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Abstract

Deficits in N-methyl-D-aspartate receptor (NMDAR) function play a critical role in the
pathophysiology of schizophrenia. Animal models are needed to investigate possible mechanisms
underlying NMDA dysfunction in schizophrenia as well as development of new therapeutic
approaches. A major difficulty in developing animal models for schizophrenia is the identification
of quantifiable measures that can be tested in a similar fashion in both humans and animals. The
majority of animal models utilize analogous measures, wherein species-specific behaviors are
used as presumed parallel manifestations of a common underlying construct. In vivo microdialysis
and electrophysiology represent two methodologies in which homologous measures can instead be
obtained in both animals and humans. In both techniques, well-validated, NMDA-sensitive
measures are analyzed in rodents using probes implanted directly into cortex or subcortical
structures. We discuss the currently available data from studies that used these methods in non-
human primate and rodent glutamate models. In addition, we emphasize the possible relevance of
the amphetamine-challenge studies to positive symptoms and of EEG measures to cognitive
deficits in schizophrenia.

Keywords

PCP NMDA,; Schizophrenia; Animal models; Glutamate; Glycine; Negative symptoms; Cognitive
disorders; Neurophysiology; Event-related potentials

1. Introduction

Schizophrenia is a severe mental disorder that affects up to 1% of the population, and is one
of the leading causes of chronic disability worldwide. Symptoms of schizophrenia are
traditionally divided into three main clusters: positive, negative and cognitive (aka
“disorganized”). Positive symptoms consist of items indicative of overall hyperactivity such
as agitation, paranoia, and hallucinations. In contrast, negative symptoms consist of items
indicative of behavioral underactivity, including emotional blunting and passive/apathetic
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social withdrawal [55]. Cognitive symptoms include conceptual disorganization, difficulty
in abstract thinking and disorientation. In addition, schizophrenia is associated with
objective neuropsychological deficits across a variety of cognitive domains [101],
implicating distributed neurophysiological dysfunction.

The first effective treatments for schizophrenia were discovered fortuitously in the late
1950s, and subsequently shown to mediate their effects at dopamine D2 receptors. Since that
time, dopamine has been the primary neurotransmitter implicated in schizophrenia, and the
majority of neurochemical studies of schizophrenia continue to focus on dopaminergic
mechanisms [20]. However, over the past half-century, limitations in the dopamine model
have become increasingly apparent. First, whereas dopaminergic dysfunction models
account well for positive symptoms of the disorder, they account poorly for both negative
symptoms and neurocognitive dysfunction. Second, despite decades of investigation, there
appear to be few intrinsic deficits that could account for the pattern of dopaminergic
dysfunction observed in schizophrenia [44].

An alternative to the dopamine model was first proposed in the early 1990s, based upon the
observation that phencyclidine (PCP) and similarly acting psychotomimetic compounds
induce their unique behavioral effects by blocking neurotransmission at N-methyl-D-
aspartate (NMDA)-type glutamate receptors [43,44]. The ability of these compounds to
transiently reproduce key symptoms of schizophrenia by blocking NMDA receptors led to
the concept that symptoms in schizophrenia may reflect underlying dysfunction or
dysregulation of NMDA receptor-mediated neurotransmission. Over the past 15 years,
convergent evidence has accumulated to support a primary role for glutamatergic
dysfunction in the pathophysiology of schizophrenia [2,22,102,128]. In particular, studies
have documented a close congruence between symptomatic and neurocognitive effects
induced by NMDA antagonists such as PCP and the related drug ketamine, and the pattern
observed in schizophrenia. Further, both genetic and neurochemical studies have begun to
identify pathogenetic events that may impact upon glutamatergic neurotransmission, and
provide plausible bases for underlying NMDA dysfunction. Finally, findings from both
animal and human studies indicate that the hyper-dopaminergia associated with
schizophrenia may, in fact, result from underlying dysfunction of NMDA-related
neuromodulatory feedback mechanisms. Overall, these findings suggest new etiological and
psychotherapeutic conceptualizations of schizophrenia.

Several varieties of animal behavioral models have been developed for schizophrenia, and
are reviewed elsewhere in this issue. While effective, the majority of these approaches
depend upon analogous models—that is, models in which behaviors in rodents are related,
but not identical to, the behaviors that they are meant to model in humans. For example,
rodent hyperactivity is typically used to model positive symptoms of schizophrenia.
However, issues such as paranoia and hallucinations cannot be assessed in rodents, so that
the quality of the model depends in large part upon the true degree of parallelism between
the rodent and human conditions. In the case of hyperactivity, for example, it is noteworthy
that drugs such as PCP and ketamine induce hyperactivity in rodents but withdrawal in
monkeys and mixed behaviors in humans, pointing out the complexities in translating
behaviorally between rodents (or even monkeys) and humans.
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The present review will focus on two models in which homologous functions can be
assessed in rodents and humans—that is, in which the same process can be studied in both
rodents and humans. The first of these approaches uses in vivo microdialysis in awake,
behaving animals coupled with NMDA blockade to recreate the dopaminergic instability
associated with schizophrenia. The second uses electrophysiological recordings in both
rodents and primates to investigate mechanisms underlying impaired event-related potential
(ERP) generation in schizophrenia. Whereas dopaminergic hyperactivity appears to provide
a good model for positive symptoms of schizophrenia, neurophysiological models may be
most relevant to negative symptoms and neurocognitive dysfunction.

2. Neurochemical models of schizophrenia

As noted above, disturbances in dopaminergic function are among the best validated
measures in schizophrenia. Amphetamine and other agents that stimulate dopamine release
reliably induce positive symptoms when given at high dose. Further, behavioral effects of
amphetamine are reliably reversed in both humans and animal models by dopamine
depletion using compounds such as reserpine or by administration of dopamine antagonists.

Presumed dopaminergic hyperactivity in schizophrenia is currently addressed by blocking
dopamine D2 receptors, which are the primary target of dopamine in striatum. The
association between antipsychotic potency and D2 occupancy remains one of the strongest
relationships in all of clinical medicine, with the majority of antipsychotics studied to date
producing clinically beneficial effects at D2 occupancy levels of 60-80%. A limitation of
the current antipsychotic treatment approach, however, is that such drugs do not reverse the
dopaminergic instability associated with schizophrenia, but merely prevent downstream
consequences. Further, many individuals show persistent positive symptoms despite
adequate (or even excessive) treatment with antipsychotics, suggesting that dopaminergic
hyperactivity alone is not sufficient to account for positive symptoms in all cases. Finally,
dopaminergic agents such as amphetamine do not induce negative symptoms and cognitive
dysfunction associated with schizophrenia. Thus, at best, models of dopaminergic instability
in schizophrenia are relevant primarily to positive symptoms of the disorder.

Positive symptoms of schizophrenia have been linked most strongly to dopaminergic
hyperactivity within dorsal striatal circuits in humans. Dopaminergic activity can be studied
objectively in humans using PET- or SPECT-based radioreceptor imaging of dopamine
receptors, particularly in striatum. In this approach, a radiolabeled D2 receptor ligand is used
such as [1251]1IBZM or [14C]raclopride and basal binding is obtained. Amphetamine or
another dopamine-releasing agent is then administered. When dopamine is released, it
competes for binding with the radiolabeled compound, leading to a decrease in effective
tissue concentration of the label. The degree of reduction in radiolabel concentration thus
serves as an index of stimulated dopamine release. In normal volunteers, multiple agents
including amphetamine and methylphenidate induce reliable reductions in radiolabel binding
in striatum, consistent with their ability to stimulate net striatal dopamine release [14,67].

Amphetamine induces DA release by reverse transport of DA from the cytoplasmic pool to
the synapse through the dopamine transporter (DAT). Thus, blocking DAT with DA uptake
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inhibitors such as nomifensine results in a blunting of amphetamine-induced DA release.
Because amphetamine releases DA from the cytoplasmic pool, treatments that deplete
cytoplasmic DA also inhibit amphetamine-induced DA release. Early studies in SPECT and
PET D2 receptor imaging confirmed that sensitivity of the assay to DAT blockers and DA
depletion, supporting the relationship between D2 radiolabel binding and D2 release [69].

2.1. In vivo studies of DA release in schizophrenia

In schizophrenia, enhanced amphetamine-induced dopamine release has been demonstrated
across a number of cohorts using both SPECT and PET imaging and various radiolabeled
compounds [13,67,65]. However, in these studies, dopaminergic hyperactivity was observed
only in individuals during the acute stage of their illness. The degree of excess dopamine
release did not appear to be affected by antipsychotics, as similar deficits were observed in
both medicated and unmedicated patients, supporting the contention that antipsychotics
primarily affect downstream consequences of dopaminergic hyperactivity without reversing
the underlying abnormality [68]. Excess dopamine release was also not observed in
individuals with schizotypal personality disorder [1]. Thus, overall, striatal DA release may
only serve as a model for exacerbation of positive symptoms during acute decompensation.
Nevertheless, this is a critical component of schizophrenia, and treatments that prevent such
decompensations would be therapeutically important in schizophrenia.

A study in schizophrenia has also evaluated the relative involvement of different striatal
subdivisions. The human striatum is functionally organized into limbic, associative, and
sensorimotor subdivisions, which process information related to emotional, cognitive, and
motor function, respectively. In an anatomic study, amphetamine induced significantly
greater stimulation of DA release in limbic and sensorimotor, compared with associative,
striatal region. Further, the increase in euphoria reported by subjects after amphetamine was
associated with larger dopamine release in the limbic and sensorimotor regions, but not in
the associative regions. However, because of its larger size (62% of total striatal volume),
the associative striatum still contributed the majority of signal following dopamine release.
It was speculated therefore that the hyperactivity of dopamine release observed in
schizophrenia reflects increased release primarily in the associative division [85].

2.2. Role of NMDA in DA dysregulation

Despite the reproducibility of dopaminergic hyperactivity, underlying mechanisms remain to
be determined. To date, no intrinsic dopaminergic deficits have been demonstrated that
could account for the abnormalities. While some studies have noted association between the
val158met polymorphism of the catechol-O-methyltransferase (COMT) gene [141], COMT
genotype has been shown to predict cortical, but not striatal, dopamine receptor occupancy
[126]. In addition, although amphetamine induces DA release via the DAT, studies using
selective DAT labels have shown normal DAT density in schizophrenia [70].

Although the mechanism underlying DA dysfunction in schizophrenia is not known, one
potential mechanism is underlying dysfunction of NMDA receptor-mediated
neurotransmission. In normal volunteers, administration of ketamine prior to amphetamine
challenge leads to dopaminergic hyperactivity similar to that observed in schizophrenia [56].
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The increased dopamine release following ketamine does not appear to reflect a direct effect
of ketamine on dopamine [57], but instead must reflect effects of ketamine on feedback
circuits that normally serve to limit dopamine release following ketamine administration.
Thus, disturbances in dopaminergic regulation in schizophrenia, rather than reflecting
endogenous dopaminergic dysfunction, may reflect failures of NMDA-mediated
dopaminergic regulation, which can be demonstrated in humans by investigating glutamate/
dopamine interactions.

Ketamine challenge studies are, for ethical reasons, limited to single acute doses. However,
persistent schizophrenia-like alterations in cognition [24] and D1 receptor expression [100]
have recently been documented in chronic ketamine abusers, suggesting that repetitive
ketamine exposure may provide an even better model for schizophrenia. Schizophrenia-like
hallucinations are not typically observed during acute ketamine challenge. However, in
monkeys, progressive development of hallucinatory-like behavior is observed during
persistent subchronic administration [79], further supporting the utility of chronic
administration models.

2.3. Animal models of NMDA-induced DA dysregulation

In animal models, dopamine release can be measured directly using in vivo microdialysis,
rather than indirectly through radiolabel displacement. In the microdialysis approach, a
probe containing a semi-permeable membrane is inserted into the region of interest, and
perfused with an artificial CSF solution. The perfusate is collected over minutes to tens of
minutes. Small molecules from the brain diffuse through the membrane and are collected in
the perfusate, permitting them to be assayed using techniques such as high-performance
liquid chromatography (HPLC). Dopamine, along with other monoamines, is particularly
amenable to electrochemical detection (HPLC-EC), with typical sensitivities in the low
femtomolar range. Drugs can also be administered through the perfusate by reverse dialysis,
permitting pharmacological manipulation in the immediate region surrounding the
microdialysis probe with no change in general brain function. Such an approach is
particularly effective with prototypic molecules that frequently have low brain penetrance.

In rodents, amphetamine produces a well-described elevation in dopamine levels in striatum,
nucleus accumbens and frontal cortex that persists for approximately 90 min following acute
administration. Effects of amphetamine are strongly dose-dependent, permitting selection of
doses in animals that closely match the dose of 0.3 mg/kg used in most clinical studies. In
primate studies, the degree of radiolabel displacement observed in clinical studies — 10-38%
— corresponds to increases in striatal dopamine levels of between 400 and 1500% [13,69,66].
In rodents, amphetamine doses of 1-5 mg/kg induce levels similar to those observed in
clinical studies (Fig. 1), suggesting that such doses are most appropriate for animal models
of striatal dopaminergic hyperactivity [120].

As in humans, NMDA antagonists potentiate amphetamine-induced DA release, suggesting
that this preparation may serve as an appropriate animal model of schizophrenia [7]. Similar
effects are observed in prefrontal cortex (PFC), a region implicated in cognitive dysfunction
in schizophrenia [8]. Potentiation of amphetamine-induced DA release is also observed
following administration of the NMDA antagonist MK-801 [90]. In both preparations,
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increases are seen to systemic but not local amphetamine administration, suggesting that
effects are not mediated by direct interaction of NMDA antagonists with the receptors on the
presynaptic terminal or by interaction with the DAT itself [6]. Rather, effects appear to
depend upon more complex neural interactions.

Although microdialysis represents the most direct measure of NMDA antagonist effects
amphetamine-induced DA release, other approaches also document profound effects of
NMDA antagonists in DA function. In frontal cortex, ketamine induces increases in DA
release that are associated with impairments in working memory function [92]. NMDA
antagonist-induced deficits in working memory are associated with increased tonic
glutamate release [93] and tonic neuronal firing and disruption of normal burst-firing
activity [40]. Alterations in prefrontal glutamate and dopamine produce modulatory effects
on working memory, with glutamate primarily affecting encoding and dopamine mediating
mnemonic retention [5]. In schizophrenia, deficits are seen primarily in encoding, with
secondary effects of retention [74], implicating glutamatergic dysfunction. As with
microdialysis, therefore, NMDA-induced alterations in glutamatergic firing rates may
provide an indirect measure of impaired PFC dopaminergic function.

2.4. Rodent DA function as a model for drug development in schizophrenia

An important role of animal models in schizophrenia is the evaluation of potential new
treatment modalities. One direct prediction of the PCP/NMDA model of schizophrenia is
that agents which stimulate NMDA function should be beneficial in schizophrenia. Several
small scale clinical studies have evaluated the role of compounds that target the NMDA
modulatory site of the NMDA receptor complex, including glycine, D-serine, D-alanine and
the naturally occurring glycine transport inhibitor sarcosine [52]. These compounds have
been evaluated as well in animal dopaminergic models. Both glycine and glycine transport
inhibitors significantly reverse the effects of PCP on amphetamine-induced DA release [50],
suggesting that this model is sensitive to potential NMDA enhancing agents (Fig. 2).

Assays of prefrontal response to NMDA antagonists have also proven useful in the
identification of potential novel agents in the treatment of schizophrenia. An early study
showed that effects of NMDA on prefrontal glutamatergic activity could be reversed by a
metabotropic glutamate receptor (mGIuR) 2/3 agonist [93], providing an alternative
approach for reversal of primary NMDA dysfunction. This approach has received significant
recent report from a clinical study showing effectiveness of the novel mGIluR2/3 agonist
LY2140023 equivalent to that of olanzapine in the treatment of an acute schizophrenia
exacerbation [106]. mGlu2/3 agonists also modulate amphetamine-induced DA release in
striatum, supporting striatal dopaminergic models [140]. More recent studies support the
utility of mGIuRS5 agonists, which potentiate NMDA receptor-mediated neurotransmission
[40,73]. Such studies strongly support the potential of glutamate-based treatment approaches
for reversal of both negative and cognitive deficits associated with schizophrenia.

2.5. Molecular mechanisms underlying NMDA agonist effects

A final series of studies has investigated the mechanism by which NMDA agonists modulate
striatal DA release. Local circuit effects of NMDA agonists can be studied in isolated rodent
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striatum using in vitro [3H]DA release assays, which permit assessment of local striatal
mechanisms. In striatum, inhibitory effects of NMDA agonists on striatal DA release were
associated with increased GABA overflow, suggesting that a critical target of NMDA
receptors is on local inhibitory GABAergic interneurons. Significant effects were observed
for both glycine and prototypic glycine transport inhibitors, supporting the utility of this
model in early stage drug development. Finally, inhibitory effects of NMDA agonists on
striatal dopamine release was blocked by inhibitors of GABAg-, but not GABAA-, type
GABA receptors [51], suggesting that presynaptic GABARg receptors on presynaptic DA
terminals may be a critical site for future NMDA-based drug development.

As in striatum, glutamatergic hyperactivity in prefrontal cortex may also reflect impaired
function of NMDA receptors on local GABAergic interneurons [41]. Further, in prefrontal
cortex, NMDA antagonists induce reductions in parvalbumin and GAD67 expression similar
to those observed in schizophrenia [37,58], suggesting that GABAergic deficits may be
downstream to underlying NMDA dysfunction. In both striatum and prefrontal cortex, a
critical issue may be the restoration of glutamate/GABA balance. In stiatum, GABAg
receptors appear to play a critical role in maintaining glutamate/GABA balance [51]. In
contrast, in prefrontal cortex, encouraging effects have recently been reported for the
selective GABA agonist MK-0777 [76].

3. Neurophysiological models of schizophrenia

Similar to the discussed micro-dialysis studies, homologous functions in humans and animal
models can also be assessed with neurophysiological methods, which measure electrical
activity of neuronal ensembles within the brain. In clinical studies, activity is obtained using
scalp recorded electroencephalogy (EEG) and event-related potentials (ERP), or related
magnetoencephalographic (MEG) techniques. In animals, activity can be recorded using
either scalp recordings analogous to those used clinically, or via electrodes laying on top of
the cortex or implanted directly into cortex or subcortical structures.

Intracranial recording studies provide critical insights into neural mechanisms underlying
neurophysiological impairments in schizophrenia. In intractranial recordings, local field
potentials (LFP) can be recorded, which represent the local correlate of surface potentials. In
addition, however, measures such as current-source density (CSD) and multiunit activity
(MUA) can be used to determine underlying generator mechanisms [64]. A variety of
synaptic and non-synaptic potentials, including slow neural activity such as spike
afterpotentials and voltage-dependent membrane potentials may contribute to intra-cortical
and surface neurophysiological activity [18,54,80,91].

3.1. Sensory measures in schizophrenia research

Deficits in cognitive processes represent core features of schizophrenia and constitute a
major factor determining functional outcome and rehabilitation in schizophrenia and a
critical target for pharmacological development [38]. Patients with schizophrenia show
deficits in numerous cognitive processes that can be evaluated using EEG- and MEG-based
techniques [53]. Of these, however, sensory-based measures provide the easiest approach to
cross-species modeling, as they can be recorded even from untrained rodents and primates,
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and take advantage of conserved auditory and visual anatomy across species. An increasing
body of evidence indicates that neural deficits in patients affect not only higher cognitive
functions, such as memory, executive functions, and attention, but also early sensory
processes within the auditory and visual (among other sensory) modalities [17,49]. Further,
impairments at these early stages of information processing may contribute significantly to
higher order cognitive deficits in schizophrenia. Current treatments offer only limited, if any
improvement. Thus, a detailed understanding of the basis of these deficits is needed for the
development of effective treatments.

To date, several electrophysiological measures have been identified that are both reliably
affected in schizophrenia and amenable to translational studies in animal models. In the
auditory system, these include mismatch negativity (MMN) and auditory N1. Both of these
measures represent automatic, pre-attentive processes that can be tested in passive
stimulation paradigms and are thus well suited for assessment in animal models
[48,114,137,133]. Furthermore, both measures appear to depend upon NMDA-dependent
processes, suggesting that they can be used to investigate mechanisms and new treatment
approaches for NMDA deficits in schizophrenia [53]. In the visual system, impaired
magnocellular function and impaired generation of the P1 component particularly to
magnocellular stimuli may also serve as an etiological model to investigate mechanisms
underlying cognitive impairment in schizophrenia [16].

3.2. Mismatch negativity (MMN)

Mismatch negativity (MMN) is an ERP component that is triggered whenever a stimulus
feature of an infrequently presented sound (‘deviant’) violates the regularity established by
repeatedly presented sounds (‘standards’). MMN is considered to be an automatic pre-
attentive process since it was elicited in sleep, under anesthesia, in comatose patients, and
with attention deployed to another modality [33]. Thus, MMN is thought to reflect an
automatic novelty detection mechanism that may serve to trigger an involuntary switch of
attention towards the deviant stimulus.

The degree to which the MMN process succeeds in capturing attention depends in part upon
the degree to which attentional resources are otherwise engaged. Under all conditions,
MMN overlaps temporally with sensory measures including the auditory N1 potential. A
technical issue, therefore, is that deviance-related activity must be differentiated from
differential refractoriness of response to standard and deviant stimuli. MMN is not elicited
by the first stimulus in a sequence, indicating that it reflects an active disinhibition process
induced by the repetitive standards [142].

MMN is one of the most investigated human cognitive brain potentials. The extensive
literature regarding its role in cognitive neuroscience is discussed in detail in other recent
reviews [63,98]. Importantly, MMN is reduced in schizophrenia [78,99,123]. Indeed, since
deficits in MMN generation were first demonstrated in the early 1990s, these findings have
been replicated more than 40 times with minimal failures to replicate [137], making reduced
MMN one of the most robust neurophysiological findings in schizophrenia.
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3.2.1. MMN generators—Primary generators for MMN are localized to auditory cortex
based upon intracranial recording, lesion, fMRI, and EEG/MEG source localization studies
[3,95,119]. Activity in this region appears to be driven primarily by the sensory mismatch
between standard and deviant stimuli, as it is heavily influenced by the degree of stimulus
deviance in both intracranial and fMRI studies [119]. In addition, later frontal activity in
observed within ventrolateral frontal cortex [35,119], which may reflect successful
attentional capture [113,119]. However, given the long latency to activation and lateral
location of the frontal generator, the degree to which it contributes to MMN activity
recorded at mid-frontal electrodes during standard MMN epoch windows remains to be
determined. In schizophrenia, deficits in MMN generation are observed both in MEG, which
is insensitive to the putative frontal generator [61,108,129] and in fMRI, which shows
activation deficits specifically within auditory cortex in schizophrenia [86]. Thus, temporal
regions represent well-validated targets for study in animal models of schizophrenia.

Several pharmacological studies in humans indicate that impaired NMDA function may
underlie reduced MMN generation in schizophrenia. Of four ketamine challenge studies that
evaluated ketamine effects on MMN generation or its MEG equivalent, three showed
significant ketamine effects [39,62,103,133]. In addition, MMN predicted the degree of
psychotic response elicited in normal volunteers [134]. Treatment with N-acetyl-cysteine, a
precursor of glutathione and therefore an indirect modulator of NMDA function, increases
MMN in patients with schizophrenia [71]. In contrast, high doses of glycine, a substance
that enhances NMDA receptor functioning via binding to the glycine modulatory site on the
NMDA receptor, decreases MMN [75]. As opposed to NMDA antagonists, deficits in MMN
generation are not induced by either D1 or D2 antagonists, or by psilocybin, a
psychotomimetic that targets primarily serotonin 5-HT2A receptors [53].

3.2.2. Animal models—Given the importance of MMN for schizophrenia as well as
auditory attention research in general, many efforts have been made to investigate
mechanisms underlying normal and pathological MMN generation in animal models (Table
1). Shortly following the first demonstration of reduced MMN in schizophrenia, MMN was
demonstrated in macaques using reduced-intensity deviants coupled with both epidural and
intracranial recordings within the auditory cortex [45,47,46]. Furthermore, MMN-like
activity was also reported in both cat [23,110,111] and guinea pig [60] model systems. In
line with human studies, intracranial recordings in animals indicate that primary MMN
sources are located in auditory cortex, but are separate from the generators of response to
repetitive standards, such as the P1-N1 potentials. For example, epidural grid recordings in
cats showed maximal MMN amplitude in a rostro-ventral regions of secondary auditory
cortex, separate from the more caudal maximal amplitudes of the P1 and N1 potentials
[110]. Intra-cortical recordings in macaques localized MMN generation to a source in
superficial layers, whereas auditory N1 appeared to reflect activity primarily within deeper
cortical laminae [47].

Although MMN may be readily modeled in primates, the advent of genetic engineering
technology in mice and the common use of rats as animal models has encouraged MMN
studies in this species. Indeed, this is an emerging area of research and an increasing body of
evidence indicates the feasibility of conducting MMN studies in rodents. For example,
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Ruusuvirta and coworkers reported MMN-like activity to frequency deviants of positive
polarity in urethane-xylazine anesthetized rats between 60 and 190 ms [4,115]. A general
concern with regard to intra-cortical assessment of MMN, however, is that true deviance-
related activity must be differentiated from cross-refractoriness of deviant and standard
stimuli [72].

A potential control condition is use of deviant-only stimuli in the absence of intervening
standards vs. the same stimuli presented in an oddball sequence [72]. If a difference is seen
even when deviants are compared to rate-matched control stimuli, it is strong presumptive
evidence for an MMN effect. Nevertheless, the use of a stimulus rate control may mask true
MMN generation, necessitating development of more complex models [116].

In a recent study Tikhonravov et al. also included a control condition consisting of
frequency deviants presented at the same presentation rate as the deviants within standards
condition. In this study the deviant within standards condition showed enhanced activity
compared to both deviants alone, as well as compared to standards. This positivity was
observed relatively late and in a short time window between 150 and 180 ms [130]. In
awake rats, Sambeth et al. did not find deviance-related activity in an active auditory oddball
paradigm in the expected latency range for MMN [117]. Overall, while encouraging, these
results suggest the need for further optimization of rat MMN paradigms.

In mice, two studies found a late (>120 ms) deviance-related positivity in passive frequency-
deviance paradigms, but no MMN-like activity during earlier time windows [29,125].
Ehrlichman et al. observed enhanced negativity to frequency deviants in the time window of
N1 [30]. In a similar mouse study, Umbricht et al. found an additional negative potential to
duration deviants 50 ms following onset of stimulus difference. However, they found no
MMN to frequency deviants when the deviant presentation rate was controlled for [138].
Thus, similar as in the rat MMN studies, there is ample evidence for the presence of
deviance-related activity in mice. However, further studies would welcome to investigate
possible confounds by refractoriness issues in MMN studies in rodents.

The role of NMDA receptors has been evaluated in both primate and rodent models. In
macaques, intra-cortical infusion as well as systemic application of PCP reduced MMN,
while amplitude of the preceding P1 and N1 potentials was not affected [47]. In rats, the
NMDA receptor antagonist MK-801 reduced the enhanced positivity to deviants compared
to standards [130]. In mice, ketamine reduced the observed deviant-related late positivity as
well as the enhanced negativity in the time window of N1 [30,125]. Interestingly, in the
more recent of these studies [30] ketamine significantly increased the amplitude of the N1 to
standards while N1 amplitudes to deviants remained unchanged. Thus, alteration in response
to standard stimuli may contribute as well to the reported NMDA-induced changes in
deviance-related activity in rodents.

3.3. Auditory P1/N1

As opposed to MMN, which reflects a comparison between stimuli, auditory P1 and N1
potentials are elicited even by repetitive standards. P1 refers to a frontal positivity that
occurs approximately 50 ms following stimulus presentation, whereas N1 refers to a frontal
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negativity that occurs at approximately 100 ms. Source localization studies in humans using
high density EEG and MEG [12,42,105,112], as well as intracranial recordings [36,77] have
localized the main contributors to the auditory P1 and N1 components to auditory cortex and
surrounding regions of the superior temporal plane. Although P1 and N1 components are
usually discussed in the EEG literature as distinct entities, in surface recordings these
potentials reflect sequential as well as overlapping activation within these brain areas
[36,83,96,109,144].

Although primary generators for P1 and N1 are within auditory brain regions, some studies
have also observed frontal contributions [34,109]. However, sources outside the auditory
cortex seem to be mainly modulated by different task requirements in active paradigms
[109]. Temporal, but not frontal cortical lesions abolish generation of mid- and late-auditory
event-related potentials (AEPS) [59,118], supporting the primary role of auditory cortex in
N1 generation

3.3.1. Peak refractoriness—A characteristic feature of the human auditory P1 and N1 is
their recovery function, describing the exponential increase of peak amplitude with
increasing ISI [97]. The refractoriness period is thought to reflect the operation of an
inhibitory trace on the level of the auditory cortex [15]. Indeed, the slope of the human N1
recovery function predicts the behavioral lifetime of the memory for loudness [82,81]. Thus,
the recovery function may provide a neuro-physiological index for the decay of the auditory
sensory memory trace. However, refractoriness seems to differ between P1 and N1. The P1
shows a relatively rapid recovery function; it reaches half-maximal amplitude at
interstimulus intervals (1SIs) of about 450 ms and near maximal amplitude at an ISl of 2 s in
most, but not all studies [19,31,136,143]. The N1, in contrast, does not reach half-maximal
amplitude until an ISI of about 2 s, followed by a gradual rise to the plateau at an ISI of
approximately 8 s [89,97]. Best fitting results for both the P1 and N1 recovery curves are
usually obtained using an exponential function, with substantially longer time constants for
the N1, than P1, potential [81,136].

Abnormal recovery curves for both P1 and N1 have been reported in schizophrenia [32,124].
For example, Erwin et al. showed decreased P1 amplitudes in patients at I1SIs exceeding 1 s,
but not at shorter repetitions [31]. This reduction was most pronounced in neuroleptics naive
patients [32]. However, currently only few studies are available that explicitly investigated
the effects of IS on P1 amplitudes in repetitive stimulation paradigms in schizophrenia. Far
more studies used paired stimulus paradigms, in which pairs of clicks with a short ISI
(usually 500 ms) are presented with a long inter-trial interval of several seconds. Compared
to healthy controls, in the majority of studies patients show smaller P1 responses to the first,
but enhanced responses to the second click [107]. More studies are available investigating
N1 amplitudes in schizophrenia. The majority of studies observed reduced N1 amplitudes in
patients to tones with ISls above 1 s and preserved amplitudes to shorter ISIs [114,124].
Furthermore, in patients reduced auditory N1 amplitudes were observed independent of
medication status as well as in their first degree relatives. Thus, N1 amplitudes are currently
discussed as a possible endophenotype of schizophrenia [131].
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Few studies are available investigating effects of the NMDA receptor antagonist ketamine
on P1 and N1 amplitude in healthy subjects. Only one study specifically looked at the effect
of 1SI on N1 amplitudes and found a trend to a similar N1 recovery profile with ketamine as
in patients, thus, reduced amplitudes to long but not short ISIs [135]. In the context of MMN
studies, the N1 amplitude to standards were either unchanged at 1-2 s IS, or increased to
very short ISI of 300 ms [62,103,133]. Although no P1 amplitudes were reported in these
studies, there are two reports investigating ketamine effects in a paired stimulus paradigm.
Similar to findings in schizophrenia, one showed reduced P1 amplitudes with ketamine in
response to the first click (particularly in combination with haloperidol) the other observed
no effect [104,139]. Although, the authors from the latter study state that the missing effect
on P1 may have been due to the small dose of ketamine used. Thus, from studies in humans
there is modest but ample evidence that NMDA receptor block may induce a schizophrenia-
like peak recovery pattern.

3.3.2. Animal models—Morphologically, the waveforms of AEPs obtained in animal and
human surface recordings share a similar sequence of positive and negative components
across species. Namely, this remarkably stereotyped sequence of a fast biphasic positive—
negative deflection (P1 and N1) followed by a slow positive component (P2) is observed in
non-human primates, cats, guinea pigs, rats, and mice (Fig. 3) [27,45,60,110,117,122,136].
The main differences between species are the absolute peak latencies, most likely due to
mere differences in brain sizes. For example, the components in mice and rats occur with
30-40% latency to corresponding human AEP peaks [11,27,117,125,136], whereas in
monkeys they occur with approximately 70% latency. Thus, P1, N1 and P2 in rodents are
observed at approximately 20, 40, and 80 ms respectively; whereas in macaques that are
observed at approximately 30, 70 and 120 ms [48].

In animal models, both the generators and temporal sensitivities of P1 and N1 appear to be
similar to those of humans. For example, rats show a biphasic P1-N1 complex over primary
auditory cortex, along with a monophasic positive component over secondary auditory
cortex, in line with human ERP source localization studies showing contributions of
generators within auditory cortex to surface P1/N1 [27]. Further, as in humans, the degree to
which different generators contribute to recorded activity depends upon the location of the
recording electrode relative to the generator locations. In both humans and animals, P1 and
N1 invert from surface to deep cortical layers when recorded using a linear multicontact
electrode [9,127].

This method also allows identification computation of current source density (CSD), which
serves as an index of transmembrane current flow within the different cortical layers. The
laminar CSD pattern helps identifying neural populations most likely contributing to the
summed surface AEP [91]. In both rats and macaques, CSD studies have localized the P1
generators to middle and superficial layers of auditory cortex, suggesting that it reflects the
initial activation of the auditory cortex by inputs from the medial geniculate body of the
thalamus and subsequent supragranular activation [9,46,64]. This initial activation is
followed by an activity in the supragranular and infragranular layers that coincides with
generation of the surface N1 potential.
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In both rodents and primates, the recovery function of P1 and N1 also closely models the
recovery function of human P1/N1, although some between-species difference may exist. In
three mouse studies the N1 (at approximately 35 ms) showed a comparable exponential peak
recovery as observed in humans [10,87,136]. Indeed, best curve fitting results for the mouse
N1 recovery were obtained with the same exponential function as used in humans [136].
However, the slope of the recovery curve indicated a faster rise to plateau for the N1 in mice
than has typically been observed in humans, which the authors interpreted as reflecting a
faster decay of the auditory sensory memory trace in mice. In the two studies conducted by
Umbricht and coworkers, the mouse P1 showed a similar refractoriness profile to the N1,
whereas no ISI effect on P1 amplitude was observed by Maxwell et al. [87]. However, in
this study P1 amplitudes were close to noise level. Thus, the unfavorable signal to noise
ratio could have potentially prevented detection of an ISI effect. Altogether, these findings
suggest that P1 refractoriness functions may be less well preserved in rodents, and reflect the
complexity of modeling human ERP in rodent models.

Effects of NMDA antagonists have also been explored in rodents. For example, in rats acute
pharmacological NMDA receptor block reduced P1 and N1 amplitudes to tones presented at
ISIs of 1 and 2.5 s, although no ketamine effects were observed in an alternative study that
used clicks presented at 9 s ISI [25,26,28]. In mice, acute ketamine application decreased N1
amplitude in most strains at 9 s ISls in a paired click paradigm, but P1 amplitudes tended to
be increased [21,88]. Thus, although still a matter of investigation, NMDA antagonists tend
to reduce N1 amplitudes at long ISls in rodent studies.

In mice the effect of reduced NMDA receptor signaling on peak recovery curves has also
been investigated in a genetic model. NR1 hypomorphic mice express only 5-10% of
normal levels of the NMDA receptor subunit NR1 subunit, a subunit crucial for functioning
of the receptor [94]. Against expectation, the NR1 mutants showed increased P1 and N1
amplitudes to relatively short ISls, but no differences at long ISls (4 sec) compared to their
wild type littermates [10]. Thus, patterns of activity observed in the hypomorph diverge
from those observed following acute ketamine administration. Further studies are needed to
determine the basis for the differential results.

In monkeys, similar recovery functions to humans are observed. In one epidural study P1
increased steeply at I1SIs of between 150 and 450 ms, followed by a gradual rise to plateau.
N1 also showed a non-linear increase, but did not reach maximal amplitude until 4.5 s ISI
[48]. Following systemic application of the NMDA receptor antagonist PCP, the
refractoriness curves modeled the peak recovery behavior observed in schizophrenia. Both
peaks showed the same initial steep increase as without the drug, but maximal amplitudes
were significantly reduced. Unfortunately, to our knowledge, this is the only published study
investigating AEP refractoriness in non-human primates. Thus, further studies are warranted
to reproduce this finding.

3.4. Frequency domain analysis

Traditionally, as in the studies discussed above, neurophysiological activity has been
measured within the “time domain”, in which ERP components are characterized by both
their amplitude and their latency following stimulus presentation. More recent approaches,

Behav Brain Res. Author manuscript; available in PMC 2015 September 08.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bickel and Javitt

Page 14

further evaluate activity within the “frequency domain,” in which activity is analyzed
separately within discrete frequency bands (e.g. gamma, theta, delta) [84,121]. While more
complex, frequency domain analyses potentially provide greater information regarding
underlying brain processes [53]. Different frequency bands may also be hierarchically
organized [64], permitting dissection of inner cortical organization. Indeed, several studies
showed that stimulus related phase alignment of neural oscillations underlie at least partially
the generation of ERPs [121]. Currently, frequency domain analysis is one of the most
active fields in neurophysiological schizophrenia research [53,132]. Animal studies will
hopefully help elucidating mechanisms underlying alterations in neural synchrony in
schizophrenia.

4. Conclusions

Overall, there is a pressing need for animal models, especially involving rodents, that can
reproduce objective neurochemical and neurophysiological aspects of schizophrenia.
Whereas rodents will never be able to express all aspects of schizophrenia, nevertheless we
have been able to identify multiple phenomena in rodents that may reproduce critical
features of schizophrenia. Most importantly, these measures show sensitivity to NMDA
antagonists in both humans and animals, and have animal homologues closely resembling
the human situation. In the case of neurochemistry, complementary techniques are used for
human/primate vs. rodent investigation, but nevertheless the underlying phenomenon —
increased striatal dopamine release — appears to be preserved. In the case of
neurophysiology, the same surface recording techniques can be applied to both humans and
animals, although more invasive approaches are available for animal studies as well.
Invasive recording permits the use of animal models to investigate circuit- and receptor-
level mechanisms underlying disturbed ERP generation in schizophrenia. Although human-
like ERP are well described in monkeys, adapting these procedures to rodents, and
especially mice, remains at an early stage. Nevertheless, the increasing availability of
genetically engineered mouse strains provides unparalleled opportunity for development of
increasingly refined animal models of schizophrenia. Development of improved recording
and stimulation paradigms will permit animal modelers to take full advantage of advances in
genetic and pharmacological approaches to schizophrenia as they become available.
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Effect of amphetamine on dopamine release in rat frontal cortex and striatum. In human D2
displacement studies, typical doses of amphetamine (e.g. 0.3 mg/kg) produce increases in
striatal D2 release of between 400 and 1500%. In rats, doses of between 1 and 5 mg/kg

produce similar levels of effect, suggesting that they may be most effectively used for
animal models of dopaminergic hyper-reactivity in schizophrenia. From [120].
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Fig. 2.
Effect of glycine on PCP-induced dysregulation of amphetamine-induced dopamine release.

Hyperreactivity of amphetamine-induced dopamine release similar to that observed in
schizophrenia can be induced in rodents by subchronic PCP administration. Simultaneous
treatment with the NMDA modulator glycine reversed the effect of PCP on amphetamine-
induced dopamine release. Similar effects were observed with the prototypic glycine
transport inhibitor ALX-5407, suggesting that this model shows sensitivity to putative
NMDA enhancing agents. From [50].
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components is observed in the waveforms in humans (electrode Fz) as in mice (surface

electrode over auditory cortex). The components differ in absolute latencies between

species. Peaks in mice occur earlier with a ratio of approximately 0.4 compared to humans

(regression from [136]).
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