenic patients. PPI in rodents is regulated by a cortico-limbic-striato-pallidal circuit (in-
cluding the hippocampus) and is impaired by a variety of experimental conditions (e.g. by dopamine and sero-
tonin receptor agonists and glutamatergic NMDA receptor antagonists; and enviromental treatments), while ef-
fective neuroleptic treatment mitigates PPI deficits ([2] [3] [9] [13]-[17]). 6) Attentional processes are also
measured through “latent inhibition” (both in laboratory animals and in humans), which is deteriorated in human
schizophrenic patients (e.g. [18]-[20]). 7) Another measure of attention and some aspects of executive function
(thus, relevant for schizophrenia) in rodents is the five-choice serial reaction time task (5-CSRTT), which is
based in measures of sustained attention used in humans (e.g. [2] [10]).

3. Genetic Rat Models of Schizophrenia

Recent advances in human and mouse genomics and genetic technology have led to great progress in schizoph-
renia research, particularly regarding its modeling in laboratory animals. Provided the high level of homology
between human and mouse genes, genetic mouse models allow testing whether alteration of schizophrenia-sus-
ceptibility candidate genes leads to schizophrenia-relevant abnormalities in mice. If so, the relevance of these
candidate genes can be evaluated in humans. Some examples of these models are the neuregulin 1 (NGR1) he-
terozygous mice, the DISC1-1 (suceptibility gene disrupted-in-schizophrenia) gene, the dopamine transporter
knockout mice, the calcineurin (CN) knockout mice and the 5-HT2A and glutamate receptor knockouts used by
Gonzalez-Maeso and coworkers (e.g. [5] [7]) to study the relevance of the 5-HT2A/mGIuR2 complex in schi-
zophrenia-relevant features (see reviews by [2] [3] [5] [7]). Some of these genetically-based mouse models ap-
pear to present some face and construct validity, but their predictive value still needs to be established because
they have not yet generated relevant advances as concerns to new treatments.

Advances of genetic manipulation technology in the laboratory rat have progressed more slowly than in mice.
Thus other strategies and models have been developed with the goal of studying schizophrenia-related features
in rats.

While behavioral tests/models, drug-and lesion-induced models, developmental models and mouse genetic
models have been thoroughly discussed in recent reviews (e.g. [1]-[3] [9] [10] [13] [17] [19]), genetically-based
rat models have received very little attention. Thus, the aim of the present review is to discuss the most relevant
aspects of some genetic approaches that have used selective breeding of rats to model schizophrenia-relevant
features, as well as to describe other approaches based on existing rat strains (either selectively bred or not)
which present behavioral and/or neurobiological profiles relevant to the disorder.

3.1. Genetic Background Effects on PPI Phenotypes Using “Standard” Rat Strains

Although schizophrenia is considered as a mental disorder associated with polygenetic causes, there is consen-
sus that environmental factors contribute to the onset of the disease. However, in order to understand the under-
pinnings of some relevant pre-cognitive (such as sensorimotor gating—PPI-) and cognitive phenotypes, it may
be critical to try to better discriminate whether genetics or environment (or their interaction) are involved, for
instance, in sensorimotor gating phenotypes.

The literature shows that there are significant strain and substrain differences in both “basal” levels of PPI and
in sensitivity to the PPI-disruptive effects of pharmacologic agents, such as dopamine (DA) agonists [21] [22].
In this regard, it has been reported that Sprague-Dawley rats from Harlan Laboratories (“SDH” rats) showed
greater sensitivity to apomorphine (APO)-induced PPI disruption than Wistar rats from the same laboratory
(“WH?” rats), and similar differences were observed between Sprague-Dawley and Wistar rats from Bantin-
Kingman Laboratories (see reviews by [22]-[28]). However, environmental factors might contribute to some of
the observed differences in PPI drug sensitivity, as there are reports indicating effects of developmental/envi-
ronmental factors on adult levels of PPI (e.g. [29] [30]).
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Differential drug sensitivity in rats with similar genetics but coming from different breeding facilities might
reflect (or might be produced by) subtle differences in the rearing environment. Some startle measures, and the
behavioral sensitivity to DA agonists, are also known to be influenced by stressors, as indicated, for example, by
a study conducted with the APO-SUS and UN-SUS rat lines and their responses to environmental changes or
stressors ([31], see also [32]). Then, it is conceivable that differential PPI drug sensitivity in rats from different
facilities might be influenced by environmental factors and/or stress associated with different rearing environ-
ments and/or different forms of transportation from the breeding facilities to the testing locations.

A study tested the hypothesis that genetic background plays a major role among the different factors that
might contribute to strain and substrain specific patterns of sensitivity to the PPI-disruptive effects of DA agon-
ists in rats [26]. In this study, Sprague-Dawley rats from nearly identical gene pools, raised in three different fa-
cilities (Indianapolis—SDHi rats-, Texas—SDHTt rats- and San Diego—SDHsd rats-), were compared to the
Long-Evans strain (“LEH”, from Harlan Laboratories). Travel for both the SDHi and SDHt substrains to the
testing laboratory in San Diego (USA), via air freight, yielded comparable levels of stress. The objective was to
characterize the PPI-disruptive effects of several DA agonists in SDHi and SDHt rats, and compare them to the
PPI-disruptive effects of these drugs in the genetically distinct LEH strain (shipped to San Diego via air freight
from Madison, WI, USA). Sensitivity was assessed using the mixed D1/D2 agonist APO, as well as the rela-
tively selective D1-family agonist quinpirole, and full D1 agonist SKF 82958. These results were also compared
with those obtained in SDHsd rats (from Harlan Laboratories, San Diego) from a local supplier facility, without
the potential impact of air freight transportation [26]. Results showed that outbred Sprague-Dawley rats from the
different facilities—SDHi and SDHt—exhibited very similar PPI sensitivities to the effects of APO, quinpirole
and SKF 82958. These patterns were also similar to those exhibited by the San Diego Sprague-Dawley substrain
(SDHsd rats) that did not pass through the air freight. But the patterns observed in the SDH rats in APO sensi-
tivity differed significantly from those exhibited by Long-Evans rats. Thus, PPI sensitivity to APO did not differ
significantly among genetically similar rats reared in different facilities and transported via different methods
(SDHi vs SDHt vs SDHsd), but differences were found among genetically different rats transported to testing
location via similar methods and associated stressors (SDHi/SDHt vs LEH [26]). These results suggested a role
of genetic background in sensorimotor gating, despite environmental influences [26].

The authors made a further step in the evaluation of genetic background influences on the PPI-disruptive ef-
fects of APO. Taking into account that SDH rats are more sensitive to these drug effects than LEH rats, the au-
thors carried out a cross-breeding experiment in which they crossed SDH x LEH rats to obtain a “F1” generation,
which was in turn back-crossed to SDH rats, giving a “N2” generation. The study showed clear cut results con-
cerning APO-induced disruption of PPI, which was maximal in SDH and minimal in LEH rats (with significant
differences between them), while F1 and N2 generations displayed intermediate values (which differed from
those of SDH and LEH rats) [23] [24]. Using the same kind of generational procedure the authors also tested the
PPI-disruptive effects of amphetamine (AMPH,; indirect DA agonist) and DOI (5-HT2A receptor agonist). The
results of AMPH-induced PPI disruption followed a gradient of SDH > N2 > F1 > LEH, very similar to the ef-
fects of APO (see above), while no differences across generations were found with regard to DOI effects [27].
Altogether the previous studies suggest a pattern of heritable DA-related PPI phenotypes, while there is no evi-
dence for such a genetic component in 5-HT-mediated effects on PPI [23] [24] [27].

The potential role of non-genomic factors on the APO sensitivity (PPI) phenotype was assessed in a cross
fostering study with SDH and LEH rats. There was no significant “strain x foster strain” interaction on APO ef-
fects on PPI, but SDH pups reared by LEH mothers displayed a significantly increased SDH phenotype of dis-
rupted PPI [24]Therefore, the phenotypical strain differences cannot be explained on the basis of maternal be-
havior, even if some particular strain (i.e. genotype) may be sensitive to some environmental influence/factor.

3.2. Differences among Other Rat Strains in Schizophrenia-Relevant Symptoms

1) Brattleboro rats

The Brattleboro rats (BRAT) are Long Evans (LE)-derived rats with a single mutation that impairs vasopres-
sin release [33]. BRAT rats display an innate deficit of PPI [34]-[39]. Berquist et al. [38] hypothesized that such
deficit may compromise performance, in tasks assessing attention, by diminishing the ability to shift attention
between stimuli. Interestingly, of relevance for the predictive validity of the BRAT rat strain is the fact that a
wide range of antipsychotics, such as haloperidol, clozapine and risperidone (olanzapine had a less robust effect),
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reversed the deficits in PPI. Still relevant to model positive symptoms, Cilia et al. [39]showed that BRAT rats
are hyperactive and show increased startle response and decreased levels of DA in the prefrontal cortex as com-
pared to Long Evans rats.

Other studies, comparing BRAT and LE rats, have also reported cognitive deficits, such as impaired fear con-
ditioning, impaired acquisition and maintenance of passive avoidance behavior and deficits in spatial learning in
a delayed alternation task [38]. Moreover, Feifel et al. [35] showed that BRAT rats presented a natural deficit in
social discrimination, as they spent a comparable amount of time exploring a novel and a familiar rat. The au-
thors interpreted that such an impaired social discrimination is due to a deficit in social memory rather than a
nonspecific reduction in general activity or in social motivation, because saline-treated BRAT rats and LE rats
spent almost the same time interacting with a juvenile rat during the acquisition phase. Berquist et al. [38] re-
ported recently that male BRAT rats employed more time (16.8% longer) than LE rats to complete a task based
on the 5-choice serial reaction time (5-CSRT) task, while there were no between-strain differences in females.

There are, however, controversial results, as Brito et al. [40] reported no significant differences between
BRAT rats and LE rats neither in a delayed alternation task in the T-maze nor in a visual and olfactory discrimi-
nation task. Likewise, Laycock et al. [41] even found that BRAT rats needed fewer sessions to learn a positively
reinforced operant conditioning task.

BRAT rats also present interesting neurochemical features, such as D2 receptor up-regulation in the nucleus
accumbens shell and dorsomedial caudate putamen [39]. It has been suggested that this feature is due to a com-
pensatory response for the low levels of DA function [39] [42].

2) The Spontaneous Hypertensive Rat (SHR)

The Spontaneous Hypertensive Rats (SHR) were derived from Wistar Kyoto rats (WKY) and they were in-
troduced in the 1960s as a genetic model for hypertension. Several studies have shown that the level and turn-
over of catecholamines in SHR rats are imbalanced. Particularly, dopamine has been suggested to have an im-
portant role in the development of hypertension. SHR rats have also been proposed as a model for Attention-
Deficit Hyperactivity Disorder (ADHD) [43] [44]. They show hyperactivity, attention deficits and impulsivity,
but, contrary to ADHD, dopamine agonists do not improve these symptoms in SHR rats (e.g. [45] [46]). Such
findings constitute a main problem to consider the SHR rat as a model for ADHD.

Another line of research with the SHR rats has focused on the behavioural outcome produced by dopaminer-
gic agonists and antagonists and the possible validity of that rat strain as a model of schizophrenia-relevant
symptoms. In this regard, compared to the WKY strain SHR rats present PPI deficits at different prepulse inten-
sities (e.g. [47] [48] but see controversial results in [49]). Importantly, some of the symptoms of SHR rats are
decreased [45] [46] [50] by antipsychotics and increased by amphetamine.

Calzavara et al. [45] [46] have proposed to study emotional context processing with contextual fear condi-
tioning, as they have proved that SHR rats have deficits in this task. In addition, SHR rats also exhibit impaired
social interaction [45] [51] that is specifically reversed by atypical antipsychotics and enhanced by amphetamine
[45].

3) Conclusion

There are contradictory findings with the BRAT and SHR strains with regard to their validity as models of
schizophrenia. For instance, Ferguson and Cada [47] reported that SHR rats showed better spatial learning per-
formance in the Morris water maze than SD and WKY rats. In addition, with both the BRAT and SHR strains
there are studies that show PPI deficits [37] [39] [48] but other studies do not show these deficits [49] or the low
number of subjects used could preclude to draw definitive conclusions [47]. The results concerning the cognitive
and emotional deficits modeled by the two rat strains might appear as being even more consistent than PPI find-
ings. Remarkably, these cognitive and emotional deficits are generally reversed by atypical antipsychotics. To
sum up, further research is needed on the BRAT and SHR rat strains to overcome those relatively controversial
findings and to consolidate their possible validity to model schizophrenia-relevant symptoms.

3.3. Selective Breeding of Reduced Sensorimotor Gating: The Low- and High-PPI Rat Lines

This animal model is based on selective breeding (derived from Wistar rats) for high/low sensorimotor gating, as
measured by prepulse inhibition (PPI) of the acoustic startle response (ASR). Since PPI is a measure of senso-
rimotor gating which presents good translational value (i.e. it can be measured in humans using the same proce-
dures as in rodents), experimentally induced PPI deficits in rats are regarded as an endophenotype to study the
biological mechanisms of schizophrenia (and other neuropsychiatric disorders) as well as to evaluate new thera-
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peutic strategies. Bidirectional selection/breeding of rats according to their particularly high or low PPI levels,
has led to two rat lines which clearly differ in PPl performance in a stable manner across generations [52] [53].
Thus, studies with these rat lines show that the measure of PPI and startle responses over 6 generations resulted
in a clear-cut segregation, with the low-PPI line showing reduced PPI throughout all generations and showing no
overlap with PPl measures from the high-PPI line. Interestingly, these differences were present at all prepulse
intensities (68, 74, 80, 86 dB). ASR levels, as measured in pulse alone trials, were also different, with the low-
PPI rat line showing enhanced ASR (reaching significance in the 3", 4™ and 6™ generations [52] [53]). With re-
gard to the ontogeny of those line differences, it is remarkable that PPI deficits in the low-PPI line are found al-
ready at weaning (postnatal—PND—day 21), while the increased ASR magnitude is only evident at puberty
(from PND 35). On the other hand, PPI significantly increases with age in the high-PPI rat line, but there is no
increase in the low-PPI line [52] [53].

The fact that PPI levels are sensitive to bidirectional selection of high and low rat lines/strains, in conjunction
with the observations that stable individual differences (across time) in PPI exist and that unaffected relatives of
schizophrenia patients also show PPI deficits, has led to the suggestion that the PP1 endophenotype has a rele-
vant genetic component (e.g. [26] [52] [53]).

Although PPI performance is considered to be an endophenotype of schizophrenia, it is important to evaluate
whether this phenotype is accompanied by other schizophrenia-relevant symptoms. For this purpose, Freuden-
berg et al. [52] evaluated the low-and high-PPI rat lines in different spatial and operant learning paradigms, in
order to assess their learning and memory abilities as well as their behavioral flexibility. First, rats were tested in
the four-arm baited eight-arm radial maze task, which provides measures of both reference and working memory.
They were consecutively trained in an egocentric and an allocentric learning strategy in the same maze. The-
reafter, rats had to switch between these two paradigms to assess their behavioral flexibility. Finally, rats were
tested in several operant tasks with different response demands [52]. The main finding of this study was that
low-PPI rats showed enhanced perseveration in both spatial and operant tasks for behavioral flexibility, while
learning and memory were overall not disturbed [52]. In fact, increased perseveration in the low-PPI rat line was
reflected as an impairment to switch from the egocentric to the allocentric strategy. According to the authors, the
low-PPI rat line may appear to have, 1) a deficit in the retrieval of previously learned information to solve the
allocentric strategy, and/or 2) a disturbed ability to suppress the previously rewarded egocentric behavior [52]. It
has been proposed that the striatum is implicated in egocentric behavior, while the hippocampus appears to have
a main role in allocentric responses [54]-[56]. Interaction between these regions seems to play a critical role for
switching between egocentric and allocentric strategies [57]. All the previous evidence has led the authors to
suggest that the low-PPI rats may have hippocampal and/or striatal deficits underlying their perseverative beha-
vior [52].

In accordance with the findings from the previous task, in the operant behavioral paradigm for behavioral
flexibility the low-PPI rats were less able (always compared with the high-PPI line) to adjust their behavior to
changing reward values. The described phenotypic profile of selected low-PPI rats, showing increased perseve-
ration responses in different tasks, mimics similar schizophrenic symptoms, as perseveration is one of the most
consistent findings observed among schizophrenia patients while performing the Wisconsin Card Sorting Test
(WCST), whereas usually there are no deficits in global cognitive function [58] [59].

Deficits in social behavior and motivation have also been reported in the low-PPI rats [60], thus even sup-
porting their validity as a model for some negative symptoms of schizophrenia. Moreover, haloperidol, but not
clozapine, has been found to reverse the PPI deficits of that rat line [61].

It is outstanding that although differences between low-PPI and high-PPI rats in dopamine-2 receptors have
not been demonstrated, the low-PP1 line displays decreased neuregulin-1 (NGR1) methylation in schizophrenia-
related brain regions [62]. This finding is consistent with phenotypes found in schizophrenia patients [63] and
with previous results showing that rats expressing elevated brain NRG1 levels are usually impaired in PPI [28].

To sum up, the behavioral differences and these neurochemical/epigenetic findings point to rats selectively
bred for low PPI as a very promising genetic model that can be used to study the pathophysiology of disorders
such as schizophrenia, and also to evaluate new therapeutic strategies.

3.4. Wistar Rats Selectively Bred for Tail Flick, PPI and Novel Object Recognition

Petrovszki et al. [64] have developed a psychogenetic breeding program in which Wistar-derived rats were
treated with ketamine for 15 days (from 5 to 7 weeks of age) at the same time that they were reared in isolation.
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When 9 weeks old the rats were evaluated in the tail flick test (sensitivity to acute heat pain). Rats of both sexes
presenting the highest pain threshold were selected for the selective breeding program in the 1% and 2" genera-
tions. From the 3™ generation the rats were also tested for PPI at 10 weeks of age, so that those with the highest
pain thresholds and lowest PPI levels were selected for the next breeding generations. From the 6" generation
rats were additionally tested for novel object recognition (NOR) at 11 weeks of age. Since then, 5 - 7 rats of
each sex presenting impaired pain sensitivity (i.e. long tail flick latencies), low PPI levels and deficits in the
NOR task were selected for further selective breeding to generate a new rat line aimed to model schizophre-
nia-relevant symptoms [64].

Besides selecting the rats for their scores in the three tests mentioned above, the authors have tested whether
the selective breeding alone (i.e. without any further treatment; i.e. “Selectively bred-Untreated”, as they are
named by the authors) induces schizophrenia-relevant behavioral effects that are further increased by adding
chronic ketamine and social isolation treatments. That is to say, are the “Selectively bred-Untreated” rats equally
or less impaired than the “Selectively-bred-Treated” rats? (“Treated” means ketamine and social isolation treat-
ments). The authors found that the selectively bred groups (both “Treated” and “Untreated”) displayed lower
PPI levels than their non-selected—control—counterparts, while ketamine and social isolation treatments did
not add any further deleterious effect. So, the authors argued that the genetic background (i.e. the effect of selec-
tive breeding) has a more relevant role in the outcome of this test than both the treatments used (i.e. ketamine
and social isolation) [64].

Regarding the NOR test it was found that both “Treated” groups and both “Selectively bred” groups presented
impairments with respect to “Naive-Untreated” rats [64].

The authors interpret their results as showing the importance of selective breeding as a method for the as-
sessment of complex traits influenced by genes and environmental factors. The present psychogenetic model, of
which there is at present some good evidence on its face validity, appears to be a potentially promising one to
study schizophrenia-relevant features.

3.5. The APO-SUS and APO-UNSUS Rats

Another genetically-based animal model of schizophrenia is constituted by the apomorphine susceptible (APO-
SUS) and unsusceptible (APO-UNSUS) rats, based on the bidirectional selection for extreme gnawing responses
to the dopaminergic agonist apomorphine [65] [66]. The authors found that as a consequence of that selection
these two rat lines also presented a bimodal distribution of a number of different behaviors, such as responses in
a resident-intruder test, novelty-induced responses and in dopamine agonist-induced stereotypies. Moreover, these
animals show clear differences in their endocrine and immunological systems. APO-SUS rats are characterized
as having a hyper-reactive hypothalamus-pituitary-adrenal axis compared to APO-UNSUS [67].

It is known that the behavioral response to dopaminergic drugs is determined, at least in part, by genetic fac-
tors (see also Section 3.1). In mice, evidence for six different quantitative trait loci (QLT) were found to contri-
bute the variation in apomorphine-induced climbing [68]. In rats, the possible involvement of genes has usually
been studied by investigating stock/strain differences as well as individual differences within the same stock/strain.
In a study carried out with the aim of exploring whether genetic factors contribute to apomorphine susceptibility,
a cross-breeding design was used, i.e. APO-SUS males were mated with APO-UNSUS females and vice versa.
Results show that the hybrid rats (i.e. offspring from APO-SUS x APO-UNSUS crosses) displayed gnawing
scores in between the parental APO-SUS and APO-UNSUS lines [69], thus lending support to the existence of
relevant genetic factors influencing apomorphine susceptibility.

However, there is also evidence that non-genetic/environmental factors play a role in determining the pheno-
typical expression of apomorphine susceptibility. Thus, cross-fostering (i.e., changing the dams immediately after
birth) was found to reduce apomorphine susceptibility in cross-fostered APO-SUS rats (reared by APO-UNSUS
dams) to the level of control (in-fostered) APO-UNSUS rats, whereas maternal deprivation (i.e., a single 24 h
separation of the mother from her pups) increased apomorphine susceptibility in APO-UNSUS rats. Interesting-
ly, cross-fostering did not affect apomorphine susceptibility in APO-UNSUS rats, and maternal deprivation did
not affect apomorphine susceptibility in APO-SUS rats [69]. Thus, it appears that the genetic background of the
rats determines how the individual responds to early environmental stressors, and that it is the interaction be-
tween these genetic factors and early environmental influences what determines the phenotypical expression of

the genotype [67] [68].
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It is well documented that the APO-SUS rats show diminished prepulse inhibition of the acoustic startle re-
sponse (PPI) compared to their APO-UNSUS counterparts, although the difference is only present at low pre-
pulse intensities (72 dB and 74 dB) [66]. Moreover, these APO-SUS rats show impaired latent inhibition in a
conditioned tasted aversion paradigm compared to APO-UNSUS rats [66]. It has been suggested that the above
mentioned PPI and attentional deficits could be due to alterations that APO-SUS rats present in central catecho-
laminergic nigrostriatal and limbic systems, including increased levels of MRNA for tyrosine hydroxilase, in-
creased density of dopamine D1 receptors and enhanced dopamine release in the nucleus accumbens. Further
supporting the enhanced catecholaminergic activity of APO-SUS rats, they have been shown to be more sensi-
tive to the locomotor-stimulating effects of amphetamine (AMPH [67] [70]), as well to the disruption of PPI in-
duced by AMPH or cocaine [67] [70] [71]. The latter effect is counteracted by the D2 receptor antagonist re-
moxipride [71].

There is less information concerning differences between the two rat lines in other central structures and neu-
rotransmitter systems, although it is remarkable that APO-SUS rats show increased metabolic activity in the
hippocampus, as well as lowered levels of dynorphin-B in the same area (e.g. [67]). However, further systematic
pharmacological (including atypical antipsychotic drugs) and neurochemical studies pointing to central seroto-
nin and glutamate transmission would be desirable in order to get a more complete picture on the validity of
APO-SUS/APO-UNSUS as tools to study schizophrenia symptoms and mechanisms.

3.6. The Roman High-Avoidance (RHA) and Low-Avoidance (RLA) Rat Lines/Strains

Another genetically-based rat model for schizophrenia-relevant phenotypes is constituted by the RHA (Roman
High-Avoidance) and RLA (Roman Low-Avoidance) rat strains/lines, bidirectionally (psychogenetically) se-
lected for their rapid v/s extremely poor (respectively) acquisition of the two-way active avoidance response
[72]-[84].

A wealth of evidence has accumulated over the years concerning stress sensitivity and anxiety/fearfulness
profiles of the RLA and RHA lines/strains. The main conclusions are that the RLAs show elevated levels of
hormonal responses (ACTH, corticosterone and prolactin) to stress (see [74] [76] [82] [85]-[87]) as well as en-
hanced levels of anxiety/fear as measured in different unconditioned tests (e.g. “timidity” tests, open-field test,
hole-board test, elevated plus-maze and elevated zero-maze tests, several light/dark tests, baseline acoustic star-
tle response [76] [78] [82] [84] [86]-[93]) and conditioned [82] [83] [91] [92] procedures/tasks. In line with that,
RLAs are also characterized by increased “frustration” responses in several procedures involving reduction of
expected rewards (negative contrast; e.g. [94]) and by a lowered central GABA-A/benzodiazepine complex
function (which is known to be critically involved in the regulation of anxiety/frustration [95] [96]).

Interestingly, in particular for the consideration of schizophrenia-relevant features in RHA rats, this strain/line
presents impaired acquisition and retention of fear conditioning in different paradigms [79]-[82] [91] [92] [97],
and worsened performance in spatial reference and working memory tasks [98]-[101] as well as in non-spatial
tasks [102] [103]. The RHA rat line/strain has also been shown to display enhanced impulsive behavior in the
5-CSRTT and DRL-20 operant tasks [102] [103]. These profiles suggest that RHA rats may have some value for
modeling certain deficits of executive function present in schizophrenia.

Compared with the RLA line/strain, RHA rats also show increased locomotion under novelty situations, pre-
ference for novelty and for drugs of abuse or rewarding substances [76] [94] [104]-[106], deficits in latent inhi-
bition threshold [20], augmented mesocortical dopaminergic response to stress [107], enhanced locomotor as
well as mesolimbic dopaminergic sensitization to repeated (DAergic) psychostimulant administration (see [106]
[108] [109]), and neurochemical and neuromorphological evidence of decreased hippocampal function [110]-
[112]. Thus, the RHA rat line/strain appears to fulfill many of the criteria required for a model of schizophrenia-
relevant symptoms with face and some construct validity (see Table 1).

With the aim of broadening the characterization of this strain rat as a valid model for studying schizophrenia,
we recently conducted a study which intended to evaluate, from a developmental standpoint, whether RHA rats
also resemble schizophrenic patients with respect to sensorimotor gating (i.e. PPI) deficits. Thus, in this experi-
ment we tested inbred RHA-I and RLA-I male rats in the PPl paradigm at postnatal days 30, 50 and 100
(PND30, PND50 and PND100, respectively). One of the characteristics of schizophrenia is a long latency until
its full manifestation, which mostly occurs in post-adolescence/early adulthood. We found that there were no
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between-strain significant differences in PPl at PND30 and PND50, but there were significant differences in
100-day-old rats, with RHA-I rats displaying clear PPI deficits compared to RLA-I animals (see Figure 1).

Interestingly, similarly to what has been observed in humans, the PPI deficit of RHA-I rats is present at each
of the four prepulse intensities (65, 70, 75 and 80 dB) used (e.g. see [3] [4]). Moreover, perhaps related with
negative symptoms of schizophrenia, RHA-I rats display worsened nesting behavior (see Figure 2). These find-
ings can be interpreted as further supporting the validity of RHA-I rats as a model of schizophrenia relevant
symptoms.

Although there exists wide evidence relating schizophrenia and dopamine function, as discussed in different
sections of the present work and in part of the cited literature, an outstanding example of a combined genetic,
neurobehavioral and pharmacological approach leading to the discovery of new neurochemical mechanisms
with great potential relevance for schizophrenia is provided by recent work from Gonzalez-Maeso’s group and
others (e.g. [5]-[7] [13]). These authors have demonstrated that 5-HT2A and mGIuR2 cortical (prefrontal) re-
ceptors form a physical functional complex (named 5SHT2AR/mGIuR2 complex), which is related to several
schizophrenic symptoms in mice (they have used 5-HT2A and mGIluR2 knockout mice), to hallucinogenic drug
effects and to atypical antipsychotic drug therapeutic actions. The 5HT2A/mGIuR2 complex triggers unique
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Figure 1. (a) Means £ SEM of %PPI values at the different ages (postnatal days,
PND; PND30—n = 8/group-, PND50—n = 10 - 15-, PND100—n = 20/group-)
and prepulse intensities (65, 70, 75, 80 dB) between male RHA-I and RLA-I rats;
(b) Means + SEM of “mean %PPI1” values collapsed for the four prepulse inten-
sities (i.e. “mean %PPI” = ((PPI 65 dB + PPI 70 dB + PPl 75 dB + PPl 80
dB)/4)). “Significant differences between the strains at the four prepulse intensi-
ties, all Fs > 5.52 and all p < 0.01 (ANOVA). ~p < 0.002 (F(1,38) = 11.6) be-

tween both groups/strains.
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Impaired nesting behavior in RHA-I.
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Figure 2. (a) Means = SEM of percentage of nesting material used
for nest building by RLA-I and RHA-I mother rats; (b) Accumulative
score (of 5 measures, 2 pre-natal and 3 postnatal assessments) of
quality of the nest measured according to a 0 - 4 point scale (in which
0 points mean that no nest was built, and 4 points mean a perfect nest
was built), p < 0.034 and “p < 0.005 (respectively) between both
groups/strains (Chi-square).

cellular responses when targeted by hallucinogenic drugs, and activation of the mGIluR2 abolishes hallucino-
gen-specific signaling and behavioral responses (e.g. [5]-[7] [13]). Moreover, in line with results with these
knockout mice, post-mortem analysis of the brains of untreated schizophrenics revealed increased expression of
5HT2As and decreased expression of mGIuR2s. This research is leading to the preclinical and clinical evalua-
tion of new putative therapeutic drugs (potential antipsychotics) acting as agonists of the mGIuR2 (e.g. [5]-[7]
[13]).

According to the previous evidence, the complete absence of expression of the mGIuR2 receptor in prefrontal
cortex, hippocampus and striatum of RHA-I rats (compared to expression levels in the same structures of RLA-I
rats) appears to be an outstanding finding [113]. Such an observation, in conjunction with the increased 5-HT2A
receptor expression in prefrontal cortex of RHA-I rats and with the schizophrenia-like profile of the RHA
line/strain in other phenotypes (see above), are overall in line with studies performed with mGIuR2 and 5HT2A
knockout mice as well as with similar SHT2A/mGIuR2 expression profiles in prefrontal cortex of untreated
schizophrenic patients (e.g. [5]-[7] [13]). Thus, psychogenetic selection of RHA-I rats has led to a sort of spon-
taneous “functional” mGIuR2 knock-out and “schizophrenia-prone” rat model, displaying increased dopamine
and serotonin (in particular receptors and areas) functioning, as well as an absence of mGIuR2 expression (in
schizophrenia-relevant structures), and presenting many behavioural phenotypes relevant for an animal model of

schizophrenia.
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Taken together, the above-mentioned findings point to the RHA-I rat strain as a promising genetic analogue
for schizophrenia-relevant symptoms and underlying neurochemical mechanisms. Provided the particular profile
of SHT2A/mGIuR2 expression in RHA-I rats, testing the hyper-locomotor and PPI-disrupting effects (as well as
in models/tests other than PPI) of psychotomimetic drugs (i.e. 5SHT2A agonists, such as LSD) and the reversal of
such effects by typical (e.g. haloperidol) and atypical antipsychotics (e.g. clozapine, olanzapine) will be critical
to get support for the predictive validity of the model. In addition, RHA-I rats (and their RLA-I counterparts)
offer the possibility, for the first time, of studying the relationships among several neurochemical/molecular
mechanisms, including the SHT2A/mGIuR2 complex (and associated downstream signalling pathways), and
performance in relevant behavioural schizophrenia-related phenotypes (e.g. PPI, latent inhibition, and others),
both in naive and in (pharmacologically- or environmentally-) treated RHA-I/RLA-I animals.

4. Conclusions

Most of the psychogenetic (or pharmacogenetic) rat models discussed in the present work appear to present
good face validity, as they often show hyperlocomotion and/or enhanced locomotor responses to DA agonists
(or psychostimulant drugs), impairments in PPI, and in some cases also impaired latent inhibition and/or deficits
in some cognitive/executive functions. Some of them also present changes in mesolimbic dopamine function
that are compatible with some construct validity. In this connection, construct validity is still better in those
models presenting decreased neuregulin-1 methylation (i.e. the selectively bred low-PPI rat line) or alterations
of both 5-HT2A receptors in frontal cortex and mGIuR2 expression in frontal cortex, hippocampus and striatum
(this is the case of the RHA-I rat strain). These models deserve further investigation of these neurochemical
mechanisms and their relationship with the schizophrenia-relevant symptoms of these rat lines/strains.

On the other hand, the increased sensitivity to psychostimulant (i.e. AMPH) effects, or to dopamine agonist
(i.e. APO) effects of some of these genetically selected rat strains (e.g. SHR, APO-SUS, RHA), are findings that
give some support to their predictive validity. There have been few cases (e.g. low-PPI rat line, SHR, APO-SUS)
in which antipsychotic drug effects on the main symptoms/deficits have been tested, with some successful re-
sults that strengthen the predictive validity of these lines/strains as models of schizophrenia. However, it is clear
that there is still a long way to systematically explore (e.g. through psychotomimetic and antipsycotic drug treat-
ments) the predictive validity of all the genetic rat models discussed in this review before one can conclude that
some of them can be useful for searching new treatments for the disorder.

Genetic technology in mice has progressed much faster than in rats. Thus, a variety of genetically manipu-
lated mouse models have been generated aiming at elucidating the relationship between individual genes (and
processes derived from them) and particular symptoms or endophenotypes of schizophrenia. These knockouts/
transgenics rarely mimic many schizophrenia-relevant symptoms, and their utility is somewhat limited by neu-
rodevelopmental changes that come to interact as compensatory mechanisms generated by the genetic manipula-
tion. While waiting for reliable and efficient rat genetic technology, which could allow the generation of knock-
out or transgenic rats for hypothetical schizophrenia-related genes, the above-mentioned selective breeding pro-
cedures developed in rats have produced animals that often mimic several schizophrenia-relevant symptoms
(which is not so common when using knockout mice). Moreover, the “normal” selection (or variation) of traits/
phenotypes and gene-environment interactions in humans are better (and more realistically) mimicked by selec-
tive breeding on the basis of values of a given phenotype (which often involve the co-selection of related phe-
notypes, as seen in some of the rat strains reviewed here) than by knockout or transgenic mice.

Some of the selected rat strains we have reviewed in this article present symptoms and neurobiological altera-
tions that make them promising tools as models for schizophrenia-relevant features. We believe that future re-
search should especially focus on, 1) drug treatment studies to see whether these models present also good pre-
dictive validity, and 2) on genetic mapping and differential genetic expression profiles of (selected) rats pre-
senting extremely divergent symptoms/phenotypes or clusters of them, in order to evaluate associations among
particular genes and schizophrenia-relevant (endo)phenotypes.
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