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Abstract
Eyeblink conditioning abnormalities have been reported in schizophrenia, but the extent to which
these anomalies are evident across a range of delay intervals (i.e., ISI intervals) is unknown. In
addition, the effects of interstimulus interval (ISI) shifts on learning are unknown, though such
manipulations can be informative about the plasticity of cerebellar timing functions. Therefore, the
primary purpose of the present study was to investigate the interactions between interstimulus
interval (ISI) manipulations and learning in schizophrenia. A standard delay eyeblink conditioning
procedure with four different interstimulus intervals (ISIs; 250, 350, 550, 850 ms) was employed.
Each eyeblink conditioning experiment was immediately followed by another with a different ISI,
thus permitting the characterization of conditioned response (CR) learning at one ISI and the
extent to which CRs could be generated at a different latency following an ISI shift. Collapsing
across all conditions, the schizophrenia group (n=55) had significantly fewer conditioned
responses and longer onset latencies than age-matched controls (n=55). Surprisingly, shifting to a
new ISI had negligible effects on conditioned response rates in both groups. These findings
contribute to evidence of robust eyeblink conditioning abnormalities in schizophrenia and suggest
impaired cerebellar function, but underscore the need for more research to clarify the source of
these abnormalities and their relationship to clinical manifestations of schizophrenia.
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Introduction
The constellation of symptoms experienced by individuals with schizophrenia comprise a
number of superficially unrelated domains, including cognitive deficits (e.g. impaired
memory, executive function, visuospatial function), positive symptoms (hallucinations,
delusions), and negative symptoms (e.g. avolition, blunted affect). Recent efforts to clarify
relationships between this diverse array of symptoms have focused on identifying
underlying “core” deficits that can unify these sometimes disparate symptom presentations
(i.e. Silver et al., 2003; Andreasen et al., 1998). One influential theory proposes a putative
core 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),
which may lead to disturbances of consciousness as well as poor coordination of perceptual,
affective, cognitive, and motor processes. In this model, dysfunction in the cortico-
cerebellar-thalamic-cortical circuit (CCTCC) plays a cardinal role in the generation of
schizophrenia symptoms. The model views cognitive symptoms as essential to the
generation of the hallmark characteristics of schizophrenia—the positive and negative
symptoms. Hence, cognitive function may be disrupted when the CCTCC is dysfunctional,
which leads to cognitive dysmetria and, perhaps, the more obvious symptoms of
schizophrenia. The centrality of cognition in this model is important because, regardless of
symptom manifestation, cognition appears to be a relatively constant deficit in
schizophrenia. Importantly, the core deficit that leads to cognitive impairment in this model
is disrupted coordination or temporal synchrony of neural signals.

There is evidence of abnormalities in the cerebellar node of the CCTCC in schizophrenia, as
indicated by structural, functional, neuropathological, and neurochemical studies, although
to date a direct relationship between these abnormalities to clinical symptoms of
schizophrenia has not been demonstrated (for review, see Picard et al., 2007). Nevertheless,
a number of studies do provide indirect evidence linking disruptions to cerebellar circuitry to
symptoms of schizophrenia. For example, the few previous studies that directly assessed
structural cerebellar deficits in schizophrenia have yielded noteworthy abnormalities, some
of which are correlated with greater clinical symptomatology (Ichimiya et al., 2001; Ho et
al., 2004) and cognitive dysfunction (Nopoulos et al., 1999), and are reliable indicators of
poor long-term outcome (Wassink, Andreasen, Nopoulos & Faum, 1999). In addition,
Okugawa et al. (2006), found evidence of disrupted neural connectivity in the superior
cerebellar peduncle in schizophrenia. The peduncles provide the anatomical pathway for
cerebellar connectivity with the CCTCC. More disruption was associated with lower
cognitive cluster scores on the PANSS, which provides further support for the cognitive
dysmetria theory of schizophrenia (Andreasen, 1999).

Cerebellar abnormalities in schizophrenia are of particular interest because the functions of
the cerebellum are increasingly believed to extend beyond its traditionally ascribed motor
coordination role. Evidence of the cerebellum's role in both motor and perceptual timing (i.e.
Ivry et al., 1988, 1989) and accumulating evidence of its role in cognition and affect (Katz &
Steinmetz, 2002; Leiner, Leiner, & Dow, 1986; Schutter & Van Honk, 2005; Timmann et
al., 2007, 2010) all point to an important role in non-motor psychological processes.
Moreover, patients with cerebellar lesions sometimes exhibit symptoms that are remarkably
similar to characteristic behaviors that define schizophrenia, including disturbances in
executive function, perceptual anomalies, impaired attention, affective flattening, and
contextually inappropriate behavior (Schmahmann & Sherman, 1998; Schmahmann, 2004).

As in any circuit, abnormalities in one node can impair function in the others, and in the
circuit overall. The neuroanatomical connections of the cerebellum emphasize its potential
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importance within the CCTCC and in schizophrenia. For example, feedback and
feedforward loops connect the cerebellum with areas of the brain implicated in the disorder,
including the thalamus, basal ganglia, and prefrontal cortex (Middleton & Strick, 2001,1994;
Ramnani et al., 2006; Schmahmann & 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 schizophrenia, the specific functional abnormalities of the cerebellum in
schizophrenia are incompletely understood.

This lack of knowledge was an impetus for this study of cerebellar-dependent eye-blink
conditioning (EBC) in schizophrenia using an approach designed to further explicate the
way in which previously observed structural cerebellar abnormalities (i.e., Nopoulos et al.,
1999; Wassink et al., 1999; Ichimiya et al., 2001; Ho et al., 2004; Okugawa et al., 2006)
may manifest behaviorally. The simplest EBC learning tasks (i.e. the single cue delay form
of EBC) depend critically on the cerebellum, and even this most elementary task engages
sensorimotor, affective, and cognitive components of learning (Stanton, 2000). Therefore,
EBC may be informative about both the functional integrity of the cerebellum as well as
fundamental aspects of cognition, i.e. associative learning. EBC has several advantages for
testing cerebellar function in schizophrenia. First, 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 & Thompson, 2003), only the cerebellum is critical for performance
in short interval, delay classical EBC (Steinmetz, 2004; Lavond et al., 1993; Kim &
Thompson, 1997; Christian & 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 (Edwards et al., 2008).

Even though EBC is an associative learning task in which learning is expressed by
predictive timing of conditioned responses, acquisition of the conditioned eyeblink response
and timing of that response are also somewhat separable features of eyeblink conditioning.
Poor acquisition may indicate one type of deficit in cerebellar processing (e.g., related to
Lobule H-VI; Yeo et al., 1985; Lavond & Steinmetz, 1989), whereas poor timing of the
response may indicate another (e.g., related to anterior lobe; Perett, Ruiz, & Mauk, 1993).
The ability of the cerebellum to adaptively time CRs has most often been measured using
the timing of either the CR onset or its peak latency. However, a more specific and sensitive
test of cerebellar timing involves manipulation of the interstimulus interval (ISI) relationship
between the conditioned stimulus and the unconditioned stimulus, which can be measured
by shifting from a previously learned ISI to a new one. Such an approach may provide a
means of dissociating CR acquisition from timing and may therefore provide a more direct
measure of the integrity of the timing functions of the cerebellum. The primary purpose of
the present study was to investigate the interactions between interstimulus interval (ISI)
manipulations and learning in schizophrenia. More specifically, we were interested in the
process of shifting from one ISI to another and what this shift process reveals about the
plasticity of cerebellar timing functions. Another goal was to compare performance across
delay intervals, which is afforded by the various ISI conditions. This second goal was
important because there is evidence that optimal ISIs for acquisition of conditioned
responding may differ according to population characteristics. For example, age-related
acquisition deficits diminish at longer delay intervals (Woodruff-Pak et al., 1999).

Consistent with the theoretical and empirical evidence of a role for the cerebellum in non-
motor psychological functions, abnormalities in cerebellar-mediated EBC have been
reported in psychiatric disorders with abnormalities in these domains, including bipolar
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disorder (Bolbecker et al., 2009a) and schizophrenia (Spain, 1966; Sears et al., 2000; Hofer
et al., 2001; Marenco et al., 2003; Brown et al., 2005; Bolbecker et al., 2009b). Most
auditory delay EBC studies have found impaired conditioning in schizophrenia (Hofer et al.,
2001; Brown et al., 2005; Edwards et al., 2008; Bolbecker et al., 2009b), although one study
reported no differences in conditioning (Marenco et al., 2003), and another found facilitated
learning (Sears et al., 2000). Earlier CR peak and onset latencies have also been rather
consistently reported (Sears et al., 2000; Brown et al., 2005; Bolbecker et al., 2009b);
however, Marenco et al. (2003) reported later CR peak and onset latencies. In the current
study, ISI shift experiments were conducted using a total of 4 separate ISIs in a group of
schizophrenia patients and age-matched healthy controls. The ISIs chosen for these
experiments span a range which appears to optimize human learning in this procedure in
humans (Woodruff-Pak & Finkbiner, 1995; McAllister, 1953, Solomon et al., 1991) with the
additional benefit of allowing characterization of learning in schizophrenia and healthy
controls at 4 unique ISIs.

Methods
Participants

Participants were 55 individuals (22 women) with DSM-IV schizophrenia spectrum
disorders (47 schizophrenia, 8 schizoaffective, 1 schizotypal personality disorder) and 55
age-matched non-psychiatric healthy controls (29 women). Controls were matched to a
corresponding schizophrenia participant if their ages were within 2 years of each other.
Diagnostic status was determined 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. The study procedures were approved by the 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
(41.1 yrs, SD=11.1) did not differ from controls (40.9 yrs, SD=11.3), t(108)= -0.07, p=0.95.
The schizophrenia group did not differ from the healthy control group on gender
(X2(1)=1.79 p=.18). 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 who met criteria for substance dependency within three months prior to testing
were not considered for the study.

Thirteen participants in the schizophrenia group were not on psychotropic medication.
Among the schizophrenia participants who were taking such medications, 15 were on
anticholinergic drugs, 16 on antidepressants, 16 on typical antipsychotic drugs, and 36 on
atypical antipsychotic drugs.

Eye-blink Conditioning Procedure
Each participant completed one of two separate paradigms, each of which was composed of
two single-cue tone delay eye-blink conditioning tasks: one having a short ISI (250 or 350
ms) and another with a long ISI (550 or 850 ms). Groups of participants were first recruited
for the 350-850 ISI shift experiment, then for the 250-550 ISI shift experiment. The order of
presentation was randomly assigned so that the short ISI was presented first, followed by the
long ISI (short-to-long shift) or vise versa (long-to-short shift). The conditioned stimulus
(CS) was a 1000 Hz (80 dB SPL) tone, which, on paired trials, co-terminated with a 50 ms
air puff (50 ms, 10 psi at source) the unconditioned stimulus (US). The CS was one of four
durations, depending on the condition: 300, 400, 600, or 900 ms. Participants were initially
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presented with 8 US alone trials (ITI=15 s). Acquisition trials for the initial ISI EBC task
immediately followed. After completion of the initial EBC task and prior to the second EBC
task, there was a brief pause in the experiment (approximately 5 minutes) to minimize
fatigue. During the break, participants remained seated in the recording chamber, but were
able to interact with examiners and were offered a drink of water. Each of the two EBC
tasks consisted of 5 blocks of conditioning trials (mean ITI=15 s; range=10 to 20 s), with
each trial block consisting of 18 CS-US paired trials and 2 CS-alone trials. Only paired trials
were included in subsequent analyses. Participants were not informed of the shift in ISIs
across EBC tasks. To maintain the participants' attention throughout the experiment, neutral
photographs selected from the International Affective Picture System (Lang & 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.

Procedure
Bipolar eletromyographic (EMG) electrodes (4mm Ag/Ag-Cl) were placed directly below
the left eye and centered below the pupil, 1 cm from the eyelid and 1 cm apart. A ground
electrode was placed on the forehead. The left eye was presented with a US air puff
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 recordings were made continuously
with a SynAmps bio-amplifier (2.5 KHz A/D rate; high pass filter=1 Hz; low pass filter=500
Hz; gain=1000) and the Acquire data acquisition program ([4.1], NeuroScan, El Paso, TX)
throughout the experiment and stored offline.

Data Analysis
Continuous data files for each subject were divided into 1650 ms epochs starting 500 ms
prior to CS onset and ending 250 ms post-US. 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 program written for eye-blink
conditioning data analysis (unpublished data by King DAT and Tracy J, available upon
request from Hetrick WP). 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 and trial-by-trial 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). For each of the 4 ISIs, eyeblinks that occurred during a 150 ms
window extending from 150 ms prior to US onset until the US onset occurred were recorded
as conditioned responses. While the possibility exists that this time window would miss CRs
occurring earlier in the CR period during longer ISI conditions, use of longer CR windows
runs the risk of capturing spontaneous blinks, which would then be included in the CR
count. This would be less consequential if only one ISI were being considered, but in the
present experimental design in which longer and shorter ISIs were being explicitly
compared, measuring the entire window from CS onset through US onset could distort
results. In contrast, the method we prefer and implemented standardized the CR window
across ISIs, which should capture the most “adaptive” CRs, i.e., those that occur closest to
the US onset and result in eyelid closure that is most likely to overlap with it as well as
facilitate comparison across ISIs.1

The onset latency was calculated as the point in time where the conditioned response
exceeded 0.5 standard deviations from the baseline EMG. The peak latency is the time point
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for the maximal value for that conditioned response. Trials in which spontaneous blinks
occurred within a window from 75 ms prior to CS presentation to 25 ms following CS onset
were designated bad trials and excluded from further analysis. There were no significant
differences between groups on number of bad trials (p > .05).

In order to measure EBC performance at each of the various ISIs in the absence of possible
interference by pre-exposure to a different ISI, a comparison of each group's performance on
the initial ISI presentation was made using repeated measures ANOVAs with diagnosis
(healthy control or schizophrenia) and ISI (250, 350, 550, or 850 ms) as between subjects
variables separately for each primary CR and UR dependent variable (percent CRs, CR
onset latency, UR amplitude, and UR peak latency).

In subsequent analyses, each EBC task was treated as a separate experiment so that the
learning effects and their possible relationship with diagnosis could be explicitly examined.
Repeated measures ANOVAs for all primary CR and UR dependent variables were
conducted with a 2 (diagnosis: healthy control, schizophrenia) × 5 (block) design. In
addition, the effects of order of presentation were examined for each ISI. To control for
differences in acquisition rates that were due to ISI duration itself rather than due to shifting
to a new ISI per se, performance at each ISI when it was presented first was then compared
to performance at that same ISI when it was presented second in the sequence (i.e. after an
ISI shift) on each dependent variable. To do this, the effects of order of presentation and
possible interactions between order and diagnosis were examined in 2 (Order: short-to-long,
long-to-short) × 2 (Diagnosis) × Block (5) repeated measures ANOVAs for each ISI. An
additional measure of shift cost was obtained using a repeated measures 2 (diagnosis) × 2
(shift cost) ANOVA, where shift cost was the average of the last 2 blocks of the first ISI task
and the first 2 blocks of the second ISI task. Shift cost was explored separately for
percentage of conditioned responses and conditioned response onset latency for each ISI
shift experiment, with diagnosis as a between subjects factor.

Because time (i.e. ISIs) was manipulated in these experiments, the onset latency was
standardized across ISIs by calculating it as the time of CR onset relative to the US in order
to get a clear measure of how onset latency was affected by different ISIs and orders of
presentation. Therefore, larger latency values represent earlier occurrences of CRs whereas
smaller values are indicative of later CR onsets. Earlier CRs are usually considered less
adaptive than later ones, which are more coincident with the air-puff US and more likely to
result in avoidance of this mildly aversive US. However, in the current ISI shift design, this
definition may be more modifiable depending on the particular order of presentation and the
length of the ISI and must be interpreted accordingly. For example, in a long-to-short shift,
very late CRs could signal an inability to modify timing according to the new context.

Medication effects were assessed by comparing schizophrenia participants who were
medicated (N=42) with those who were unmedicated (N=13) in repeated measures
ANOVAs with block as a within subjects factor for all dependent variables. In addition, all
dependent variables were analyzed using the following categorizations of the schizophrenia
groups: typical antipsychotic (typical alone or typical+atypical; N=14), atypical
antipsychotic only (N=30) and unmedicated (N=13). Finally, the unmedicated group was
compared to age-matched controls (N=13 in each group) for all analyses. (No medication
effects were detected, as described in the Results section.)

1It was important to confirm that use of a 150 ms CR window across ISIs did not overlook important response patterns occurring at
longer ISIs. Therefore, data were analyzed for each ISI using CR windows that extended from 100 ms post-CS onset through US
onset. As expected, there was a main effect of window length due to increased CRs in the 350, 550, and 850 ISI conditions, but there
were no interactions of window length with any other variables, including order. Therefore, although more CRs were detected using
the longer window, the overall pattern of results was not altered in any way by extending the length of the CR window.
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Results of the major dependent variables are reported with their corresponding effect sizes in
the form of partial eta2 (ηP

2): small effect sizes are less than .06; moderate effect sizes range
from .06 to .14; large effect sizes are greater than .14 (Cohen, 1973). When violations of
sphericity occurred, the Greenhouse-Geisser correction was used to report results.

Results
A total of 55 age-matched participants were included in each diagnostic group. In the
250-550 paradigm, there were 8 participants per group in the short-to-long condition. An
additional 9 per group participated in the long-to-short condition. There were 21 participants
per diagnostic group in the short-to-long condition of the 350-850 task and 17 per group in
the long-to-short condition. An analysis of the initial presentation of each ISI for each
dependent variable is presented in order to get an unbiased measure of the effects of ISI
duration on conditioned and unconditioned response variables. Specifically, main effects of
ISI and interactions of ISI duration with diagnosis were evaluated. In separate analyses,
explicit comparisons of between-groups differences and differential effects of learning
across blocks of the experiment were made, as well as measures of the effects of shifting to
a given ISI after pre-exposure to ISI of a different duration.

Percentage of Conditioned Responses
Table 1 contains a summary of the percentage of conditioned responses in the schizophrenia
group and in controls in each paradigm, order, and duration. Analyses were conducted on
the first presentation of each ISI because one aim of the present experiments was to examine
the effects of changing ISI on CR acquisition rates to determine whether the optimal ISI
range differed between groups. Figure 1a illustrates the average percent CRs at each ISI at
its initial presentation for the schizophrenia and control groups. Figures 1b-e show the
performance of both groups over the 10 blocks of each EBC task. Examination of Figure 1
indicates that the schizophrenia group has a lower percentage of conditioned responses at
every ISI.

Effects of ISI on Percent CRs—Analysis of performance on the initial presentation of
each ISI revealed a main effect of block (F(9)=8.87, p < .001, ηP

2 = .08), indicating that
learning occurred as the experiments progressed. There was a main effect of ISI, F(3) =
3.92, p < .01, (ηP

2 = .10) and a main effect of diagnosis, F(1)=8.64, p < .01 (ηP
2 = .08),

indicating that schizophrenia participants had lower rates of conditioned responses across
ISIs. CR acquisition in both the healthy control and schizophrenia groups was highest in the
350 ms ISI task (57% and 42%, respectively) and the lowest in the 250 ms ISI task (35%
and 19%, respectively). Consistent with this observation, post-hoc comparisons showed
significant differences only between these tasks, with participants demonstrating higher
conditioned response rates at the 350 ms ISI compared to the 250 ms ISI (p < .01).

ISI shift effects on percent CRs—Figure 1b-e graphically depicts conditioned
responding for each group in each of the ISI shift combinations. No significant main effects
of order were found at any ISI, nor were any interactions with diagnosis observed.

250-550 paradigm: In general, the schizophrenia group produced fewer CRs than the
healthy control group in the 250-550 ms ISI regardless of order of presentation, as can be
observed in Figure 1a-c. This reduction in CRs in the schizophrenia group was significant
when the 250 ms ISI was presented after the 550 ISI, F(1)=7.93, p=.01, ηP

2 = .33). When the
250 ISI was presented first, the groups were not statistically different. The schizophrenia
group also generated significantly fewer CRs compared to controls in the long-to-short
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condition of the 550 ms ISI, F(1)=4.39, p=0.05, (ηP
2 =0.22) (see Figure 1c). There were no

main effects or interactions on the short-to-long version of the 550 ms ISI.

Analysis of shift cost revealed a significant main effect in both the 250-550 ISI shift and the
550-250 ISI shift conditions (both p < .01), due to significant increases in %CRs in the
former and decreases in the latter, but there were no interactions with diagnosis in either
condition.

350-850 paradigm—A significant effect of diagnosis was found in the short-to-long task
of the 350 ms ISI, F(1)=4.11, p < .05 (ηP

2 =.09), with a significantly lower percentage of
conditioned responses in the schizophrenia group compared to the healthy control group.
However, there were no significant differences between groups on the 350 ms ISI in the
long-to-short task. A main effect of block was apparent in both the short-to-long task,
F(2.53)=11.75, p < .001 (ηP

2 = .23) and the long-to-short task, F(4)=3.59, p < .05 (ηP
2 = .

33). There was no block by diagnosis interaction in either 350 ms ISI task. In the 850 ms
ISI, no significant differences between diagnostic groups emerged, nor were any interactions
with diagnosis observed. However, when the 850 ISI was presented first, there was a main
effect of block, F(6.17)=3.79, p < .001 (ηP

2 = .11), suggesting that learning occurred as the
acquisition period progressed. This learning effect was not apparent in when the 850 ISI was
presented second in the sequence. Instead there was a relatively consistent level of
responding in this condition compared with a more classical learning curve across the
acquisition blocks when the 850 ms ISI was presented first (see Figure 1e). This resulted a in
block by order interaction, F(3.53)=3.97, p < .01, (ηP

2 =.05). By block 5, similar levels of
conditioned responding occurred on the 850 ms ISI task regardless of order of presentation
(Figure 1d-e).

Analysis of ISI shift cost in the 350-850 ISI shift condition produced a significant
interaction between diagnosis and shift cost, F(1) = 3.95, p = .05, (ηP

2 =.09). Follow-up tests
indicated that the healthy control group had a significant drop in CRs upon shifting to the
longer ISI (p = .01), whereas the schizophrenia group maintained their low levels of
responding at the end of the 350 ms ISI task into the initial blocks of the 850 ISI (see Figure
1d).

Conditioned Response Onset Latency2

Effects of ISI on CR onset Latency—As can be observed from Figure 2a, when CR
onset times were expressed in terms of ms prior to US onsets, the mean CR onset times
ranged over only 50 ms (from 70 ms to 120 ms before US onset) across the four ISIs. The
temporal relationship between the onset of conditioned response eyeblinks changed with ISI
duration. Specifically, CRs occurred closer to US onset as ISI duration decreased, resulting
in a main effect of ISI, F(3)=17.59, p < .001 (ηP

2 =.34). Post-hoc tests indicated that this
difference was significant in all pairwise comparisons, excepting the 550 and 850 ms ISI,
which were not statistically distinguishable (p > .05). In addition, there was a block by ISI
interaction, F(12)=1.97, p < .05 (ηP

2 =.07), which was primarily due to CRs occurring
progressively earlier, or more temporally distant, from the US onset, in the 850 ISI (see
section below). Mean CR onset in the schizophrenia group (M=92.9, SD=19.1) was closer to
US onset relative to controls (M=99.8, SD=21.9) overall, resulting in a main effect of
diagnosis, F(1)=4.30, p = .05 (ηP

2 =.04), although there were no significant differences
between groups in follow-up pairwise comparisons.

2Peak latency was also examined, and yielded effects that were similar in pattern to those reported for onset latency. No main effect of
diagnosis was found, nor were any interactions with diagnosis evident.
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ISI Shift effects on CR onset Latency—Overall, the effect of shifting from one ISI to
another had negligible effects on performance as judged by the order of presentation (first or
second in the sequence) on each ISI. When both orders of presentation were considered in
the 550 ms ISI, the schizophrenia group had significantly later CR onsets, F(1)=4.13, p=.05
(ηP

2 =.06). In the 850 ms ISI, when both orders of presentation were considered together
there was a significant interaction between block and order, F(3.55)=3.22, p < .05 (ηP

2 =.
04). This effect was primarily due to CRs occurring progressively earlier in time relative to
US onset in the long-to-short condition, F(3.22)=4.57, p < .01 (ηP

2 =.13).

For onset latency, shift cost was significant in each of the 4 ISI shift experiments (p < .01),
but there were no differential effects of shift cost across diagnostic groups.

UR Amplitude and Latency
Effects of ISI on URs—Analysis of the first presentation of each ISI showed that the
schizophrenia group and healthy controls had similar UR amplitudes across ISIs, F(1)=.117,
p=ns. Likewise, there were no differences between groups at any individual ISI. There was a
main effect of block, F(2.41)=37.95, p < .001 (ηP

2 = .27), signifying that UR amplitude
decreased over the course of the experiment. When both orders of presentation were
considered together, no main effects of diagnosis were observed, F(1)=0.08, p=ns. To ensure
that increased conditioned responding in the control group did not diminish UR amplitude
(due to eyelid closure at the UR onset), which could mask lower UR amplitudes in the
schizophrenia group, the same analyses were conducted using percent CRs as a covariate.
Results were not altered using this approach. The control group had significantly shorter UR
latencies when the first presentation of each ISI was analyzed, F(1)=4.89, p < .05, (ηP

2 = .
05). Follow-up pairwise comparisons indicated this was due to differences in the 350 ms ISI
(p < .01). However, when separate correlational analyses were conducted for each diagnostic
group, UR latency did not significantly correlate with percent CRs and CR latency at the
350 ISI, nor at any other ISIs, suggesting that slower UR latencies in the schizophrenia
group did not contribute to differences between groups at the 350 ms ISI or any other ISI
task. When both orders of presentation were considered together, there were no differences
between groups on UR latency at any ISI.

Medication analyses
No differences between medicated and unmedicated schizophrenia participants were
observed on any eyeblink conditioning dependent variables, nor were any significant effects
found when schizophrenia participants who were taking typical antipsychotics were
compared with those on atypical antipsychotics only or who were unmedicated. When
unmedicated schizophrenia participants were compared to their age-matched controls, the
overall pattern of group differences was similar and, although it did not reach statistical
significance, F(1)=1.35, p = ns, the differences in the percentage of conditioned responses
was similar to what was observed using the entire sample (schizophrenia=33%;
control=44%).

Discussion
The present study revealed several important findings. First, eyeblink conditioning is
impaired in schizophrenia compared to healthy controls, particularly at the 350 ms ISI.
Second, although the schizophrenia group consistently exhibited fewer conditioned
responses across all ISIs compared to healthy controls, the pattern of performance across
ISIs was similar (see Figure 1a) insofar as the highest levels of conditioning for both groups
occurred at the 350 ms ISI, resulting in significant group differences. In addition, both
groups had the lowest levels of conditioning at the shortest ISI (250 ms), with learning
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significantly more difficult at this ISI compared to the 350 ms ISI in both groups.
Conditioning levels at the two longest ISIs (550 & 850) fell between the 250 ms ISI and the
optimal 350 ms ISI, but conditioning did not differ between groups at these longer ISIs.
Third, there was a shift cost to healthy controls in the 350-850 ISI shift paradigm, but this
was not evident in schizophrenia group due to consistently low levels of CR acquisition,
which were evident regardless of order of presentation. Fourth, CR onset latency was
directly affected by ISI length, with shorter ISIs producing CRs that occurred closer to US
onset. Finally, onset latencies in the schizophrenia group occurred significantly closer in
time to UR onset overall.

Previous studies examining the effect of ISI duration on conditioned responding in humans
in the auditory EBC delay paradigm have produced mixed results. For example, another
study by our group in healthy college-age participants found that participants had higher CR
rates at the 350 ms ISI compared to 850 ms ISI (Steinmetz et al., 2010). Although
examination of Figure 1a suggests a similar pattern of results in the present study of middle-
aged adults, CRs at the 350 and 850 ISIs were not statistically different from each other in
either group. In a similar study, Woodruff-Pak and Finkbiner (1995) reported no differences
in healthy college-age participants between a 400 ms and 750 ms delay conditioning
paradigm. However, another study reported that healthy participants conditioned
significantly better in a 400 ms delay paradigm than in a 650 ms delay or 900 ms delay task
(Solomon et al., 1991). An additional early study examined optimal ISIs in humans and
found the highest levels of conditioning at the 250 ms ISI, with decreased performance at
450 ms ISI and lower still at 750 ms ISI (McAllister, 1953). This finding is in marked
contrast with the present study, where the 250 ms ISI showed a clear decrement in
performance at the 250 ms ISI compared to longer ISIs. Nevertheless, although superficially
contradictory, taken together these studies are broadly consistent with the present results in
their overall pattern. In general, it appears that an ISI of approximately 350 ms is more ideal
than longer ISIs.

In the 350-850 paradigm, when the 350 ms ISI was presented first, the schizophrenia group
had significantly fewer CRs than controls, a finding that is consistent with our previous
reports when this ISI was used in an auditory single-cue delay paradigm (Brown et al., 2005;
Bolbecker et al., 2009b). However, there were no interactions with ISI order. This lack of
order effects differs from our earlier ISI shift results using these ISIs in a healthy, college-
age sample in which participants conditioned significantly better in the 350-850 paradigm
relative to the 850-350 paradigm (Steinmetz et al., 2010). Significant shift costs were
associated with the 250-550 ISI paradigm for both groups, with substantial declines in
percent CRs in the 550 to 250 shift and gains in CRs in the 250 to 550 shift. However, taken
together with the lack of shift effects in the 350-850 paradigm, the significant shift cost in
the 250-550 paradigm was likely attributable to the very low conditioned response rates at
the 250 ISI rather than shift cost per se (see Figure 1).

The onset of CRs occurred later, i.e. closer in time to the US onset, in shorter ISIs relative to
longer ones, which is consistent with earlier findings from this laboratory in healthy adults
(Steinmetz et al., 2010), using ISIs of 350 and 850 ms. The present results also indicate that
the onset of conditioned responses occurred significantly later in the schizophrenia group
relative to healthy controls overall. The present finding that conditioned response onset
occurs later in schizophrenia is somewhat surprising, as it is at odds with previous findings
from our laboratory and others who have on the whole reported earlier CR peak and onset
latencies in schizophrenia (Bolbecker et al., 2009b; Brown et al., 2005; Sears et al., 2000.
The finding in this study of later onset latencies in schizophrenia is consistent with a report
of Marenco et al., (2003) that found later CRs in schizophrenia. They found onsets that were
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approximately 30 ms later compared to controls; however, the schizophrenia group in the
present study had latencies that were on average only 7 ms later.

Lesion studies and evidence from structural imaging studies indicate that earlier CRs reflect
disturbances in anterior lobe function in the cerebellum. For example, lesions to the anterior
lobe in rabbits caused previously acquired responses to occur at a fixed, short latency,
suggesting that this region plays a role in the delaying the onset of conditioned responses
until just prior to the US onset (Perrett et al., 1993; Garcia et al., 1999). Findings from these
animal studies are supported by the human literature (Perrett et al., 1993; Garcia et al.,
1999). Moreover, in healthy volunteers, increased anterior lobe volume is associated with
later CR peak responses that occur closer to UR onset (Edwards et al., 2008). Later CRs can
be considered more adaptive than earlier ones because it is more likely to avoid the aversive
unconditioned stimulus, in this case an airpuff. However, it is also possible that earlier onset
latencies simply extend the duration of CRs without affecting eyelid closure at the US onset.
Interestingly, the effects of switching to a new ISI had very little effect on onset latency in
either group. It was anticipated that in the current ISI shift design, conditioned response
latency would show some plasticity that would have manifested as an interaction between
block and order. For example, in a long-to-short shift, it could be expected that early blocks
in the short ISI would show late CRs that would become progressively earlier. No order
effects were observed for onset latency, and the schizophrenia group did not show any
differential effects compared to controls in adjusting to new ISIs following pre-exposure to a
different ISI.

In considering CR timing, it may be relevant to point out that in the experimental design
employed in this study, 90% of conditioning trials were paired CS-US trials. This general
design is commonly used in human EBC experiments, but nevertheless could limit detection
of late occurring CRs due to their occlusion by URs. While additional CS alone trials would
circumvent this potential problem, in order to avoid interfering with acquisition of
conditioned responses, a much longer task duration would be necessary in order to obtain
enough CS-alone trials for meaningful analysis. While in non-human animals such designs
are common, this is less feasible in humans, and in psychiatric populations, due to issues
such as compliance, eye irritation, and participant fatigue. Therefore, the measurements of
onset latency in these experiments should be interpreted with this caveat in mind. However,
it seems unlikely that this possibility affected the current results because CR onsets were
more than 90 ms prior to US onset in both groups with relatively small standard deviations.

The present results indicate significant EBC abnormalities in schizophrenia with respect to
both CR learning and timing. On the basis of an extensive animal and human literature, the
present findings implicate both the cerebellar cortex and interpositus nucleus in the deficits
observed in schizophrenia (Thompson and Steinmetz, 2009). Several potential statistical and
interpretive confounds were examined to further substantiate these conclusions. First, the
schizophrenia group exhibited significantly fewer conditioned blink responses at each ISI,
with statistically significant differences in several follow-up tests; however, the absence of a
group by block statistical interaction raises the possibility that the schizophrenia group may
have had a preexisting deficit in the performance of blinks rather than a cerebellar-mediated
eyeblink conditioning deficit per se. Several findings argue against this supposition. First,
UR amplitude in the schizophrenia group was not significantly different from the healthy
controls at any ISI, meaning that overall the neural circuitry for producing eyeblinks was
likely intact in the schizophrenia group and pointing to deficits in learning rather than
production of conditioned responses. In addition, the schizophrenia and control groups had
similar UR latencies. While the UR amplitude and latency can be confounded by CRs,
covarying for CR rate did not influence UR results. Overall, these UR results suggest that
problems with motor responsiveness in the schizophrenia group were unlikely to be
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responsible for the observed conditioned response deficits. Moreover, an analysis of the
number of bad trials, which is an index of spontaneous blink rate, indicated that there was no
difference between groups. An additional relevant point is that schizophrenia patients
reportedly display higher spontaneous blink rates compared to non-psychiatric controls
(Freed, 1980), yet in the present study this would have resulted in an artificial increase in
their conditioned response rates and made it more difficult to detect differences between
groups. Therefore, the reported group differences in conditioning rates are unlikely to have
been influenced by increased spontaneous blinking in the schizophrenia group. Finally, the
majority of patients in this sample were on psychotropic medications, and the effect of these
medications on eyeblink conditioning is not completely understood. However, in the present
study, the 13 unmedicated participants in the schizophrenia group were not statistically
different from the medicated participants. When only unmedicated schizophrenia
participants were compared with their age-matched controls, the pattern of results was
consistent with that obtained for the entire sample, although statistical significance was not
reached. Previous studies from our laboratory analyzed a subset of patients who were not
medicated during EBC testing and found that impaired acquisition and timing in the
schizophrenia group was evident, which was consistent with results observed in a larger
sample, but with even larger effect sizes (Bolbecker et al., 2009b). This is consistent with
findings of poorer EBC in unmedicated patients with bipolar disorder (Bolbecker et al.,
2009a). In addition, a recent study from our laboratory found that a group of schizotypal
personality disorder participants performed at an intermediate level on percentage of
conditioned responses, performing better than a schizophrenia group, but acquiring
significantly fewer conditioned responses compared to a healthy control group (Forsyth et
al., 2010). This latter result is important because none of the schizotypal personality disorder
participants were on antipsychotic drugs and because schizotypal personality disorder is
widely believed to be an intermediate phenotype of schizophrenia (Siever & Davis, 2004).
Taken together, 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.

The present results add to evidence that cerebellar deficits exist in schizophrenia and may be
part of the underlying pathophysiology of the disorder. Theoretical and empirical findings
suggest that cerebellar abnormalities may result in abnormal coordination of information in
non-motor psychological 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 & Steinmetz, 2002;
Schmahmann, 2004; Schutter & 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 & Steinmetz,
2002; Schmahmann, 2004; Schutter & Van Honk, 2005). This integration may provide the
moment-by-moment context for behavioral output, binding together perceptual, cognitive,
emotional, and motivational information from disparate brain regions (Schutter & Van
Honk, 2005). Given such a model, the deficits in cerebellar-dependent associative learning
reported here may be indicative of abnormal integration of cognitive, perceptual, and
affective information. This cerebellar malfunction could be a key contributor to observed
disruptions in the CCTCC (i.e. Wilson et al., 2009; Honey et al., 2005) and to clinical
features of schizophrenia.

More research will be necessary, however, to fully understand the nature of cerebellar
dysfunction in EBC in schizophrenia. Imaging studies would be especially helpful in
illuminating cerebellar activity in schizophrenia compared with healthy people. Such
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research will be helpful for disentangling the extent to which schizophrenia is associated
with cerebellar-mediated conditioned response acquisition versus pure production deficits.
In addition, appropriately designed transcranial magnetic stimulation (TMS) may prove
valuable in studies of the cerebellum and EBC in schizophrenia (Demirtas-Tatlidede et al.,
2010). In other clinical populations with cerebellar deficits, rTMS over the lateral
cerebellum improved timing and reduced timing variability on a cerebellar-dependent paced
finger-tapping task (i.e Avanzino et al., 2009). If improved EBC could be demonstrated in
schizophrenia using similar methods, and corresponding improvements in cognition were
also observed, this would provide more confidence that the cerebellum is involved in
psychological functions. Furthermore, this may indicate that cerebellar-based treatments
may be a valid therapeutic target for schizophrenia (c.f., Bolbecker et al., 2009c).
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Figure 1.
Percent CRs for the control (open circles) and schizophrenia (filled circles) groups at each
ISI. Data points for the schizophrenia group are displayed with a slight rightward offset in
order to allow visualization of standard error bars. The top panel shows the percent CRs for
each group at each ISI at when it is presented first in the sequence, and illustrates a main
effect of group on EBC. The bottom panel plots the percent CRs for each group across the 5
acquisition blocks when that ISI was presented first in the sequence and when it was
presented second, i.e. when a “shift” was required.
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Figure 2.
CR onset latency for the control (open circles) and schizophrenia (filled circles) groups
expressed in terms of ms prior to US onsets at each ISI. Data points for the schizophrenia
group are displayed with a slight rightward offset in order to allow visualization of standard
error bars. Mean CR onset times ranged over only 50 ms (from 70 ms to 120 ms before US
onset) across the four ISIs. The top panel shows the onset latency for each group at each ISI
at when it is presented first in the sequence, and illustrates a main effect of group in which
the schizophrenia group had slower CR onset latencies. The bottom panel plots the onset
latency for each group across the 5 acquisition blocks when that ISI was presented first in
the sequence and when it was presented second, i.e. when a “shift” was required.
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Table 2
Means and standard deviations for UR peak latency and amplitude for each diagnostic
group during the first presentation of each ISI task

First Presentation UR Peak Amplitude Healthy Control Schizophrenia

Mean SD Mean SD

 250 ms ISI 50.1 33.5 23.4 19.5

 350 ms ISI 42.4 37.3 39.4 38.0

 550 ms ISI 27.7 12.3 46.6 30.0

 850 ms ISI 40.8 19.7 53.2 34.1

First Presentation UR Peak Latency Healthy Control Schizophrenia

Mean SD Mean SD

 250 ms ISI 106 50 105 48

 350 ms ISI 102 50 114 65

 550 ms ISI 103 48 106 47

 850 ms ISI 109 39 106 42
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