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Abstract

Distorted interval timing is a common feature of the cognitive impairment observed in patients
with schizophrenia. The neural circuits which are required for interval timing and those thought to
be compromised in schizophrenia overlap and include the cortico-striatal pathways. Here, we
suggest that a focus on temporal information processing offers a window into understanding the
cognitive deficits of schizophrenia and how deficits might contribute to a variety of symptoms. A
disruption in the functioning of the cortico-striatal pathways may lead to cognitive deficits which
in turn lead to impaired processing of temporal information. Disrupted temporal processing may
also contribute to a variety of other symptoms associated with the disorder. Because interval
timing is a cognitive/behavioral phenotype that can easily be assessed in animals it can be used as
a sensitive screen for deficits in animal models. Using a recently developed transgenic mouse that
models increased D2 receptor upregulation in the striatum similar to that observed in patients with
schizophrenia we illustrate the utility of an interval timing approach in assessing cognitive
impairment. We further discuss how variants of timing procedures can be used to assess attention
and working memaory performance as well as other necessary components of adaptive cognitive
function.

Distortions in timing are well documented in patients with schizophrenia. In addition to
historical anecdotal reports of temporal distortions (Freedman, 1974; Lewis, 1932), a
growing literature has demonstrated empirically the existence of distorted temporal
information processing in a variety of experimental paradigms in individuals diagnosed with
schizophrenia (e.g., Clausen, 1950; Densen, 1977; Johnson & Petzel, 1971; Lhamon &
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Goldstone, 1956; Tysk, 1983, 1984, 1990; Davalos et al., 2003; Elvevag et al., 2004;
Elvevag et al., 2003; Penney et al., 2005; Todd, 2006; Yang et al., 2004). In the present
review, we document that altered temporal processing is a general cognitive phenotype in
schizophrenia and discuss how studying temporal information processing can facilitate
identification of cognitive deficits in animal models. We first briefly review data on timing
deficits in patients diagnosed with schizophrenia. We then discuss why a focus on temporal
information processing is likely to lead to advances in understanding the nature of the
cognitive deficits in animal models of schizophrenia. We conclude with an example that
describes the recent analysis of the potential mechanisms underlying an interval timing
deficit in a transgenic mouse model of schizophrenia.

Interval timing

Timing and time perception are critical for the survival of humans and other animals.
Temporal information processing takes place on many timescales, from milliseconds to
hours to days (see Balsam et al., 2009; Buhusi & Meck, 2005). For the most part, timing that
occurs on these different timescales appears to be governed by separable neural
mechanisms. Millisecond timing, as is required in the execution of fine motor movements,
appears to arise in some cases directly from the intrinsic properties of motor control circuits
(Ivry & Schlerf, 2008). On the opposite extreme is circadian timing, which among other
things regulates daily sleep and wake patterns. Circadian activity is coordinated in large part
by the suprachiasmatic nucleus (see Antle & Silver, 2009, for review). The focus of this
paper is on a third type of timing that differs from these other two, and that also appears to
be governed by distinct neural mechanisms. This type of timing is referred to as interval
timing, and occurs on the order of seconds to minutes (Cordes & Gallistel, 2008). A large
literature indicates that the fundamental aspects of interval timing are conserved across a
broad range of species, including bees, fishes, turtles, birds, rodents, non human primates,
and children and adult humans, and considerable research effort has been directed towards
understanding the neural bases of interval timing (see Buhusi & Meck, 2005, for review).

Distorted interval timing in schizophrenia

Patients diagnosed with schizophrenia display timing deficits. The exact nature of the
deficits, however, varies across studies. For example, patients have been reported to
overestimate interval duration when they are asked to verbally report the duration of a
presented stimulus (e.g., Clausen, 1950; Densen, 1977; Johnson & Petzel, 1971; Lhamon &
Goldstone, 1956; Tysk, 1983, 1984, 1990) and in repetitive tapping tasks (Carroll et al.,
2009a). Patients have also been reported to underestimate interval duration during
production tasks, which require the participant to respond when a target stimulus has been
present for the appropriate amount of time (Clausen, 1950; Johnson & Petzel, 1971; Tysk,
1983, 1990; Wahl & Sieg, 1980). Greater differences in time estimation of visual vs.
auditory signals has also been reported in patients when compared to controls (Penney et al.,
2005). When all data are considered together, however, the most reliable finding across
paradigms and studies is that patients are more variable in their timing of temporal intervals
than controls (Carroll et al., 2008; 2009b; Davalos et al., 2003; Elvevag et al., 2004; Elvevag
etal., 2003; Todd, 2006; Yang et al., 2004). In addition to these deficits in timing in
individuals diagnosed with schizophrenia, those at risk for developing the disease have also
been reported to show interval timing deficits. Penney et al. (2005) compared time
perception in the offspring of parents diagnosed with schizophrenia to the offspring of
parents diagnosed with major affective disorder and to non-patient controls and found
greater variability in timing only in offspring of parents who had been diagnosed with
schizophrenia. Thus, distorted time perception may share genetic risk factors with
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schizophrenia and may be a useful marker in identifying individuals at risk for schizophrenia
but not at risk for all psychiatric diseases.

Neurobiology of Schizophrenia and interval timing

We further suggest that focusing on an interval timing phenotype in schizophrenia is likely
to be useful because of the underlying neural circuitry. Recent reviews of the literature on
the neural bases of timing (Buhusi and Meck, 2005; Ivry and Schlerf, 2008; Ivry and
Spencer, 2004) reveal a remarkable overlap in the circuits and brain structures that are
affected by schizophrenia (Csernansky and Bardgett, 1998; Harrison, 2005; Kerns et al.,
2008; Laviolette, 2007; Stahl, 2004; Wright et al., 2005). Although a number of brain
regions have been implicated in both interval timing and schizophrenia, as we describe
below, the strongest link between the hypothesized pathophysiology of schizophrenia and
the neural basis of interval timing is the role of the striatal dopaminergic system and the
interconnectivity between the striatum and the prefrontal cortex (PFC).

Although the specific neural underpinnings of schizophrenia are not precisely known, one of
the most general and replicable findings is hyperactivity of dopamine (DA) D2 receptors in
the striatum of patients. All effective antipsychotic drugs antagonize D2 receptors (e.g.,
Seeman et al., 1976), critically implicating them in the disease. Post mortem studies have
reported an upregulation in striatal D2 receptors in drug-free patients (Davis et al., 1991).
These data were confirmed later in PET studies, which demonstrate about a 12% increase in
DA D2 receptor density in the striatum of drug free and drug naive patients, though not all
patients show this increased density of D2 receptors (see Laruelle, 1998, for meta-analysis
and review). Patients also display increased occupancy of striatal D2 receptors by DA (e.g.,
Abi-Dargham et al., 2000). Thus, the preponderance of evidence confirms that there is a
hyperfunction of the striatal DA D2 system in schizophrenia, suggesting it is an important
part of the pathophysiology of the disease. Furthermore, PFC hypoactivity has also been
reported (Barch, 2005; Glahn et al., 2005), and the PFC has long been a target of
schizophrenia research, given the well documented distortions in working memory, which
requires a functional PFC (e.g., Goldman-Rakic & Selemon, 1997; Lewis et al., 1999;
Goldman-Rakic et al., 2004). Abnormal PFC and striatal functioning is thought to
compromise the integrity of cortico-striatal circuits, leading to functional impairments (see
Simpson, Kellendonk, & Kandel, 2010, for review and discussion on how excessive striatal
D2 activity could lead to PFC dysfunction).

In terms of the neural basis of interval timing, there is a large literature from behavioral,
pharmacological, genetic, and imaging studies that indicates a critical role for the basal
ganglia in temporal information processing, particularly the striatum and its’ connections
with the PFC (see Buhusi & Meck, 2005, for review). Many studies indicate that temporal
information processing can be distorted by manipulations that target the DA system,
specifically through D2 receptor activity (Buhusi & Meck, 2005; Maricq & Church, 1983).
For example Meck (1986) demonstrated that the dose of a neuroleptic that was required to
distort a rats’ perception of a time interval by 10-15% was negatively correlated with the
drugs’ affinity for DA D2 receptors. More recently, it has been suggested that striatal
medium spiny neurons may serve as a monitor of neural activity in cortico-striatal circuits,
and that coincident activation of these neurons by inputs from the PFC communicates the
pattern of activity in working memory during interval timing tasks (Mattel & Meck, 2004).
According to this view, a pulse of DA at the beginning of the to-be-timed interval signals the
period during which medium spiny neurons should monitor oscillations in the firing of PFC
neurons to detect patterned activity. When a second pulse of DA signals the end of the to-be-
timed interval (usually via delivery of a reward), the spatial pattern of firing in cortical
neurons is stored via Hebbian strengthening of the currently active synapses, thus providing
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a memory of the temporal interval against which subsequent intervals can be compared (see
Meck, Penney, & Pouthas, 2008, for discussion). Although substantiation of this theory
awaits further empirical work, there is evidence that accurate interval timing requires an
intact PFC, as PFC lesions produce distortions in timing (Meck et al., 1987; Olton, 1989;
Olton et al., 1988; Picton et al., 2006) and modulate the disruptive effects of drugs that
target striatal D2 receptors (Meck, 2006). Together, these results indicate that interval timing
requires the integrity of cortico-striatal circuits. Thus, the research to date on the
pathophysiology of schizophrenia and on the neural basis of interval timing indicates that
the brain circuits implicated in schizophrenia and those necessary for accurate temporal
information processing are strikingly similar.

Interval timing as a window on cognitive impairments

Analyzing

Cognitive impairments are a hallmark of schizophrenia and include disturbances in working
memory, attention, and executive function (Kerns et al., 2008), all of which are essential for
accurate and precise timing. Figure 1 shows the cognitive processes that underlie
performance on interval timing tasks. To perform well the subject needs to perceive, attend
to, and remember time, decide whether a given interval has elapsed by comparing the
elapsed time during a trial with the memory for previously experienced durations and act on
this comparison by executing or inhibiting responses. Specifically, an environmental event
must first trigger a timing mechanism. Information about elapsed time is stored in short term
or working memory and when the event ends or another event happens the value of that
duration is stored in long-term memory. On subsequent occasions when this event is
encountered the elapsing time can be compared to the remembered time and when the
comparison crosses response thresholds selection of appropriate behavior occurs.
Consequently, accurate temporal performance is affected by perception, learning, short-term
memory, long-term reference memory and decision processes. Moreover, this process is
further influenced by attention and motivation. Attention is thought to impact the latency to
trigger the timing mechanism and the consistency with which time accumulates over the
course of an interval (Buhusi & Meck, 2006; Lejuene et al., 1999), while motivation is
thought to affect the speed with which the timing mechanism accumulates information about
duration (Bizo & White, 1994).

It should be clear, then, that the behavioral manifestation of accurate interval timing requires
proper functioning in a great many cognitive processes that are also affected in patients.
Dysfunction in any of these areas will be manifest as an interval timing deficit. We therefore
suggest that assessing performance on interval timing tasks might serve as a sensitive screen
for deficits in cognitive function in animal models. In the next section we illustrate how this
strategy is a productive one for understanding cognitive and behavioral deficits in animal
models.

cognitive/behavioral deficits in animal models

A major drawback to commonly used test batteries of cognitive/behavioral function in
animal models is that the assays of specific functions typically differ along many
dimensions. Under the general category of tasks which assess learning and memory, one
might assay working memory in a radial arm maze with food reward, spatial cognition in a
Morris water maze, and long term memory in fear conditioning with shock, and sustained
attention in a vigilance task in an operant chamber. If one finds that a manipulation affects
one type of task but not others it is typically interpreted as indicating a difference in specific
cognitive function. However, the tasks also differ in the perceptual demands of contextual
and punctuate stimuli; the nature of the response that is measured, the motivational system
activated by the task, and the history of exposure and training required to perform each task.
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Thus, accurate characterization of deficits in cognitive function is complicated by this kind
of heterogeneous testing strategy. By focusing on variants of basic interval timing tasks, it is
possible to hold motivational and task requirements constant while assaying specific
cognitive processes using the same basic methodology in which mice press a lever to earn a
reward. In addition, there is a rich empirical and theoretical literature from which to draw for
the purposes of designing experiments and analyzing data that can be used to study the roles
of specific cognitive processes in interval timing. This approach has great potential as a tool
for isolating the effects of genetic or other manipulations on specific cognitive processes in
animal models of schizophrenia.

We have recently used this approach to characterize the cognitive/behavioral deficits in a
transgenic mouse model of the negative and cognitive symptoms of schizophrenia. In an
effort to model the increased occupancy and density of striatal D2 receptors in patients
discussed above, Kellendonk et al. (2006) generated transgenic mice which selectively and
reversibly overexpress DA D2 receptors in the striatum congenitally, modeling
developmental overexpression or hyperactivity of D2 receptors in patients. The mice display
a 15% increase in binding capacity compared to their control littermates, similar to the
increase in D2 activity observed in patients with schizophrenia (Laruelle, 1998). In addition,
Kellendonk et al. demonstrated that developmental overexpression of striatal D2 receptors is
sufficient to produce persistent deficits in PFC function, as D20E mice have increased DA
levels, decreased DA turnover, and greater D1 receptor activation in the PFC. The increased
striatal D2 activity, coupled with the PFC dysfunction in this model, make the D20E mouse
an excellent tool for the study of the cognitive deficits in schizophrenia, including their
molecular underpinnings.

We first tested the D20OE mice on an interval timing task (Drew et al., 2007) known as the
peak interval procedure (Roberts, 1981). This procedure assesses how well the mice can
time the duration of an ongoing interval. On some trials, called fixed interval (FI) trials, the
trial begins with insertion of a response lever into the conditioning chamber and mice are
rewarded for the first response that occurs after a fixed interval (e.g., 24 s) has elapsed. This
procedure produces a low response rate at the beginning of the trial, followed by an
increasing likelihood of responding as the target time is approached. Once the mice are well
trained on FI trials, peak trials are introduced. On these trials, the trial begins with insertion
of the response lever as in FI trials, but the reward at the usual time is omitted and the trial
continues for much longer than usual. On these peak interval trials, the rate of responding
across the trial gives an indication of how accurately the mouse is able to time the temporal
interval on FI trials. Generally, the average rate of responding increases up to a peak at or
around the usual time of reinforcement, and then decreases (e.g., Roberts, 1981). The
resulting response distributions can be subjected to quantitative analysis to extract measures
of timing performance. The height of the response rate distribution indexes motivation, the
location of the maximal rate of responding gives an index of how accurately the mice were
able to time the temporal interval, and the spread of the response rate distribution is a
measure of the precision (variability) of interval timing. As shown in Figure 2A, D20OE mice
performed worse on this task than control mice. Specifically, the performance of D20E
mice indicated decreased motivation (lower overall response rates), less accurate (peak
shifted to the right of controls) and more variable (broader response rate distribution)
interval timing (see Drew et al., 2007, for statistical analyses). The source of the increased
timing variability in D20OE mice is uncertain. According to Scalar Expectancy Theory, the
most prominent theoretical account of interval timing, there are several sources of possible
variability, including variability in the generation of the temporal signal, transfer of
information about interval duration from working to reference memory, and in response
thresholds (Gibbon, 1977; Gibbon & Church, 1984; Gibbon & Church, 1992).
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The interval timing deficit in D20OE mice could arise from a number of cognitive
impairments. The evidence of decreased motivation, however, poses problems for
interpretation of the results from the peak interval procedure because the index of timing is
response rate, and response rate is greatly influenced by motivational factors (e.g., Roberts,
1981), making it difficult to separate motivational from cognitive deficits. Furthermore, in a
subsequent experiment (Ward et al., 2009), we explicitly manipulated motivation in the peak
interval procedure and found that accuracy and precision of interval timing was modulated
by motivation in both control and D20OE mice. Figure 2B shows that decreasing the
percentage of rewarded FI trials decreased motivation to respond (peak height) and precision
of timing (peak spread) for both control and D20OE mice. Note that controls rewarded on
10% of the FI trials time as poorly as D20OE mice rewarded on 100% of FI trials (see Ward
et al., 2009 for details). These data strongly suggest a motivational contribution to the timing
deficits observed in the peak procedure in D20OE mice.

It is possible to separate deficits in interval timing that result from motivational impairments
from those that result from cognitive impairments by using an alternate method for studying
timing called the temporal bisection procedure (Church & Deluty, 1977). In the temporal
bisection procedure, at trial onset a sample (e.g., tone) is presented for either a short (e.g., 2
s) or long (e.g., 8 s) duration. Following sample presentation, response levers are presented
and responses on one lever are only rewarded following presentation of short samples while
responses on the other lever are only rewarded following presentation of long samples. Once
performance with these anchor durations is learned, mice can be tested on trials in which
intermediate duration samples are presented. Accuracy and precision of interval timing
performance can be assessed by examining the proportion of choices to the lever
corresponding to a “long” sample duration as a function of sample duration. Once
performance is stable, the proportion of responses to the long choice option is generally an
increasing sigmoidal function of sample duration (Church & Deluty, 1977). The slope of this
function indicates precision of interval timing, while the point on the function that
corresponds to 50% long choices, or the point of subjective equality, gives an estimate of the
accuracy of interval timing. Because only a single response is required each trial,
performance in the bisection task is not as affected by motivation to respond as the peak
interval procedure.

We tested D20OE and control mice on the bisection task with anchor durations of 6 and 24 s
(Ward et al., 2009). As shown in Figure 2C, the proportion of responses to the “long” lever
is low for both genotypes at the shortest sample duration, and increases with increasing
sample duration, indicating that choice responding was under control of the temporal
durations. The flatter function for D20OE mice indicates that they were less accurate at
categorizing the long sample durations than controls. In fact, they do no better than chance
at classifying the longer interval. To verify this selective impairment on longer duration
samples, we again assessed interval timing performance in the bisection task, but changed
the anchor durations to 2 and 8 s. With this arrangement, there was no difference between
performance of D20OE mice and controls (Figure 2D). This profile of results suggests that
the interval timing deficit in D20OE mice is in accurately processing temporal information
over longer intervals, a difficulty which could arise from impaired working memory or
sustained attention. The interpretation of these results as evidencing a deficit in working
memory may be supported by results showing that D2OE mice are slower to acquire a
working memory task in a t-maze and radial arm maze paradigm (Kellendonk et al., 2006),
although it is not possible to rule out a more general learning impairment as the source of
this acquisition deficit.

Interval timing procedures can be readily modified to isolate sustained attention and
working memory function. Sustained attention can be studied using variants of either the
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peak or the bisection procedures. For example, Buhusi and Meck (2006) assessed sustained
attention in the peak procedure in rats by presenting distractors, which consisted of
presentation of several seconds of white noise during regular peak interval trials. On these
trials, the peak of the response rate function was shifted to the right of the function from
peak trials without distractors, indicating that the distractors diverted attention away from
the to-be-timed interval. Ward and Odum (2007) employed a similar manipulation in the
bisection procedure with pigeons and found that distraction (houselight flashing on and off
during sample presentation) disrupted accuracy selectively on long sample trials, indicating
that attention was diverted from the temporal sample stimuli during distraction, so that long
samples were incorrectly perceived as short. Using these types of manipulations, differences
in sustained attention can be ascertained.

Working memory can be assessed in a variant of the peak interval procedure known as the
gap procedure. The gap procedure is a typical peak procedure with FI and peak trials, except
that on some peak trials, the to-be-timed interval is interrupted for some amount of time (the
gap) after which it continues (Church, 1984). Typically, on gap trials the response rate
increases before the gap, decreases during the gap, and then increases again and peaks at a
time that is displaced relative to the peak time on peak interval trials without gaps (Buhusi &
Meck, 2006). The magnitude of this displacement has been taken as a reflection of the rate
of decay of temporal information in working memory and has been shown to be sensitive to
manipulation of gap duration (e.g., Cabeza de Vaca et al., 1994).

Further support for the involvement of working memory in the gap procedure comes from a
study by Meck, Church, and Olton (1984) in which they assessed the effects of lesions of the
fimbria fornix on interval timing in the gap procedure in rats. This manipulation disrupts
normal hippocampal function, and while it has been reported to produce a number of
behavioral effects, the most commonly reported are memory impairments, including
impairments in spatial working memory (e.g., Galani et al., 2002; Meck et al., 1984). On
peak trials, rats showed a peak time at about 20 s, the time at which reward was available on
FI trials. During gap trials, 10 s after it began, the to-be-timed signal was interrupted for 5 s.
On these trials, the peak time of control rats was shifted about 5 s later than in trials without
a gap. By contrast, the peak time of rats with fimbria fornix lesions was shifted about 15 s
later than the usual peak time (the duration of the pre-gap interval + the gap), indicating
degraded memory for the 10 s pre gap interval. Thus, the gap procedure appears sensitive to
manipulations that affect maintenance of working memory, and is likely to be a useful
method for assaying working memory function in animal models of schizophrenia and for
screening potential pharmacotherapies. For example, Buhusi and Meck (2007) reported that
acute administration of the atypical antipsychotic clozapine (2 mg/kg) improved the ability
of rats to maintain the duration of the pre gap interval in working memory, evidenced by a
decreased magnitude of peak displacement compared to saline treated rats. Although the
data on cognitive enhancement by clozapine and other atypical antipsychotics in
schizophrenia are mixed (e.g., Keefe et al., 2005; McGurk et al., 2005; Meltzer & McGurk,
1999), thereby making the applicability of these results to schizophrenia unclear, these
results nevertheless illustrate that cognitive processes of interest in the study of
schizophrenia are amenable to elucidation and pharmacological manipulation in interval
timing procedures.

Deficient timing and positive symptoms in schizophrenia

The position taken in the present review is that deficits in cognitive processes, such as
working memory and sustained attention, can lead to the behavioral manifestation of
impaired interval timing in schizophrenia. We also suggest that, in turn deficient temporal
information processing may contribute to a wide range of positive symptoms associated with
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schizophrenia. Deficient temporal information processing would lead to dysfunctions in the
timing or sequencing of mental activity and behavior, producing some classical symptoms of
schizophrenia, such as delusions and disorganized behavior (Andreason et al., 1999; Carroll
et al., 2008). To illustrate how distorted timing could produce positive symptoms, consider
delusional thinking. Distortions in the perception of temporal intervals could lead to failure
to correctly perceive the temporal sequence of contiguous events. This in turn could lead to
a failure to ascribe volitional control to one’s own actions (lack of agency) or confusion
regarding the consequent relation between one’s actions and the outcome of those actions
(e.g., flipping a light switch turns on the light), giving the illusion of lack of control by the
individual and control by some other entity, a common aspect of paranoid delusional
thinking in schizophrenia (Coltheart, Langdon, & McKay, 2010; Hirjak & Fuchs, 2010;
Waters & Jablensky, 2009). Given the critical role of dopaminergic signaling in interval
timing, together with the documented dopaminergic dysfunction in schizophrenia, this
interpretation may be consistent with current conceptualizations of the involvement of
dysfunctional dopaminergic signaling in producing positive symptoms via aberrant
attribution of incentive salience to otherwise irrelevant stimuli or abnormal reward
processing (e.g., Heinz & Schlagenhauf, 2010).

If timing and symptoms are causally related in schizophrenia, one might expect a correlation
between severity of positive, negative, and cognitive symptoms and the severity of timing
impairment. The few studies we are aware of that have assessed correlations between
symptoms and timing performance have found no correlation between symptoms scores on
the Positive and Negative Syndrome Scale (PANSS) or general estimates of intellectual
functioning and timing performance (Carroll et al., 2008; Carroll et al., 2009a, 2009b).
Given that the most robust timing impairment is increased variability of timing, combined
with the heterogeneous nature of the presentation of symptoms in schizophrenia across
patients, this result is perhaps not surprising. Future studies should correlate indices of
timing with individual indices of performance on tasks which measure specific cognitive
functions such as working memory and sustained attention. In addition, because interval
timing is a sensitive screen for cognitive functioning it may serve as a useful assay for
assessing the efficacy of cognitive enhancing treatments in schizophrenia. For example, it
would be interesting to assess whether successful treatment of working memory or sustained
attention impairments improves performance on interval timing tasks in patients. These
types of studies will clarify the nature of the relationship between interval timing and the
cognitive symptoms of schizophrenia.

Conclusions

It must be noted that the neuropharmacology of timing is complex (Bizot, 1997; Hampson et
al., 2010; Popke et al., 2000; Ward & Odum, 2005; Ward et al., 2009), as is the
neuropharmacology of schizophrenia (Allen et al., 2008). We focused on D2 receptors in the
present review due to their implication in the pathophysiology of schizophrenia and their
prominent empirical role in modulating interval timing behavior as well as in the key role
they are thought to play in current neurobiological models of timing. However, a number of
other neurotransmitter systems have been implicated in timing behavior, including the
serotonergic (see Hampson et al., 2010, for review), nicotinic and muscarinic acetylcholine
(Bizot, 1997; Ward et al., 2009), opioid (Popke et al., 2000; Ward & Odum, 2005), as well
as the glutamatergic and the gabaergic systems (Popke et al., 2000). Our use of the D20OE
model is meant to provide an example of how the methodology used to study interval timing
can be applied to characterize the nature of cognitive deficits in animal models of
schizophrenia-not to imply that other neurotransmitter systems are uninvolved in timing.
Indeed, because interval timing depends on many aspects of corticostriatal functioning, the
method proposed is a general framework and is equally applicable to all animal models of
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schizophrenia as well as other models of psychiatric disease that share a common
neurobiological substrate with interval timing, not only those with a strong dopaminergic
component.

In conclusion, we propose several reasons for why a focus on temporal information
processing, with a specific focus on interval timing, will be beneficial in understanding the
cognitive deficits associated with schizophrenia: 1) patients with schizophrenia have deficits
in interval timing, 2) the neural circuitry implicated in interval timing and schizophrenia has
substantial overlap, 3) interval timing depends on cognitive processes that are impaired in
schizophrenia, 4) impaired timing can contribute to other positive and cognitive symptoms
and 5) the methodological and theoretical approaches used to study interval timing provide a
powerful means for studying deficits in specific cognitive processes in animal models of
schizophrenia.

Patients with schizophrenia show deficits in interval timing
The neural circuits affected in schizophrenia and mediating interval timing overlap
Studying interval timing is a powerful strategy to understand cognition

Animal models are well suited to do this.
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