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Theoretical models suggest that symptoms of schizophrenia may be due to a dysfunctional
modulatory system associated with the cerebellum. Although it has long been known that the
cerebellum plays a critical role in associative learning and motor timing, recent evidence
suggests that it also plays a role in nonmotor psychological processes. Indeed, cerebellar
anomalies in schizophrenia have been linked to cognitive dysfunction and poor long-term
outcome. To test the hypothesis that schizophrenia is associated with cerebellar dysfunction,
cerebellar-dependent, delay eye-blink conditioning was examined in 62 individuals with
schizophrenia and 62 age-matched non-psychiatric comparison subjects. The conditioned
stimulus was a 400 ms tone, which co-terminated with a 50 ms unconditioned stimulus air
puff. A subset of participants (25 with schizophrenia and 29 controls) also completed the
Wechsler Abbreviated Scale of Intelligence. Participants with schizophrenia exhibited lower
rates of eye-blink conditioning, including earlier (less adaptively timed) conditioned response
latencies. Cognitive functioning was correlated with the rate of conditioned responsing in the
non-psychiatric comparison subjects but not among those with schizophrenia, and the
magnitude of these correlations significantly differed between groups. These findings are
consistent with models of schizophrenia in which disruptions within the cortico-cerebellar-
thalamic-cortical (CCTC) brain circuit are postulated to underlie the cognitive fragmentation
that characterizes the disorder.
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1. Introduction

Accumulating theoretical and empirical evidence suggests
that schizophrenia may be associated with a fundamental
disturbance in the timing of neural processes (Andreasen et al.,
1998; Friston, 1998; Green and Nuechterlein, 1999; Tononi and
Edelman, 2000; Bressler, 2003; Paulus and Braff, 2003;
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Andreasen and Pierson, 2008). This putative deficit in the
temporal coordination of information processing in the brain,
sometimes referred to as cognitive dysmetria (Andreasen et al.,
1998; Andreasen and Pierson, 2008), may lead to disturbances
of consciousness as well as poor coordination of perceptual,
affective, cognitive, and motor processes.

Although the cerebellum has traditionally been viewed as
primarily responsible for the coordination of voluntary move-
ment, gait, and posture, compelling evidence is accumulating
that it also may play a role in a wide variety of psychological
functions – including cognitive and affective processes (e.g.,
Ivry and Keele, 1989; Leiner et al., 1993; Schmahmann and
Sherman, 1998; Schmahmann, 2001a,b; Katz and Steinmetz,
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2002; Schmahmann, 2004). The cerebellum is an especially
important target of study in schizophrenia because abnorm-
alities in a cortico-cerebellar-thalamic-cortical (CCTC) brain
circuit are a possible source of anomalies in the fluidity of
behavior across time in the disorder (Andreasen et al., 1998;
Andreasen and Pierson, 2008). A variety of cerebellar struc-
tural anomalies have been observed in schizophrenia, some of
which have been associated with cognitive deficits, clinical
symptoms, and outcomes (Nopoulos et al., 1999; Wassink et
al., 1999; Ichimiya et al., 2001; Ho et al., 2004; Okugawa et al.,
2006), providing further support for the cognitive dysmetria
theory of schizophrenia (Andreasen, 1999). However, results
to the contrary have also been reported (Wang et al., 2003).

Although results from these structural studies offer
support for the theory that cerebellar abnormalities con-
tribute to cognitive dysmetria in schizophrenia (Andreasen,
1999; Andreasen and Pierson, 2008), very little is known
about the functional integrity of the cerebellum in the
disorder nor is much known about neural mechanisms that
may provide valuable insight into the known functional
deficits in schizophrenia. The evidence that schizophrenia is
associated with cerebellar abnormalities is especially inter-
esting given that the cerebellum appears to play a funda-
mental role in the timing of neural processes associated with
not only response timing (e.g., Ivry et al., 1988; Ivry and Keele,
1989; Fiala et al., 1996; Steinmetz, 2000; Spencer et al., 2003),
but also perceptual, and cognitive functioning (e.g., Ivry and
Keele, 1989; Leiner, Leiner, and Dow, 1991; Katz and
Steinmetz, 2002). For example, the cerebellum has been im-
plicated in a variety of cognitive domains, including working
memory and executive control, inner speech, attention,
mental imagery, and emotion (see Baillieux et al., 2008, for
review). Moreover, patients with cerebellar lesions show
deficits in timing tasks (Ivry et al., 1988; Ivry and Keele, 1989)
and sometimes exhibit symptoms that are remarkably similar
to those seen in schizophrenia, including impaired visuospa-
tial memory, blunted affect or disinhibited, contextually
inappropriate behavior, impaired executive function, and
inattention (Schmahmann and Sherman, 1997, 1998).

The potential importance of the cortico-cerebellar-thala-
mic-cortical circuit (CCTCC) in schizophrenia is further
underscored by the fact that feedback and feedforward
loops are widely known to connect the cerebellum with
areas of the brain implicated in the disorder, including the
thalamus, limbic system (Anand et al., 1959; Snider et al.,
1976), and prefrontal cortex (Schmahmann and Pandya,
1995). Taken together, these findings and the connectivity
of the cerebellum with brain areas affected in schizophrenia
implicate cerebellar dysfunction in the disorder. However,
despite the evidence supporting the CCTCC model of schizo-
phrenia, the specific functional abnormalities of the cerebel-
lum in schizophrenia are unclear. This lack of knowledge was
an impetus for this study of cerebellar-dependent eye-blink
conditioning (EBC) in schizophrenia.

The neural circuitry associated with EBC is distinct and
well characterized. While structures besides the cerebellum
modulate CR acquisition and performance in the delay
version of EBC (e.g., the amygdala, septum, and hippocampus;
Christian and Thompson, 2003), only the cerebellum is
critical for performance in short interval, delay classical EBC
(Steinmetz, 2000; Lavond, 1993; Kim and Thompson, 1997;
Christian and Thompson, 2003). Furthermore, the magnitude
of conditioning is related to the morphology and volume of
the cerebellum in humans (Woodruff-Pak et al., 2000) and,
thus, could be altered by structural anomalies observed in
schizophrenia. Consistent with the theoretical and empirical
evidence of a role for the cerebellum in neural timing and
psychological processes, functional abnormalities in cerebel-
lar-mediated EBC have been reported in psychiatric disorders
with cognitive, perceptual, and affective symptoms, including
bipolar disorder (Bolbecker et al., 2008) and schizophrenia
(Spain, 1966; Sears et al., 2000; Hofer et al., 2001; Marenco et
al., 2003; Brown et al., 2005). However, the specific nature of
delay EBC findings in schizophrenia has been contradictory in
the smaller patient groups studied to date. Impaired acquisi-
tion has been reported (Hofer et al., 2001; Brown et al., 2005)
while other studies have reported no differences (Marenco et
al., 2003) or facilitated conditioning (Spain, 1966; Sears et al.,
2000). In addition, both longer (Marenco et al., 2003) and
shorter (Brown et al., 2005) response onset and peak laten-
cies have been reported. Because these conflicting results may
be due to insufficient sample sizes or methodological differ-
ences, this study was undertaken to further characterize EBC
in schizophrenia.

Given that the cerebellum is critical for the acquisition and
timing of EBC (Steinmetz, 2000) and the cognitive dysmetria
model posits that cerebellar abnormalities are related to
cognitive deficits in schizophrenia (Andreasen et al., 1998;
Andreasen and Pierson, 2008), EBC deficits may be associated
with cognitive performance in schizophrenia. In healthy
people, cerebellar volume is positively correlated with both
intelligence (Andreasen et al., 1993; Paradiso et al., 1997) and
themagnitude of eye-blink conditioning (Woodruff-Pak et al.,
2000). However, to our knowledge, neuropsychological
correlates of EBC in schizophrenia have not been explored.
Hence, a secondary goal of this study was to examine the
relationship between intelligence and EBC in schizophrenia.

The present paper reports findings from a large sample
of schizophrenia patients (N=62) and age-matched controls
(N=62). The major hypothesis, based on empirical and theo-
retical evidence, was that the schizophrenia group would
manifest impaired learning (i.e. fewer conditioned responses)
and abnormally timed conditioned responses (i.e. earlier res-
ponse latencies). In addition, a subset of participants under-
went neuropsychological testing. We predicted that cognitive
performance would be positively correlated with conditioned
response acquisition.

2. Methods

2.1. Participants

Participants were 62 individuals (23 women) with DSM-
IV schizophrenia and 62 age-matched non-psychiatric
healthy controls (32 women). Controls were matched to a
corresponding schizophrenia participant if their ages were
within 2 years of each other. Diagnostic status was deter-
mined using the Structured Clinical Interview for DSM-IV Axis
I Disorders (SCID-I) sections for mood disorders, psychotic
disorders, and substance abuse disorders, and chart review.
Symptom severity was assessed using the Positive and
Negative Syndrome Scale (PANSS; Kay et al., 1987). The
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two-subtest form of the Wechsler Abbreviated Scale of In-
telligence (WASI) was administered to a subgroup of patients
(N=29) and controls (N=25). This version includes Matrix
Reasoning and Vocabulary and yields an estimate of full-scale
IQ. All assessments were administered within a week of eye-
blink conditioning. The study procedures were approved
by the Indiana University's Human Subjects Institutional
Review Board and written informed consent was obtained
from all participants.

As expected, given the age-matching procedure, the mean
age of schizophrenia participants (39.82 years, SD=9.54) did
not differ from controls (39.85 years, SD=9.99), t(122)=0.02,
p=0.99. Inclusion criteria were completion of grade school
level education, normal or corrected to normal hearing and
vision, no history of cardiovascular or neurological disease, and
no history of head injury that resulted in loss of consciousness.
Participants whomet criteria for substance dependencywithin
threemonths prior to testingwere not considered for the study.

Twelve individuals with schizophrenia were off psychotro-
pic medications (antipsychotics, mood stabilizers, and anti-
depressants) at the time of testing. All of the remaining 50
schizophrenia participantswere on antipsychotics (34 atypical,
7 typical, 9 both), 9 were on mood stabilizers, 18 were on
extrapyramidal medications, 17 were on SSRI or tricyclic anti-
depressants, and 9 were on mood stabilizers.

2.2. Eye-blink conditioning procedure

Participants completed a single-cue tone delay eye-blink
conditioning task. The conditioned stimulus (CS)was a 400ms,
1000Hz(80dBSPL) tone,which, onpaired trials, co-terminated
with a 50msair puff, the unconditioned stimulus (US). Subjects
were presented with 8 US-alone trials (ITI=15 s), followed
by 10 blocks of conditioning trials (mean ITI=15 s; range=10
to 20 s). Each trial block consisted of 9 CS/US paired trials and 1
CS-alone trial. The extinction phase consisted of 25 randomly
presented CS-alone and 25 US-alone trials (mean ITI=15 s;
range=10–20 s). To maintain the participants' attention
throughout the experiment, neutral photographs selected
from the International Affective Picture System (Lang and
Greenwald, 1988) were presented (2 s duration) between each
trial and participants rated the pleasantness of the images by
pressing a response pad button. In addition, participants were
observed via a closed circuit monitor to ensure that their eyes
remained open. The experiment was briefly suspended if signs
of fatigue were observed so that the examiner could interact
with the participant.

2.3. Procedure

Bipolar eletromyographic (EMG) electrodes (4 mm Ag/Ag–
Cl), one placed 1 cm below the eyelid and centered with the
pupil and the other placed 1 cm below the lateral cantus, were
used to record eye-blinks from the orbicularis palpebrarum
muscle of the left eye. A ground electrode was placed on the
forehead. The left eye was presented with a US air puff (50 ms,
10 lb psi at source) delivered via copper tubing (fused to the rim
of lens-less glasses) connected to a regulator delivering air via
plastic tubing (120″). The CS tone was delivered via ear inserts
(E-A-RLINK – Aearo Company Auditory Systems). EMG record-
ings were made continuously (2.5 KHz A/D rate; high pass
filter=1Hz; lowpassfilter=500Hz; gain=1000) throughout
the experiment and stored offline.

2.4. Data analysis

Continuous data files for each subject were divided into
1086ms epochs starting 500ms prior to CS onset. After a 10 Hz
(6 dB/octave) high pass filter was applied, the data were
rectified and smoothed using a 41-point Gaussian weighted
moving average. Data were entered into DataMunch, a Matlab
computer program purposely written for eye-blink condition-
ing data analysis (unpublished data by King DAT and Tracy J,
available upon request from Hetrick WP) was used for further
eye-blink conditioning analysis. Alpha responses, which are
reflexive, non-associative orienting EMG responses to the tone
CS, were assessed between 25 and 100 ms after CS onset. On a
subject-by-subject basis, responses were recorded as blinks if
the amplitude exceeded five standard deviations above the
baseline (baseline window for each trial=125 ms prior to CS
onset). Conditioned responses were recorded if the blink
occurred between 100 and 350 ms after CS onset, which
corresponded to a period beginning 250ms before the onset of
the US. The onset latency was calculated as the point in time
where the conditioned response exceeds 0.5 standard devia-
tions from the baseline. The peak latency is the time point for
the maximal value for that conditioned response. Spontaneous
blinks occurring within a window from 75 ms prior to CS
presentation to 25ms following CS onset relegated the trial as a
bad trial and it was excluded from further analysis. There were
no significant differences between groups on number of bad
trials.

The effects of Group (schizophrenia, controls) and Block
(10) were evaluated for all eye-blink conditioning measures
using 2×10 repeated measures ANOVAs. Bad trials were used
as a covariate in CR analyses after Marenco et al. (2003) but
this did not alter the reported results.

Results of the major dependent variables are reported with
their corresponding effect sizes in the form of partial eta2 (ηP2):
small effect sizes are less than 0.06; moderate effect sizes
range from 0.06 to 0.14; large effect sizes are greater than 0.14
(Cohen, 1973).

Associations between EBC primary dependent variables
and WASI scores were assessed using bivariate correlations.
The resulting Pearson's r coefficients for each groupwere then
transformed to z-scores using Fischer's transformation. These
values were then transformed into a standardized score in
order to assess whether the magnitude of the correlation
differed between groups.

3. Results

3.1. Characterization of raw EMG data

The grand averaged EMG data from all paired con-
ditioning trials are plotted by group in Fig. 1. A temporal
schematic of the relationship between the tone CS and air
puff US is shown below the x-axis. The boxed inset con-
tains the CR window, which is followed in the main figure
by a prominent deflection; this large amplitude deflec-
tion is the unconditioned blink response to the air puff.
These averaged raw data illustrate that schizophrenia was



Fig. 1. Grand averaged trial-by-trial EMG data for all trials for the healthy control (upper panel) and schizophrenia (lower panel) subjects. The 400 ms conditioned
stimulus (CS) co-terminates with the 50 ms (10 psi) air puff. Both groups developed conditioned responses (CRs) as the experiment progressed, as can be seen in
the period just prior to unconditioned stimulus (US) onset (indicated by the boxed inset), but the schizophrenia group exhibited fewer andmore poorly timed CRs
compared to controls.
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associated with less EMG activity in the conditioned
response window compared to the healthy control group,
as indicated by the increased light blue and green regions
in the boxed inset for the controls relative to the schi-
zophrenia group. Comparing the insets, it is apparent that
in the final blocks of the experiment control subjects
exhibited CR activity on more trials than the schizophrenia
group, and that this activity occurred on most of these later
trials and was greater in amplitude (i.e., lighter blue and
green areas) compared to individuals with schizophrenia.
Moreover, these higher amplitude areas were aggregated
towards the onset of the US in the control group, indicating
that this was when peak eyelid closure tended to occur.
This feature is notably absent from the data from the par-
ticipants with schizophrenia. These observations are fur-
ther emphasized in Fig. 2, which averages the CRs within
each of the 10 trial blocks together into a single trace for
each block, making CR activity more apparent. However,
it should be noted that grand averaged representations of
the data in Figs. 1 and 2 differ from the quantitative results
described below because the latter are based on infor-
mation extracted on a trial-by-trial basis within subjects.



Fig. 2. Block averages derived from the grand averaged trial-by-trial EMG data shown. Single traces represent CR activity for each of the 10 trial blocks, with data
from the healthy control participants shown in the left panel and data from the schizophrenia group in the right panel. CR amplitude and timing are more robust
and consistent by the end of the experiment in the control group as compared to the schizophrenia group.
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Temporal features of the CRs derived from the quantitative,
subject-by-subject analyses are graphically illustrated in
Fig. 3B, where it can clearly be seen that peak CR latencies
remain short in schizophrenia as the task progresses. In
contrast, the peak CR latencies for the healthy controls
become longer and are timed to immediately precede the
onset of the US air puff. Table 1 shows the means and
standard deviations for important CR and UR variables for
the schizophrenia and control groups.

3.2. Baseline UR amplitude

In order to rule out blink performance differences bet-
ween groups as a source of differences in percentage of CRs,
responses to 8 US alone stimuli presented prior to the
conditioning phase of the procedure were analyzed. The
average peak UR amplitudes were higher in the schizo-
phrenia group compared to healthy controls (t(122)=
−2.21, p=0.03), suggesting that differences in CR rates
between groups are unlikely to be due to deficits in
sensorimotor processing or motor responding in the schizo-
phrenia group.

3.3. Bad trials analysis

The bad trial window exists to exclude trials where EMG
activity is increased immediately before (−75 ms) and
shortly after CS onset (+25 ms). If a subject exhibits EMG
blink activity during this interval, it is questionable whether a
conditioned response can be emitted immediately thereafter.
That is, spontaneous blinks occurring immediately prior to
and following CS onset (i.e., in the “bad trial” window), may
interfere with the subsequent execution of a conditioned
response. Blinks recorded in the “bad trial” window are
considered spontaneous blinks because they occur too early
in reference to CS onset to be considered either tone-related
or conditioning-related. Accordingly, the number of “bad
trials” can be used as a rough index of spontaneous blink rate.
The average number of “bad trials” rejected from analysis did
not differ between groups, t(122)=−1.494, p=0.14.

3.4. Acquisition

3.4.1. Conditioned responses

3.4.1.1. Percent CRs. Examination of the difference in CR
acquisition between the schizophrenia and control groups
indicated that although both groups showed learning as
evidenced by increased CR incidence across successive blocks,
the schizophrenia group had consistently poorer performance
relative to the control group (Fig. 3A). In accordance with
these observations, there was a main effect of both Block,
F(9)=18.21, pb0.001, ηP2=0.59, and Group (schizophrenia
vs. controls), F (1)=17.47; pb0.001, ηP2=0.13. The Group×
Block interaction was not significant.

3.4.1.2. CR peak latency. As learning occurs across the
conditioning session, the timing of the CR should shift tomore
precisely approximate the onset of the air puff; hence, CRs
which occur shortly after CS onset are considered less adaptive
compared to CRs occurring later and immediately prior to US
onset. Results showed that CR peak latency increased across
blocks for both groups, F(9)=6.79, pb0.001, ηP2=0.35, but
the schizophrenia group's latencies were consistently shorter,
F(1)=4.18, pb0.05, ηP2=0.03 (see Fig. 3B). The Block×Group
interaction was not statistically significant.

3.4.1.3. CR amplitude. Overall, the amplitudeof CRs increased
as the experiment progressed, F(9)=2.69, pb0.01, ηP2=0.18.
The groups did not differ in amplitude.



Fig. 3. Mean+SE across blocks for CR and UR primary dependent variables. (A) Comparison of Percent CRs for schizophrenia and healthy control groups. Both
groups showed evidence of learning, as indicated by an increase in CR incidence as the experiment progressed, but the schizophrenia group had fewer CRs
throughout the experiment. (B) Comparison of CR Peak Latency for schizophrenia group compared to healthy controls. Schizophrenia patients had faster CR
latencies than healthy controls, indicating less adaptively timed responses. (C) Comparison of UR peak amplitude for healthy control and schizophrenia groups.
Amplitude decreased for both groups as the experiment progressed, but the schizophrenia group had larger amplitudes compared to the healthy control group. (D)
UR peak latency across blocks in schizophrenia and healthy control groups. UR latency decreased for both groupswith experience, but the schizophrenia group had
significantly slower UR latencies.
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3.4.2. Unconditioned responses

3.4.2.1. UR peak amplitude. UR amplitude decreased as the
experiment progressed when all participants were considered
together, F(9)=12.73, pb0.001, ηP2=0.50, an effect readily
observed in Fig. 3C. Schizophrenia patients had significantly
higher UR amplitudes compared to controls, F(1)=6.38,
pb0.05, ηP2=0.05. The Group×Block interaction was not
significant.
Table 1
Means and standard deviations for healthy control and schizophrenia groups
on CR and UR variables.

Number of
participants

Percent
CRs

CR peak
latency
(ms)

UR peak
amplitude
(μV)

UR peak
latency
(ms)

Healthy controls N=62 58.22 266.86 34.60 72.86
(26.85) (46.16) (18.89) (22.19)

Schizophrenia N=62 42.02 256.98 51.00 79.76
(27.67) (56.07) (52.69) (23.51)
3.4.2.2. UR peak latency. UR peak latency decreased as the
experiment progressed, main effect of block: F(9)=5.94,
pb0.001, ηP2=0.32. The schizophrenia group had signifi-
cantly slower UR latencies, F(1)=4.34, pb0.05, ηP2=0.03,
but there was no Block×Group interaction (see Fig. 3D).

3.5. Extinction

3.5.1. Conditioned responses
Data were available for extinction trial for 54 schizo-

phrenia patients and their age-matched controls. This sample
size was reduced because the remaining patients in the
schizophrenia sample did not undergo extinction but instead
experienced a shift in the interstimulus interval (ISI), and
those data will be reported in a separate study.

3.5.1.1. Percent CRs. The number of CRs declined as the
extinction trials progressed, F(4)=19.31, pb0.001, ηP2=0.43.
Schizophrenia patients had a fewer CRs during the extinc-
tion phase, a difference that was significant at the trend



Fig. 4. Scatter plots showing the relationships between IQ and conditioning in healthy controls (left) and in schizophrenia (right).
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level, F(1)=3.74, p=0.06 (ηP2=0.03). However, there was
no interaction between block and group, which suggests that
the groups did not differ in their rate of extinction (Fig. 3A).
However, comparing percent CRs during the 2 different
learning conditions of the experiment using a 2 (acquisition,
extinction)×2 (Healthy Controls, Schizophrenia) repeated
measures ANOVA yielded main effects of Condition, F(1)=
8.85, pb0.01 (ηP2=0.08), and of Group, F(1)=9.15, pb0.01,
(ηP2=0.08), as well as an interaction, F(1)=5.76, pb0.05,
(ηP2=0.05).

3.5.1.2. CR peak latency. There was no main effect of Block
or Group and no Group×Block interaction (Fig. 3B).

3.5.1.3. CR peak amplitude. CRamplitudedecreased through-
out the extinction phase, F(4)=6.31, pb0.001 (ηP2=0.19), but
there was no difference between groups and no Group×Block
interaction.

3.6. Clinical and medication status

Averages for dependent variables in the 10-block acquisition
and 5-block extinction phases were computed to explore their
relationships with clinical and medication status using bivariate
correlational analyses. There were no significant correlations
between PANSS (positive, negative, or general scales) and any
averagesof EBCdependentvariables eitherduring theacquisition
or extinction phase. Likewise, chlorpromazine equivalent
dosages were not correlated with EBC dependent variables.
Moreover, when unmedicated schizophrenia patients (N=13)
were compared with age-matched controls on %CRs, there were
main effects of Block, F(9)=4.069, pb0.01, ηP2=.70, and Group,
F(1)=10.96,p=0.01,ηP2=0.31. For peak latency, therewas also
a main effect of block, F(9)=4.31, pb0.01, ηP2=0.71, and of
Group, F(1)=4.92, pb0.05, ηP2=0.17. It should be noted that
the effect sizes in these comparisons were greater in this
unmedicated sample than for the entire sample.

3.7. Correlations between neuropsychological and EBC variables

The schizophrenia and control groups who underwent
cognitive testing did not differ on age, t(54)=−0.123,
p=0.90. As inspection of Fig. 4 suggests, average %CRs was
statistically significantly correlated with the WASI intelligence
quotient in non-psychiatric comparison participants (r(29)=
0.43, pb0.05) but not in schizophrenia (r(25)=−0.185,
p=NS). Similarly, the Vocabulary subscale showed a positive
correlation with conditioned responses in controls (r=0.42,
pb0.05), but was not significantly associated with %CRs in
schizophrenia (r=− .244, p=NS). The Matrix Reasoning
subscale was not significant for either group. Fisher's r to z
transforms were computed so that the statistical difference
between the correlationswithin each group could be evaluated.
The IQ-%CRs correlations were significantly different (z=2.19,
pb .05), but the Vocabulary-%CRs correlations did not reach
significance (z=1.75, p=NS).

4. Discussion

The current findings are notable because of the clear
impairment in cerebellar-dependent eye-blink conditioning in
the schizophrenia group and the large sample size. Impairment
in the functional integrity of the cerebellum and associated
brainstem circuits that support eye-blink conditioning was
indicated by two primary findings. First, the schizophrenia
group produced significantly fewer conditioned responses;
second,when conditioned responseswere produced, theywere
timed unusually early compared with the onset of the US
air puff. These findings are consistent with models in which
cerebellar dysfunction may contribute to poor temporal
coordination of cognitive and perceptual processing in schizo-
phrenia (Andreasen, 1999; Andreasen and Pierson, 2008).

On the basis of an extensive animal and human literature,
the observed conditioning deficits in schizophrenia implicate
anomalies in both the cerebellar cortex and deep interpositus
nucleus, and, perhaps, the function of the Purkinje cells that
project from the cortex to the deep nuclei of the cerebellum.
Animal studies have shown that the critical CS–US association
occurs in the anterior interpositus nucleus (Yeo et al., 1985;
Steinmetz et al., 1992; Lavond, 2002), one of the deep
cerebellar nuclei. The cortex of the cerebellum is thought to
control the expression of conditioned responses and mod-
ulate both their timing and amplitude (Garcia and Mauk,
1998; Steinmetz, 2000; Steinmetz et al., 2002). The anterior



189A.R. Bolbecker et al. / Schizophrenia Research 111 (2009) 182–191
lobe, through Purkinje cells projecting to the interpositus,
appears to play a critical role in response timing, delaying the
onset of conditioned responses until just prior to the US onset
(Garcia et al., 1999; Perrett et al., 1993). For example, anterior
lobe lesions in rabbits caused previously acquired responses
to occur at a fixed, short latency (i.e., non-adaptive latency;
Perrett et al., 1993). Findings from these animal studies are
supported by studies in humans suggesting that abnormal-
ities in cerebellar structure are associated with eye-blink
conditioning abnormalities (Gerwig et al., 2005; Edwards
et al., 2008).

The observed impairment of cerebellar function is consis-
tent with previous reports of neurochemical and structural
cerebellar anomalies in schizophrenia. For example, decreased
density and size of Purkinje cells has been reported in
schizophrenia (Reyes and Gordon, 1981; Tran et al., 1998).
Post-mortem studies of schizophrenia have shown an up-
regulation of cerebellar extracellular signal-regulated kinase
(ERK), a protein involved in synaptic development, dendritic
growth, and cell death (Kyosseva, 2004). The overactivation of
this protein may play a role in neurodevelopmental brain
abnormalities in schizophrenia. Further, significant changes in
synaptic protein expression in the cerebellum of patients with
schizophrenia have been reported (Eastwood et al., 2001). In
addition, Reelin, a protein that modulates synaptic plasticity in
adulthood and embryonic cortical cell migration, has also been
widely reported to be decreased in the cerebellum of patients
with schizophrenia (Impagnatiello et al., 1998; Fatemi et al.,
2005). Interestingly, recent evidence suggests that peripheral
administration of the neuropeptide secretin, which is endo-
genously released in the cerebellum (Lee et al., 2005),
ameliorates eye-blink conditioning abnormalities in schizo-
phrenia (Bolbecker et al., 2009). This finding suggests secretin
could be deficient in schizophrenia and may have therapeutic
implications for improving cerebellar function.

The schizophrenia group produced fewer conditioned eye-
blink responses across the acquisition phase and, given the
central role of the cerebellum in delay eye-blink conditioning,
it seems likely that this deficit is related to abnormal cere-
bellar function. However, the absence of a group by block
statistical interaction raised the possibility that the origin of
these deficits may be non-cerebellar. For example, the
schizophrenia group may have had a preexisting deficit in
the performance of blinks rather than a cerebellar-mediated
eye-blink conditioning deficit per se. Two findings from the
present study further strengthen the inference of a cerebellar
source for the observed deficits by ruling out such a pre-
existing eye-blink performance deficit. First, the schizophre-
nia group did not differ from the healthy controls in the
performance of unconditioned blink responses to solitary air
puffs presented before the conditioning phase. In fact, there
was a trend for larger amplitude blinks in the patient group.
This result suggests that motor response characteristics in the
schizophrenia group were not responsible for the observed
conditioned response deficits. Moreover, an analysis of the
number of bad trials, an index of spontaneous blink rate,
indicated that there was no difference between groups. These
findings argue against a pre-conditioning blink performance
deficit in schizophrenia that could have accounted for the
observed conditioning abnormalities and strengthen the
interpretation that the observed findings suggest cerebellar
dysfunction in the disorder. Evidence that structural impair-
ments in the cerebellum are associated with schizophrenia
(Nopoulos et al., 1999; Wassink et al., 1999; Ichimiya et al.,
2001) and that patients with cerebellar lesions sometimes
exhibit symptoms associated with schizophrenia (Schmah-
mann and Sherman, 1997, 1998; Schmahmann, 2004) further
substantiate these conclusions.

While it seems likely that the observed deficits in EBC are
related to a failure in patients with schizophrenia to acquire a
cerebellar-mediated conditioned response, alternative expla-
nations for the observed findings exist. For example, although
schizophrenia patients demonstrated intact motor responses
by producing unconditioned blink responses, one possibility
is that the conditioned response signal is incorrectly relayed
to brainstem nuclei receiving output from the cerebellum in
schizophrenia, (e.g., red nucleus), resulting in a performance
deficit rather than an acquisition, or learning, deficit.

To our knowledge, this is the first study to report an
association between measures of intellectual functioning and
EBC in healthy people or lack of such a relationship in
schizophrenia. In the subset of participants who underwent
cognitive testing, the non-psychiatric controls showed a
positive correlation between conditioned response acquisi-
tion and full-scale IQ as well as verbal IQ, but schizophrenia
patients showed no significant correlation on either of these
measures. Our finding of a significant relationship between
cognitive measures and conditioning in healthy people is in
contrast with earlier reports that found no relationship (Sears
et al., 1994; Franks and Franks, 1962). No statistical results are
provided in Sears et al., but it is not unlikely that small sam-
ple size (N=11) may have contributed to the difference in
results. Franks and Franks (1962) tested 80 healthy partici-
pants and found no relationship, but again no statistics are
provided, so the exact nature of their findings is unclear.
Methodological differences in both IQ testing and EBC
procedures may have contributed to the discrepancy in
results between this early study and the results reported here.

Given the non-significant correlation in our schizophrenia
group, it may be that cognitive ability and EBC are only related
in healthy populations. Consistent with this interpretation, CB
volume is linked with IQ in healthy people (Andreasen et al.,
1993; Paradiso et al., 1997). Interestingly, a report by
Hermann et al. (2004) found that cerebellar volume is corre-
lated with eye-blink conditioning in healthy controls, (as has
been previously reported by Woodruff-Pak et al., 2000), but
not in temporal lobe epilepsy.

The relationships between cognitive function and EBC
reported here as well as between cerebellar volume and
conditioning reported elsewhere (Woodruff-Pak et al., 2000;
Hermann et al., 2004) are consistent with theoretical
evidence that the cerebellum is associated with higher
cognitive functions (Leiner et al., 1993; Katz and Steinmetz,
2002; Schmahmann, 2004; Baillieux et al., 2008). The reason
for a lack of association between cognitive measures and EBC
in schizophrenia is unclear. While it may be due to a range
restriction in %CRs, examination of Fig. 4 suggests this is not
the case. Instead, cerebellar deficits, indicated by impaired
EBC in schizophrenia in the present study, may indicate
altered functional relationships between brain regions con-
tributing to the CCTCC and therefore changed relation-
ships with respect to task performance. This interpretation
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is consistent with a study by Schlösser et al. (2003) reporting
both abnormal connectivity in the CCTCC and poorer
performance in schizophrenia relative to healthy controls
during a working memory task. The schizophrenia group had
reduced connectivity in prefrontal-cerebellar and cerebellar-
thalamic limbs of the CCTCC and enhanced connectivity in the
thalamo-cortical limb on a working memory task, which
was interpreted as supporting the cognitive dysmetria model
of schizophrenia (Andreasen, 1999; Andreasen and Pierson,
2008).

The conclusions reached from the present study are
inferential and more work will be necessary to further explore
cerebellar involvement in EBC in schizophrenia. Imaging
studies would be especially helpful in illuminating cerebellar
activity in schizophrenia compared with healthy people. In
addition, further research will be necessary to disentangle the
extent to which schizophrenia is associated with cerebellar-
mediated conditioned response acquisition versus pure pro-
duction deficits. For example, EBC procedures that place a
premium on temporal components of this task would be
informative in further investigations of cerebellar dysfunction
in schizophrenia. One such task, the interstimulus interval (ISI)
shift, is believed todependmoreon cerebellar cortex. Therefore,
if cerebellar deficits are indeed responsible for the present
results, schizophrenia patients should show a more pro-
nounced ISI shift deficit—irrespective of basal levels of CR
production—since the ability to shift conditioned responses to
the new ISI depends on cerebellar cortex. Hence, although the
schizophrenia group's basal rate of responding could be low in
the ISI shift task if there is a problem in the red nucleus, this task
would have a higher probability of uncovering a cerebellar
cortical deficit if it exists.

Themajorityof patients in this samplewere onpsychotropic
medications and, although attempts were made to control for
this statistically, the effects of medication are not completely
known. However, analyses of the subset of patients who were
unmedicated during testing revealed impaired acquisition and
timing in the schizophrenia group, aswasobserved in the larger
sample, but with even larger effect sizes. This is consistent with
findings of poorer EBC in unmedicated patients with bipolar
disorder (Bolbecker et al., 2008).

In summary, the theoretical and empirical findings suggest
that cerebellar abnormalities may result in temporal proces-
sing deficits in other functional domains over which the
cerebellum exerts modulatory influence. For example, the
striking invariance of cerebellar circuitry suggests that it
performs similar operations on its neuronal inputs regardless
of their source (Katz and Steinmetz, 2002; Schmahmann,
2004; Schutter and van Honk, 2005). Findings of topographic
projections organized in bidirectional information streams
connecting the cerebellum with motor, prefrontal, and
posterior parietal cortex (Schmahmann, 2004) have led to
suggestions that the cerebellum integrates information from
different functional domains (Katz and Steinmetz, 2002;
Schmahmann, 2004; Schutter and van Honk, 2005). This
integration may provide the moment-by-moment context for
behavioral output, binding together perceptual, cognitive,
emotional, andmotivational information from disparate brain
regions (Schutter and van Honk, 2005). Given such a model,
timing deficits revealed in one domain, such as motor timing
in EBC, may indicate or covary with abnormalities in temporal
coordination in other domains, as predicted in the cognitive
dysmetria model of cerebellar involvement in schizophrenia
(Andreasen and Pierson, 2008). In this interpretation, the
deficits in motor timing reported here may be indicative of
abnormal temporal integration of in cognitive, affective, and
perceptual domains.

Role of funding of source
Funding for this study was provided by an NIMH R01 Grant (MH074983-

01) awarded to WPH and a NARSAD Young Investigator Award to WPH.
Neither NIMH nor NARSAD had further roles in the study design, collection,
analysis, and interpretation of data, in the writing of the report, or in the
decision to submit the paper for publication.

Contributors
Amanda R. Bolbecker and William P. Hetrick designed the study and

analyzed the data, as well as wrote the main drafts of the manuscript.
Chrystal Mehta and Chad R. Edwards assisted in the data processing and
figure construction. Joseph E. Steinmetz and Brian F. O'Donnell contributed to
the critical interpretation of results. All authors contributed to and have
approved the final manuscript.

Conflict of interest
The authors have no conflicts of interest to report related to the present

report.

Acknowledgments
We would like to thank the clinical research team at Larue D. Carter

Memorial Hospital and the Indiana University Neuroscience Clinical Research
Center for their support. We are especially grateful to Ashley Steffen, Misty
Bodkins, Jennifer Boggs, Sam Kaiser, and ColleenMerrill for their assistance in
the assessment and diagnosis of participants and in collecting eye-blink
conditioning data.

References

Anand, B., Malhotra, C., Singh, B., Dua, A., 1959. Cerebellar projections to
limbic system. J. Neurophysiol. 22 (4), 451–457.

Andreasen, N.C., 1999. A unitary model of schizophrenia: Bleuler's “frag-
mented phrene” as schizencephaly. Arch Gen Psychiatry 56 (9), 781–787.

Andreasen, N.C., Pierson, R., 2008. The role of the cerebellum in schizophrenia.
Biol. Psychiatry 64 (2), 81–88 (Electronic publication 2008 Apr 8).

Andreasen, N.C., Flaum, M., Swayze II, V., O'Leary, D.S., Alliger, R., Cohen, G.,
Ehrhardt, J., Yuh, W.T., 1993. Intelligence and brain structure in normal
individuals. Am. J. Psychiatry 150 (1), 130–134.

Andreasen, N.C., Paradiso, S., O, ' Leary, D.S., 1998. “Cognitive dysmetria” as an
integrative theory of schizophrenia: a dysfunction in cortical-subcorti-
cal-cerebellar circuitry? Schizophr. Bull. 24 (2), 203–218.

Baillieux, H., Smet, H.J., Paquier, P.F., De Deyn, P.P., Mariën, P., 2008. Cerebellar
neurocognition: insights into the bottom of the brain. Clin. Neurol.
Neurosurg. 110 (8), 763–773.

Bolbecker, A.R., Mehta, C., Johannesen, J., Edwards, C.R., Tracy, J.A., O'Donnell,
B.F., Shekhar, A., Nurnberger, J.I., Hetrick, W.P., 2008. Eye-blink con-
ditioning anomalies in bipolar disorder suggest cerebellar dysfunction.
Bipolar Disord. 11 (1), 19–32.

Bolbecker, A.R., Hetrick, W.P., Johannesen, J.K., O'Donnell, B.F., Steinmetz, J.E.,
Shekhar, A.S., 2009. Secretin effects on cerebellar-dependent motor
learning in schizophrenia. Am. J. Psychiatry (Electronic publication 2009
Feb 17).

Bressler, S.L., 2003. Cortical coordination dynamics and the disorganization
syndrome in schizophrenia. Neuropsychopharmacology 28 (Suppl. 1),
35–39.

Brown, S.M., Kieffaber, P.D., Carroll, C.A., Vohs, J.L., Tracy, J.A., Shekhar, A.,
O'Donnell, B.F., Steinmetz, J.E., Hetrick, W.P., 2005. Eye-blink condition-
ing deficits indicate timing and cerebellar abnormalities in schizophre-
nia. Brain Cogn. 58 (1), 94–108 (Electronic publication 2005 Jan 4).

Christian, K.M., Thompson, R.F., 2003. Neural substrates of eyeblink
conditioning: acquisition and retention. Learn. Mem. 10 (6), 427–455.

Cohen, J., 1973. Eta-squared and partial eta-squared in communication
science. Hum. Comm. Res. 28, 473–490.

Eastwood, S.L., Cotter, D., Harrison, P.J., 2001. Cerebellar synaptic protein
expression in schizophrenia. Neuroscience 105 (1), 219–229.

Edwards, C.R., Newman, S., Bismark, A., Skosnik, P.D., O'Donnell, B.F., Shekhar, A.,
Steinmetz, J.E., Hetrick, W.P., 2008. Cerebellum volume and eye-blink



191A.R. Bolbecker et al. / Schizophrenia Research 111 (2009) 182–191
conditioning in schizophrenia. Psychiatry Res. 162 (3), 185–194 (Electronic
publication 2008 Jan 28).

Fatemi, S.H., Stary, J.M., Earle, J.A., Araghi-Niknam, M., Eagan, E., 2005.
GABAergic dysfunction in schizophrenia and mood disorders as reflected
by decreased levels of glutamic acid decarboxylase 65 and 67 kDa and
Reelin proteins in cerebellum. Schizophr. Res. 72 (2–3), 109–122.

Fiala, J.C., Grossberg, S., Bullock, D., 1996. Metabotropic glutamate receptor
activation in cerebellar Purkinje cells as substrate for adaptive timing of the
classically conditioned eye-blink response. J. Neurosci. 16 (11), 3760–3774.

Franks, V., Franks, C.,1996. Conditionability in defectives and in normals related
to intelligence and organic deficit: The application of a learning theory
model to a study of the learning process in the mental defective. In:
Richards, B. (Ed.), Proceedings of the London Conference on the Scientific
Study of Mental Deficiency (1960), Dagenham, England: May and Baker.

Friston, K.J., 1998. The disconnection hypothesis. Schizophr. Res. 30 (2),
115–125.

Garcia, K.S., Mauk, M.D., 1998. Pharmacological analysis of cerebellar
contributions to the timing and expression of conditioned eyelid
responses. Neuropharmacology 37 (4–5), 471–480.

Garcia, K.S., Steele, P.M., Mauk, M.D., 1999. Cerebellar cortex lesions prevent
acquisition of conditioned eyelid responses. J. Neurosci. 19 (24),
10940–10947.

Gerwig, M., Hajjar, K., Dimitrova, A., Maschke, M., Kolb, F.P., Frings, M.,
Thilmann, A.F., Forsting, M., Diener, H.C., Timmann, D., 2005. Timing of
conditioned eye-blink responses is impaired in cerebellar patients.
J. Neurosci. 25 (15), 3919–3931.

Green, M.F., Nuechterlein, K.H., 1999. Cortical oscillations and schizophrenia:
timing is of the essence. Arch. Gen. Psychiatry 56 (11), 1007–1008.

Hermann, B., Seidenberg, M., Sears, L., Hansen, R., Bayless, K., Rutecki, P., Dow,
C., 2004. Cerebellar atrophy in temporal lobe epilepsy affects procedural
memory. Neurology 63 (11), 2129–2131.

Ho, B., Mola, C., Andreasen, N.C., 2004. Cerebellar dysfunction in neuro-
leptic naïve schizophrenia patients: clinical, cognitive, and neuroana-
tomic correlates of cerebellar neurologic signs. Biol. Psychiatry 55 (12),
1146–1153.

Hofer, E., Doby, D., Anderer, P., Dantendorfer, K., 2001. Impaired conditional
discrimination learning in schizophrenia. Schizophr. Res. 51 (2–3),
127–136.

Ichimiya, T., Okubo, Y., Suhara, T., Sudo, Y., 2001. Reduced volume of the
cerebellar vermis in neuroleptic-naïve schizophrenia. Biol. Psychiatry 49
(1), 20–27.

Impagnatiello, F., Guidotti, A.R., Pesold, C., Dwivedi, Y., Caruncho, H., Pisu, M.G.,
Uzunov, D.P., Smalheiser, N.R., Davis, J.M., Pandey, G.N., Pappas, G.D.,
Tueting, P., Sharma, R.P., Costa, E., 1998. A decrease of reelin expression as a
putative vulnerability factor in schizophrenia. Proc.Natl. Acad. Sci.U. S. A. 95
(26), 15718–15723.

Ivry, R.B., Keele, S.W., 1989. Timing of functions of the cerebellum. J. Cogn.
Neurosci. 1 (2), 136–152.

Ivry, R.B., Keele, S.W., Diener, H.C., 1988. Dissociation of the lateral and medial
cerebellum in movement timing and movement execution. Exp. Brain
Res. 73 (1), 167–180.

Katz, D.B., Steinmetz, J.E., 2002. Psychological functions of the cerebellum.
Behav. Cogn. Neurosci. Rev. 1 (3), 229–241.

Kay, S.R., Fiszbein, A., Opler, L.A., 1987. The positive and negative syndrome
scale (PANSS) for schizophrenia. Schizophr. Bull. 13, 261–276.

Kim, J.J., Thompson, R.F., 1997. Cerebellar circuits and synaptic mechanisms
involved in classical eyeblink conditioning. Trends Neurosci. 20 (4),
177–181.

Kyosseva, S.V., 2004. The role of the extracellular signal-regulated kinase
pathway in cerebellar abnormalities in schizophrenia. Cerebellum 3 (2),
94–99.

Lang, P.J., Greenwald, M.K., 1988. The International Affective Picture System
standardization procedure and initial group results for affective judge-
ments: technical report 1A. The Center for Research in Psychophysiology.
University of Florida, Gainseville, FL.

Lavond, D.G., 1993. Mammalian brain substrates of aversive classical
conditioning. Annu. Rev. Psychol. 44, 317–342.

Lavond, D.G., 2002. Role of the nuclei in eye-blink conditioning. Ann. N. Y.
Acad. Sci. 978 (1), 93–105.

Lee, M., Chen, L., Chow, B.K.C., Yung, W.H., 2005. Endogenous release and
multiple actions of secretin in the rat cerebellum. J. Neurosci. 134 (2),
377–386.

Leiner,H.C., Leiner, A.L., Dow,R.S.,1991. Thehumancerebrocerebellar system: its
computing, cognitive, and language skills. Behav. Brain Res. 44 (2),113–128.

Leiner, H.C., Leiner, A.L., Dow, R.S., 1993. Cognitive and language functions of
the human cerebellum. Trends Neurosci. 16 (11), 444–447.

Marenco, S., Weinberger, D.R., Scheurs, B.G., 2003. Single-cue delay and trace
classical conditioning in schizophrenia. Biol. Psychiatry 53 (5), 390–402.

Nopoulos, P.C., Ceilly, J.W., Gailis, E.A., Andreasen, N.C., 1999. An MRI study of
cerebellar vermis morphology in patients with schizophrenia: evidence
in support of the cognitive dysmetria concept. Biol. Psychiatry 46 (5),
703–711.

Okugawa, G., Nobuhara, K., Minami, T., Takase, K., Sugimoto, T., Saito, Y.,
Yoshimura, M., Kinoshita, T., 2006. Neural disorganization in the superior
cerebellar peduncle and cognitive abnormality in patients with schizo-
phrenia: a diffusion tensor imaging study. Prog. Neuro-psychopharma-
col. Biol. Psychiatry 30 (8), 1408–1412 (Electronic publication 2006).

Paradiso, S., Andreasen, N.C., O'Leary, D.S., Arndt, S., Robinson, R.G., 1997.
Cerebellar size and cognition: correlations with IQ, verbal memory and
motor dexterity. Neuropsychiatry Neuropsychol. Behav. Neurol. 10 (1),1–8.

Paulus, M.P., Braff, D.L., 2003. Chaos and schizophrenia: does the method fit
the madness? Biol. Psychiatry 53 (1), 3–11.

Perrett, S.P., Ruiz, B.P., Mauk, M.D., 1993. Cerebellar cortex lesions disrupt
learning-dependent timing of conditioned eyelid responses. J. Neurosci.
13 (4), 1708–1718.

Reyes, M.G., Gordon, A., 1981. Cerebellar vermis in schizophrenia. Lancet 2
(8248), 700–701.

Schlösser, R., Gesierich, T., Kaufmann, B., Vucurevic, G., Hunsche, S., Gawehn,
J., Stoeter, P., 2003. Altered effective connectivity during working
memory performance in schizophrenia: a study with fMRI and structural
equation modeling. Neuroimage 19 (3), 751–763.

Schmahmann, J.D., 2001a. The cerebrocerebellar system: anatomic substrates
of the cerebellar contribution to cognition and emotion. Int. Rev.
Psychiatry 13, 247–260.

Schmahmann, J.D., 2001b. The cerebellar cognitive affective syndrome: clinical
correlations of the dysmetria of thought hypothesis. Int. Rev. Psychiatry.13,
313–322.

Schmahmann, J.D., 2004. Disorders of the cerebellum: ataxia, dysmetria of
thought, and the cerebellar cognitive affective syndrome. J. Neuropsy-
chiatry Clin. Neurosci. 16 (3), 367–378.

Schmahmann, J.D., Pandya, D.N., 1995. Prefrontal cortex projections to the
basilar pons: implications for the cerebellar contribution to higher
function. Neurosci. Lett. 199 (3), 175–178.

Schmahmann, J.D., Sherman, J.C., 1997. Cerebellar cognitive affective
syndrome. Int. Rev. Neurobiol. 41, 433–440.

Schmahmann, J.D., Sherman, J.C., 1998. The cerebellar cognitive affective
syndrome. Brain 121 (4), 561–579.

Schutter, D.J., van Honk, J., 2005. The cerebellum on the rise in human
emotion. Cerebellum 4 (4), 290–294.

Sears, L.L., Finn, P.R., Steinmetz, J.E., 1994. Abnormal classical eye-blink
conditioning in autism. J. Autism Dev. Disord. 24 (6), 737–751.

Sears, L.L., Andreasen, N.C., O'Leary, D.S., 2000. Cerebellar functional
abnormalities in schizophrenia are suggested by classical eye-blink
conditioning. Biol. Psychiatry 48 (3), 204–209.

Snider, R., Maiti, A., Snider, S., 1976. Cerebellar pathways to ventral midbrain
and nigra. Exp. Neurol. 53 (3), 714–728.

Spain, B., 1966. Eyelid conditioning and arousal in schizophrenic and normal
subjects. J. Abnorm. Psychol. 71 (4), 260–266.

Spencer, R.M., Zelaznik, H.N., Diedrichsen, J., Ivry, R.B., 2003. Disrupted timing
of discontinuous but not continuous movements by cerebellar lesions.
Science 300 (5624), 1437–1439.

Steinmetz, J.E., 2000. Brain substrates of classical eye-blink conditioning: a
highly localized but also distributed system. Behav. Brain Res. 110 (1–2),
13–24.

Steinmetz, J.E., Lavond, D.G., Ivkovich, D., Logan, C.G., Thompson, R.F., 1992.
Disruption of classical eyelid conditioning after cerebellar lesions:
damage to a memory trace system or a simple performance deficit? J.
Neuroscience 12 (11), 4403–4426.

Steinmetz, J.E., Kim, J., Thompson, R.F., 2002. Biological models of associative
learning. In: Gallagher, M., Nelson, R. (Eds.), Handbook of Psychology,
vol. 3. Wiley, New York, pp. 499–541.

Tononi, G., Edelman, G.M., 2000. Schizophrenia and the mechanisms of
conscious integration. Brain Res. Rev. 31 (2–3), 391–400.

Tran, K.D., Smutzer, G.S., Doty, R.L., Arnold, S.E., 1998. Reduced Purkinje cell
size in the cerebellar vermis of elderly patients with schizophrenia. Am. J.
Psychiatry 155 (9), 1288–1290.

Wang, F., Sun, Z., Du, X., Wang, X., Cong, Z., Zhang, H., Zhang, D., Hong, N.,
2003. A diffusion tensor imaging study of middle and superior cerebellar
peduncle in male patients with schizophrenia. Neurosci. Lett. 348 (3),
135–138.

Wassink, T.H., Andreasen, N.C., Nopoulos, P., Faum, M., 1999. Cerebellar
morphology as a predictor of symptoms and psychosocial outcome in
schizophrenia. Biol. Psychiatry 45 (1), 41–48.

Woodruff-Pak, D.S., Goldenberg, G., Downey-Lamb, M.M., Boyko, O.B.,
Lemieux, S.K., 2000. Cerebellar volume in humans related to magnitude
of classical conditioning. Neuroreport 11 (3), 609–615.

Yeo, C.H., Hardiman, M.J., Glickstein, M., 1985. Classical conditioning of the
nictitating membrane response of the rabbit. II. Lesions of the cerebellar
cortex. Exp. Brain Res. 60 (1), 99–113.


	Eye-blink conditioning deficits indicate temporal processing abnormalities in schizophrenia
	Introduction
	Methods
	Participants
	Eye-blink conditioning procedure
	Procedure
	Data analysis

	Results
	Characterization of raw EMG data
	Baseline UR amplitude
	Bad trials analysis
	Acquisition
	Conditioned responses
	Percent CRs
	CR peak latency
	CR amplitude

	Unconditioned responses
	UR peak amplitude
	UR peak latency


	Extinction
	Conditioned responses
	Percent CRs
	CR peak latency
	CR peak amplitude


	Clinical and medication status
	Correlations between neuropsychological and EBC variables

	Discussion
	Role of funding of source
	Contributors
	Conflict of interest
	Acknowledgments
	References




