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Patients with schizophrenia perform poorly on cognitive
skill learning tasks. This study is the first to investigate
the neural basis of impairment in cognitive skill learning
in first-degree adolescent relatives of patients with schizo-
phrenia. We used functional magnetic resonance imaging
to compare activation in 16 adolescent siblings of patients
with childhood-onset schizophrenia (COS) and 45 adoles-
cent controls to determine whether impaired cognitive skill
learning in individuals with genetic risk for schizophrenia
was associated with specific patterns of neural activation.
The siblings of patients with COS were severely impaired
on the Weather Prediction Task (WPT) and showed a
relative deactivation in frontal regions and in the striatum
after extensive training on the WPT compared with con-
trols. These differences were not accounted for by perfor-
mance differences in the 2 groups. The results suggest that
corticostriatal dysfunction may be part of the liability for
schizophrenia.
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Patients with schizophrenia perform poorly on cognitive
skill learning tasks,'= consistent with the hypothesis that
the pathophysiology of schizophrenia involves dysfunc-
tion of corticostriatal circuits.®® The corticostriatal sys-
tem plays an important role in skill learning, as revealed
by neuropsychological’® !> and neuroimaging studies.!*'®
There is some evidence that patients with schizophre-
nia demonstrate relatively specific impairment of corti-
costriatal function; they show an impairment in a task
that taps the cognitive corticostriatal loop (the caudate
nucleus, dorsolateral prefrontal cortex [PFC], and ventral
striatum/orbitofrontal cortex) and normal performance

on a task that taps the motor corticostriatal loop (includ-
ing putamen and motor cortical regions).*

One cognitive skill learning task that has been used exten-
sively in the neuropsychological literature is the Weather
Prediction Task (WPT)."” The WPT is a probabilistic clas-
sification task that requires participants to learn the proba-
bilistic associations between cues and binary outcomes by
attending to visual stimuli presented on a computer screen
after which participants are provided feedback about the
correctness of their response (figure 1; online supplemen-
tary table 1). Performance on the WPT is impaired in
patients with schizophrenia.**'>* Patients with schizophre-
nia also show deficits on other cognitive skill learning tasks
such as the Tower of Toronto and the Tower of Hanoi.!?
However, these tasks demand considerable executive con-
trol resources, and thus impairments may also reflect defi-
cits in executive function. Because of its relatively simple
task demands, the WPT may be a more specific measure of
cognitive skill learning that taps corticostriatal dysfunction.

While deficits in cognitive skill learning appear to be
present in patients with schizophrenia, there is some
question about the meaning of those deficits. The patients
in studies in which cognitive skill learning deficits were
detected were receiving antipsychotic medications to
control their psychotic symptoms. Antipsychotic medica-
tions have effects on striatal structure (enlargement of the
volume of the basal ganglia) and alter striatal D, recep-
tors.2#? Tt is possible that these medications impair stria-
tal function and thereby adversely impact cognitive skill
learning in patients receiving antipsychotic treatment.
One way to address this issue is to study the nonpsy-
chotic first-degree relatives of patients with schizophre-
nia. These individuals share some of the familial liability
to schizophrenia with patients with schizophrenia but
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Sun or Rain?

Fig. 1. The Weather Prediction Task. Participants were told to
predict the weather (sun or rain) based on cues. On every trial,
between 1 and 3 cues (out of 4 possibilities) could appear, yielding
14 possible combinations. The cues were probabilistically related
to the outcomes. The association of the different cues with
different probabilities was randomized across participants. The
cue strength of each of the 14 resulting stimuli were such that
the overall probability associating each cue with sun or rain was
727, .556, .409, and .280 across the task. Because feedback was
probabilistic, a response was considered correct if it matched the
outcome most strongly associated with a stimulus, regardless of
feedback. Thus, a response could be “correct” even if feedback
reported an incorrect answer. Therefore, the percentage correct
score reflected how well the subjects learned the cue-outcome
associations®. The cues are shown on the screen for a maximum
of 3 seconds, the feedback is shown on the screen for 1 second,
and the time between trials is 0.5 seconds..

because they do not exhibit symptoms of the disease,
they are not receiving antipsychotic medications. Thus,
if they show cognitive skill learning deficits, those deficits
would appear to reflect familial liability to schizophrenia,
not the effects of antipsychotic medication.

There are 2 prior studies of cognitive skill learning
in first-degree relatives of patients with schizophrenia.
Weickert et al® compared adult patients with schizophre-
nia, their adult siblings, and controls on the WPT. The
patients demonstrated a severe learning deficit, while there
was no significant difference between the adult siblings
and the controls. However, when subjects were separated
into good and poor learners, the siblings of first-degree
relatives of patients with schizophrenia were dispro-
portionately represented in the poor-learner group. In a
recent study by Wagshal et al,® nonpsychotic adolescent
siblings of patients with childhood-onset schizophrenia
(COS) exhibited deficits in the WPT. In this study, controls
showed significant learning in the first 50 trials while the
sibling did not, and even after extensive training, the COS
siblings reached a lower level of asymptotic performance
than controls. The adolescent COS siblings demonstrated
impaired early and late learning on the WPT compared
with controls. The siblings of COS patients may have
exhibited a greater deficit than the siblings of adult-onset
patients in the Weickert et al® study because COS appears
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to be a more severe form of the disorder and may have
a more pronounced genetic component than adult-onset
schizophrenia.?” Second, in Wagshal et al,*® we tested ado-
lescent subjects, and thus it is also possible that the impair-
ment in the COS siblings represents a developmental delay.

In the present study, we investigate the neural basis of
impaired cognitive skill learning in adolescent siblings of
patients with COS. We used functional magnetic reso-
nance imaging (fMRI) to compare the pattern of activa-
tion before and after training on the WPT in a subset of
the participants in the Wagshal et al* study to determine
whether impaired cognitive skill learning in individuals
with genetic risk for schizophrenia was associated with
specific patterns of neural activation. Identifying altera-
tions in the neural networks, supporting cognitive skill
learning in the siblings of patients with schizophrenia, is
an important step in demonstrating that those networks
are associated with liability to schizophrenia. In Wagshal
et al,® the siblings of COS probands exhibited impaired
performance during the first 50 trials of training, during
which much of the learning took place in controls. The
siblings of COS probands also exhibited a reduced level
of asymptotic performance compared with controls after
800 trials of training. In the present study, we included
a scanning session at the onset of training and after
extended period of training in order to compare neural
activation in the 2 groups during both time periods.

While studies of the genetic liability for schizophrenia
generally examine individuals who are relatives of patients
with adult-onset schizophrenia, here we examined sib-
lings of COS patients. There is an increased aggregation
of schizophrenia and schizophrenia spectrum disorders
in first-degree relatives of patients with COS compared
with first-degree relatives of patients with adult onset of
schizophrenia.”® First-degree relatives of COS probands
show neurocognitive impairments similar to those shown
by patients with schizophrenia.”? The genetic liability
for schizophrenia may be greater in first-degree relatives
of COS patients than relatives of adult-onset schizo-
phrenia patients. Thus, this group may be particularly
informative in determining if the patterns of brain acti-
vation associated with impaired cognitive skill learning
are associated with liability to schizophrenia without the
confound of medication effects.

Methods

Participants

Sixteen adolescent siblings (age range: 8-16) of COS
patients and 45 adolescent controls (age range: 8-16),
who were right-handed and were matched in age, educa-
tion, and gender to the COS siblings, participated in the
experiment (online supplementary table 2). These subjects
were a subset of the participants in our previous behav-
ioral study of WPT learning in siblings of COS patients.?
Twenty controls and 6 siblings of COS patients were
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excluded from analysis based on computer malfunction,
not responding on more than 10% of the trials, excessive
movement of 3 mm or greater, or not completing both
days of training. The siblings of COS probands were
recruited through previous participation in family stud-
ies of COS at the University of California, Los Angeles
(UCLA). Families of potential control subjects who lived
within a 25-mile radius of UCLA were identified by a
survey research firm and were contacted by phone. All
participants provided informed consent according to the
procedures of the UCLA Institutional Review Board.
Potential participants in both groups were screened and
excluded for reports of prior treatments for psychiatric
disorders including psychosis, attention-deficit hyperac-
tivity disorder, learning disabilities, Tourette’s syndrome,
traumatic brain injury, drug and alcohol abuse, and other
neurological disorders that affect cognitive functioning
or the presence of any psychotic symptoms. Control sub-
jects were also excluded if a first-degree relative had been
reported to have been diagnosed with psychosis.

Task Design

Participants were administered the WPT." The MATLAB
(The MathWorks, Inc., Natick, MA) Psychophysics
Toolbox* version 7.4 was used to present the stimuli and
to record responses on an Apple G4 PowerBook using
the OSX operating system.

Weather Prediction Task. The WPT" is a probabilistic
classification task in which participants are told that they
have to predict the weather (sun or rain) based on cues by
pressing one of 2 buttons that correspond to either sun or
rain (figure 1; online supplementary table 1). The cues are
probabilistically related to the outcomes. On every trial,
between 1 and 3 cues (out of 4 possibilities) can appear,
yielding 14 stimuli consisting of combinations of cues.
The association of the different cues with different prob-
abilities was randomized across participants. The cue
strength of each of the 14 resulting combinations was
such that the overall probability associating each indi-
vidual cue with sun or rain was .727, .556, .409, and .280
across the trials. A response was counted as correct on a
trial if it matched the outcome most strongly associated
with a stimulus; thus, a response would be counted as
correct even if, on that trial, the participant received feed-
back that their response was incorrect, which occurred
because the cue-outcome associations were probabilis-
tic, not deterministic. For example, a particular cue is
associated 72.7% of the time with sun. This means that
27.3% of the time the cue will be associated with rain.
The percentage correct score reflects how well the sub-
jects learned the cue-outcome associations.”

When the subjects were completing the task in the
fMRI scanner, a baseline condition was interleaved
between trial blocks, which consisted of the subjects
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always pressing the same button to the same 3 cues on
the screen. Each trial block consisted of 2 sets of 5 task
trials, with each set followed by 3 baseline trials. The
baseline was the same task for both days of training in
the scanner.

Procedure

Testing occurred in 2 sessions. All behavioral testing
was completed in the Semel Institute for Neuroscience
and Behavior at UCLA. On the first day, participants
were screened for neurological or psychiatric disorders
by a clinical psychologist and completed the Wechsler
Abbreviated Scale of Intelligence (WASI) Vocabulary and
Block Design subtests (online supplementary table 2).
Afterwards, the subjects completed the 50 trials of the
WPT in the fMRI scanner. This was considered “early
training.” Within 1 week, participants returned and first
attended a behavioral testing session that lasted approx-
imately 2 hours where the subjects were trained for an
additional 800 trials of the WPT occurring in 2 blocks
of 400 trials with a rest break of 30 minutes between
training blocks. During a subset of the trials (8§81-160 in
the first block and trials 641-720 in the second block),
subjects performed a tone counting task concurrently
with the WPT. After these 800 training trials, subjects
then completed 50 additional trials of the WPT while in
the scanner (late training). Therefore, the WPT was per-
formed in the scanner 2 times: once before the extended
practice and once after the extended practice. Two differ-
ent sequences of trials were generated for the scanner and
behavioral version of the WPT, and order was counter-
balanced across participants.

Imaging Procedure

Scanning was performed on a 3-Tesla Siemens Allegra
head-only MRI scanner in the Ahmanson-Lovelace
Brain Mapping Center and Ronald Reagan Hospital
at UCLA. The scanning sessions occurred in a build-
ing near the Semel Institute where behavioral training
occurred. For the functional runs, T2*-weighted echo-
planar images (EPIs) were collected (34 slices, slice thick-
ness = 4 mm, repetition time [TR] = 2000 ms, echo time
[TE] = 30 ms, voxel size = 3.1 X 3.1 X 4.00 mm, no gap, flip
angle = 90°, matrix size = 64 X 64, field of view = 200).
Structural images were collected as well that included:
a T2-weighted matched-bandwidth high-resolution
scan (34 slices, slice thickness = 4 mm, TR = 5000 ms,
TE = 33 ms, voxel size = 1.6 X 1.6 X 4.0 mm, no gap, flip
angle = 90°, matrix size = 128 X 128, field of view = 200)
and a magnetization-prepared rapid acquisition gradient
echo image (MPRage; 160 sagittal slices, slice thickness
=1 mm, TR = 2300 ms, TE = 2.1 ms, voxel size = 1.3 X
1.3 X 1.0 mm, 0.5mm gap, flip angle = 8°, matrix = 192 X
192, field of view = 256).
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Stimulus presentation was controlled by an Apple G4
Powerbook, and participants viewed the stimuli through
MRI compatible goggles and responded with an MRI
compatible response box connected directly to the com-
puter. Head movement was minimized with foam pad-
ding in a standard radiofrequency single channel head
coil. Two volumes were acquired at the beginning of each
functional scan to allow equilibration to steady state and
were subsequently excluded from the analysis.

Behavioral Data Analysis

All behavioral data analysis was conducted using the
Statistical Package for the Social Sciences (SPSS) 16
(SPSS, Chicago, IL). The variable of interest was accu-
racy. The data were analyzed using a MANOVA with the
Huynh-Feldt correction for nonsphericity. The control vs
sibling group was the between-group subject factor. We
tested a directional hypothesis: siblings of COS patients
would perform worse than healthy, age-matched controls.

Imaging Data Preprocessing and Analysis

Data preprocessing was conducted using functional
magnetic resonance imaging of the brain (FMRIB)
Software Library (FSL) version 3.3 (www.fmrib.ox.ac.
uk/fsl). Images were motion-corrected using FMRIB’s
Motion Correction Linear Image Registration Tool
(McFLIRT) using a normalized correlation ratio cost
function and linear interpolation.** Skulls were stripped
using the Brain Extraction Tool (BET).*

Data analysis was conducted in FSL version 4.1 using
the fMRI Expert Analysis Tool (FEAT version 5.98),
first at an individual subject-level (using fixed-effects
model) and then using a mixed-effects model at the group
analysis level contrasts. For the individual subject-level
analysis, data were spatially smoothed using a 5-mm
full-width-half-maximum Gaussian kernel, intensity
normalized, and filtered with a nonlinear high-pass fil-
ter (Gaussian-weighted least-squares straight line fitting,
with sigma 100.0 s). A 3-step registration process aligned
individual participant data into standard Montreal
Neurological Institute (MNI) space. EPIs were registered
to the matched-bandwidth image (7 degrees of freedom
[df]), then to the MPRage image (7 df), and finally to
MNI space using FMRIB’s Linear Image Registration
Tool (FLIRT)* using an affine transformation with 12 df.

We then conducted an individual subject-level analy-
sis in FEAT with a contrast of interest of task vs base-
line for early training on day 1 and a separate analysis
for late training on day 2. For all time-series statistical
analyses, FMRIB’s Improved Linear Model (FILM) with
local autocorrelation correction®® was used. Regressors
of interest were created using a delta function with
trial onset times convolved with a canonical (double
gamma) hemodynamic response function, along with the
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temporal derivative. Higher-level analyses using a mixed-
effects model compared differences between contrast of
interest between days within and between groups as well
as the interaction between day and group. For all con-
trasts of interest, Z-statistic images were created using
an uncorrected cluster-forming threshold of z >2.3. We
then applied the cluster-based theory of Gaussian ran-
dom fields,*” which determines a null distribution for clus-
ter sizes based on the smoothness and size of the search
volume. The whole-brain corrected P value for each
observed cluster was determined using the cluster-based
correction, and those with corrected P <.05 are reported;
the smallest observed cluster size surviving the corrected
extent threshold in the analysis was 700 voxels (FSL does
not report the actual extent threshold).

Results

Behavioral Results of the fMRI Subjects

As in previous studies of first-degree relatives of patients
with schizophrenia, the siblings of COS probands had sig-
nificantly lower scores on 2 WASI subscales (Vocabulary:
t(32) = 4.165, P < .001 and Block Design: #(30) = 3.279,
P =.003) than controls. One of the siblings of COS pro-
bands was not tested on the WASI subtests, and 2 control
participants were not tested on the Block Design subtest
due to time constraints and were not included in these
analyses.

Consistent with the results of our larger behavioral
study? from which the participants in the current study
were drawn, the siblings of COS probands exhibited per-
formance deficits on the WPT. It is important to note
that these results are not a replication of our prior results
because all of the participants were a subset of the sub-
jects presented in Wagshal et al*® from which the behav-
ioral data were collected. Below we present the behavioral
data from the scanning sessions for subjects who contrib-
uted to the fMRI results reported here.

We first examined accuracy during early learning,
which we defined as learning on day 1 (the first 5 blocks
of 10 trials, 50 trials). Controls demonstrated learning in
the first 50 trials, in that performance was not significantly
above chance (50%) on the first block of 10 trials (z[24]
= 0.85, P > .2) but they did perform significantly above
chance in the third block of 10 trials and in subsequent
blocks (zs[24] > 3.25, Ps < .02). In contrast, the siblings
of COS probands did not perform significantly above
chance on any block during this period (zs[9] < 0.77, Ps
> 2) (figure 2A). During the 50 trials of training on day
1, there was a main effect of group (F(1, 33) = 4.134,
P = .025) with significantly better performance by the
controls than siblings of COS probands. There was no
main effect of block or an interaction between group and
block (F<1).

We next analyzed accuracy during the second day of
training (the last 5 blocks of 10 trials: trials 851-800).
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Fig. 2. Weather Prediction Task accuracy of the controls and
childhood-onset schizophrenia siblings (A) in early training (first
50 trials) and (B) after extensive training (last 50 trials, trials
851-900). Error bars represent the SE of the mean.

Figure 2B presents accuracy for the 2 groups during this
late practice. In the first block of training on day 2, con-
trol participants performed numerically better than the
siblings of COS probands, but there were no significant
differences between the groups initially. However, as prac-
tice continued, a difference emerged between the groups.
During this period, the control group performed above
chance on each 10 trial block (zs[24] > 5.03, Ps < .001).
In contrast, the siblings of COS probands only performed
above chance on the first 2 blocks (#s[9] > 2.87, Ps < .01;
but not in the last 3 blocks, #s[9] < 0.77, Ps > .2). The
siblings of COS probands reached a lower level of asymp-
totic performance than controls, even after extensive
training. During this later learning, there was a significant
main effect of group (F(1, 33) = 11.328, P = .001) but no
main effect of block or an interaction between group and
block (F < 1). Thus, as in the Wagshal et al*® study, the
controls demonstrated significant learning in the first 50
trials, while the siblings did not. Even after extended train-
ing when performance was asymptotic, the COS sibling
group never achieved the same level as controls.
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JSMRI Results

We examined neural activation during performance of the
WPT using a task-baseline contrast in a whole-brain group-
level voxel-wise analysis during early and late learning.
We first identified regions in which there was a significant
Day X Group interaction in blood-oxygen-level-dependent
(BOLD) activation and found multiple regions in which
the change in activation across training differed between
the groups. These regions include: bilateral caudate, bilat-
eral putamen, right thalamus, bilateral precuneus cortex,
bilateral anterior and posterior cingulate gyrus, bilateral
middle and superior frontal gyrus, bilateral paracingulate
gyrus, bilateral inferior frontal gyrus, bilateral supplemen-
tary motor area (SMA), bilateral frontal medial cortex,
bilateral anterior PFC, bilateral insula, and cerebellum
(figure 3; online supplementary table 3). Activity in these
regions increased or was maintained across training in
controls but did not increase or actually decreased in the
siblings of COS probands. There were no regions in which
there was a greater increase in activation in the COS sib-
lings across training than in the controls.

We next examined group differences separately at the
2 timepoints during training. During early learning (the
first 50 trials), there were several regions that were sig-
nificantly more active in the siblings of COS probands
than in controls: bilateral anterior and posterior cingu-
late gyrus, bilateral precuneus cortex, bilateral thalamus,
bilateral SMA, bilateral paracingulate cortex, bilateral
anterior PFC, and the bilateral frontal medial cortex
(figure 4; online supplementary table 4). Of these regions
that significantly passed threshold, online supplemen-
tary figure 1 demonstrates that all the regions were more
active in the siblings of COS probands than in controls,
except for the bilateral frontal medial cortex, which was
less deactivated relative to the baseline condition in the
siblings of COS probands than in the controls. There
were no regions that were more active in controls com-
pared with the siblings of COS probands.

During late learning (the last 50 trials on day 2 after the
additional 800 behavioral training trials, trials 851-900),
there were several regions that were significantly more
active in controls than in the siblings of COS probands.
Two regions (the bilateral paracingulate cortex and the
bilateral anterior PFC) had been more active in the sib-
lings of COS probands early in training but decreased in
activation, falling below that of controls at the end of
training. There were other regions in which activation
was not significantly different between the groups in early
training but was significantly lower in the siblings of COS
probands during later training. These areas included the
left caudate and putamen, and the bilateral superior and
middle frontal gyri (figure 5; online supplementary fig-
ure 2 and supplementary table 4). There were no regions
that were more active in the siblings of the COS proband
group compared with controls at the late timepoint.
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Fig. 3. Percent signal change during the task compared with baseline within the regions that demonstrated areas of significant difference
between childhood-onset schizophrenia siblings and controls during a Day X Group interaction. Error bars represent the SE of the mean.

Because the performance of the COS siblings was sig-  characteristic of poorly performing subjects in general
nificantly worse than that of controls, it is possible that  and not specific to genetic liability for schizophrenia.
the pattern of activation seen in the COS siblings was  To examine this possibility, we conducted a secondary
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Fig. 4. Early learning (first 50 trials) in the Weather Prediction
Task. Images are from the group-level analysis (z > 2.3, cluster-
corrected thresholded at P = .05). (A) bilateral anterior cingulate
gyrus, (B) bilateral posterior cingulate gyrus, (C) bilateral
paracingulate cortex, (D) bilateral anterior prefrontal cortex, (E)
bilateral frontal medial cortex, (F) bilateral supplementary motor
area, (G) bilateral precuneus cortex, and (H) right and left thalamus
for childhood-onset schizophrenia siblings >controls for task vs
baseline. Regions circled in blue correspond to their labeled region.

Fig. 5. Extended training (after 850 additional trials) in the
Weather Prediction Task. Images are from the group-level
analysis (z > 2.3, cluster-corrected thresholded at P = .05).
(A) left caudate and left putamen, (B) bilateral paracingulate
cortex, (C) bilateral anterior prefrontal cortex, (D) bilateral
superior frontal gyrus, and (E) bilateral middle frontal gyrus
for controls >childhood-onset schizophrenia siblings for task
vs baseline. Regions circled in blue correspond to their labeled
region.

analysis comparing the COS group to the subset of con-
trols whose performance was below the overall control
median (online supplementary table 2 and supplementary
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figure 3). This subgroup of controls performed at a similar
level to the COS siblings (ie, there was no difference in per-
formance between the groups, F(1, 21) = 0.381, P = .544).
While this comparison had reduced statistical power com-
pared to the analysis including the larger group of control
subjects, the results were remarkably similar. During early
learning, the regions that were significantly more active in
the siblings of COS probands than in the performance-
matched controls included bilateral anterior and posterior
cingulate gyrus, bilateral precuneus cortex, left thalamus,
bilateral paracingulate cortex, and bilateral anterior PFC
(online supplementary table 5). These were the same regions
that showed increased activation in the COS sibling group
compared with the larger control group as well. Only the
increases in SMA and medial frontal regions that were pres-
ent in the main analysis did not emerge in the performance-
matched analysis. As in the larger analysis, there were no
regions that were more active in performance-matched con-
trols compared with the siblings of COS probands.

Comparing the performance-matched groups late in
training also revealed a pattern similar to the larger analy-
sis. Similar regions that were significantly more active in the
controls than in the siblings of COS probands were also
more active in the subset of performance-matched controls:
bilateral anterior PFC, bilateral paracingulate cortex, and
bilateral superior and middle frontal gyri (online supple-
mentary table 4). There was also a trend for the left putamen
(P comecea = -004) and bilateral caudate (P =.0091) to
display more activation in the performance-matched con-
trols compared with the COS siblings. In the analysis with
the larger group of controls, the difference in the striatum
achieved statistical significance. One additional difference
emerged in the comparison of performance-matched subjects
that was not present in the comparison including all controls.
In the insula, the performance-matched controls showed
greater activation than the COS siblings late in training.

The results of the analysis of performance-matched
groups indicate that the pattern shown by the siblings of
COS patients of increased activation during early learn-
ing followed by reduced activation after extended training
is not characteristic of poor performance in general on
the WPT. Rather, the siblings of COS probands exhibit
a different pattern of activation compared with control
subjects performing at the same level.

Discussion

Adolescent siblings of COS patients performed signifi-
cantly more poorly on the WPT and exhibited differ-
ent patterns of neural activation during learning of this
task compared with controls. Early in practice, there was
clear learning by the controls and no evidence of learn-
ing in the siblings of COS probands. There was also a
lower level of asymptotic performance in the siblings of
COS probands after extended practice compared with
controls. The fMRI data revealed that in a number of
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frontal regions, the siblings of COS probands demon-
strated increased activation compared with controls early
in training and decreased activation compared with con-
trols after extensive training. In the control group, the
level of activation in the striatum was consistent across
training. In contrast, the activation in the left striatum
in the siblings of COS probands decreased from early to
late in practice. A secondary analysis comparing the COS
siblings to a subset of controls matched for performance
revealed a similar pattern as seen in the more inclusive
analysis. Although the performance-matched analysis
had lower statistical power, the same differences in fron-
tal and cingulate/paracingulate regions emerged across
both days of training, and trend-level group differences
in the striatum were present after extended training.
Previous neuropsychological and neuroimaging studies
have shown that performance on the WPT is supported by
multiple neural systems. Very early learning can be sup-
ported by a declarative system with a habit system support-
ing learning as training progresses.®® The present results
suggest disruption of both components of performance
in the siblings of COS probands. Corticostriatal circuits
play an important role in learning in the WPT, particu-
larly when declarative memory is compromised or after
extensive training.!“¥*# The fact that the control subjects
maintained striatal activity across learning is consistent
with previous work. While the siblings of COS probands
showed task-related striatal activity early in training, this
activation decreased significantly later in training. Even
when performance was matched, there was a trend for
COS siblings to show lower activation than controls that
emerged at the late timepoint. This pattern may reflect a
lack of effective utilization of striatal circuits in the sib-
lings of COS patients, that may have contributed to their
poorer level of asymptotic performance on the WPT.
Because we collected fMRI data during both initial
learning and asymptotic performance, we were able to
compare the change in neural activation in the 2 groups
across training. In control subjects, 3 regions (anterior
and posterior cingulate and frontal medial cortex) were
deactivated relative to baseline early in training, and then
activation increased to baseline levels at asymptotic per-
formance. This pattern is consistent with these areas being
part of a default mode network, which is deactivated dur-
ing attention-demanding tasks, reflecting a redistribution
of processing resources.**#’ Early in learning, the WPT
was likely to be attention demanding but with extensive
training performance became relatively automatic,?® and
the default mode network was reinstituted in controls.
In contrast, in the siblings of COS probands, the activ-
ity in these regions showed the opposite pattern, with
activity decreasing in these regions across training. In the
siblings of COS probands, deactivation did not occur in
these regions early in training, but there was deactivation
after extensive training. In adult patients with schizo-
phrenia and their relatives, altered default mode network

Corticostriatal Dysfunction in COS Siblings

activity has been demonstrated.* ! Altered default mode
network function in schizophrenia has been conjectured
to be involved in the complex pattern of symptoms
observed in schizophrenia involving attending to internal
and external stimuli and self-referential processing.’ The
present results suggest that this alteration may be part
of the genetic liability for schizophrenia and not merely
related to the presence of psychotic symptoms.

There were group differences in the activation of bilat-
eral anterior PFC and paracingulate cortex. In control sub-
jects, there was no task-specific activation in these regions
early in training, with marginal increases at the end of
training. In the siblings of COS probands, however, these
regions showed above baseline activation early in training,
with sharp reductions later in training to below baseline
levels. The anterior PFC has been implicated in the inte-
gration of cognitive processes and memory retrieval. >
The paracingulate cortex is a cingulo-frontal transition
area that has been termed the “cognitive” division of the
anterior cingulate cortex and has reciprocal connections
with PFC regions, including anterior PFC.>*> While these
regions do not appear to play a role in learning in the con-
trol group, it may be that the siblings of COS probands
activate these regions to a greater extent early in learning
as a compensatory strategy. The sharp decrease in activ-
ity in these regions as performance becomes asymptotic in
the siblings of COS probands suggests that these regions
are engaged in learning in this group.

The results provide evidence that corticostriatal dys-
function may be part of the genetic liability for schizo-
phrenia independent of the effects of medication and
the illness. Also, the sharp decrease in activation in the
anterior cingulate gyrus and a number of frontal regions
in the siblings of COS probands compared with controls
late in training may reflect an ineffective utilization of
cortico-cingulate circuits, which may have contributed in
the poorer level of asymptotic performance on the WPT.

In the present study, adolescents were tested. Thus, the
impaired behavioral performance and alterations in func-
tional brain activation in the siblings of COS probands
could reflect a developmental delay rather than an enduring
deficit. Given findings of a normalization of gray matter
abnormalities in siblings of COS patients when they reach
adulthood,® it is particularly important to conduct longitu-
dinal studies in this group to see if functional brain abnor-
malities persist into adulthood. It would also be important
to know whether the abnormalities in neural activation seen
here are associated with conversion to schizophrenia. It is
possible that some of the siblings of COS patients will go
on to develop psychosis during adulthood, and the abnor-
malities in neural activation described here may reflect pre-
cursors of disease rather than purely genetic liability.

In our study, there was little or no relationship within
each group between measures of intellectual function and
learning across both days of training on the WPT. For
the COS sibling group, there was no relationship between
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scores on the Block Design or Vocabulary Design subtests
of the WASI and either early or late performance (Ps >
.05). For the control participants, there were modest cor-
relations between scores on the WASI subtests and WPT
performance. There were significant correlations only for
early learning and Vocabulary Design (1(25) = .401, P <
.047) and for asymptotic performance and Block Design
(r(23) = .436, P = .038). Finally, a regression analysis
showed that the IQ measures did not significantly predict
performance during either early learning or asymptotic
performance (P > .05). Based on the lack of a strong
relationship between either measures of verbal or perfor-
mance 1Q and WPT performance, it is unlikely that differ-
ences in general intellectual function between the groups
could substantially account for the findings of our study.
However, we cannot rule out the possibility that these dif-
ferences may have made some contribution to the pattern
of results. Future work with larger samples are needed
that can better assess the relationship between individual
cognitive or behavioral factors and WPT performance.
Future work with larger samples could also potentially
reveal differences in strategy use in the WPT (eg, whether
choices are based on single cues or cue combinations) in
relatives of COS probands. While Weickert et al® did not
find evidence of different strategy use in the WPT in sib-
lings of adult-onset patients, it is possible that relatives
of COS probands would show such a difference. In addi-
tion, studies with larger sample sizes of relatives of COS
probands are needed to examine whether the abnormal
patterns of BOLD signal activity are correlated with
behavioral deficits in cognitive skill learning in this group.

Supplementary Material

Supplementary material is available at http://schizophren
iabulletin.oxfordjournals.org.
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