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Poor attention and impaired memory are enduring and core features of schizophrenia. These
impairments have been attributed either to global cortical dysfunction or to perturbations of
specific components associated with the dorsolateral prefrontal cortex (DLPFC), hippocampus and
cerebellum. Here, we used positron emission tomography (PET) to dissociate activations in DLPFC
and hippocampus during verbal episodic memory retrieval. We found reduced hippocampal
activation during conscious recollection of studied words, but robust activation of the DLPFC during
the effort to retrieve poorly encoded material in schizophrenic patients. This finding provides the

first evidence of hippocampal dysfunction during episodic memory retrieval in schizophrenia.

Schizophrenia is typically associated with the occurrence of
hallucinations and delusions. However, since the original
description of the disorder as dementia praecox, cognitive
deficits have been recognized as core features of the diseasel2.
Inattention and memory impairment are especially enduring
symptoms that often do not respond to treatment and con-
tribute to poor prognosis and disability2,

Functional neuroimaging is, arguably, the best tool to
investigate the neural basis of the symptoms of schizophre-
nia%5. Such studies have demonstrated three patterns of abnor-
mal cerebral blood flow during cognitive activation. First,
impairment of working memory and executive functions in
schizophrenia have been associated with decreased blood flow
in the dorsolateral prefrontal cortex (DLPFC)S. Second, cog-
nitive dysmetria, the inability to receive and process informa-
tion rapidly, has been associated with a dysfunction of
prefrontal-thalamic-cerebellar circuitry’. Third, auditory hal-
lucinations and the experience of psychotic symptoms have
been associated with increased blood flow in medial tempo-
ral lobe, limbic and subcortical structures®®.

Recent studies have mapped the neuroanatomy of memo-
ry to a network of cortical and subcortical structures in the
human brain1®11 This provides a foundation to test the
hypothesis that schizophrenia is associated with perturbations
of specific memory components. Two areas of particular inter-
est in the study of schizophrenia, the DLPFC12 and the hip-
pocampal formation13, are involved in the encoding, storage
and retrieval of memory. Activation of the DLPFC has been
associated with semantic processing during encoding and with
the effort of retrievall*15, Hippocampal activation has been
associated with the detection of novelty, with the creation of
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associations during encoding and with the experience of con-
scious recollection4-16,

We used a recently developed positron emission tomography
(PET) experimental design!* to study prefrontal and hippocampal
function during episodic memory retrieval in schizophrenia. Prior
to scanning, subjects studied a list of written words for either (a) a
shallow encoding task that required counting the number of T-junc-
tions in the letters of each word, which usually results in poor sub-
sequent memory for those words (‘low recall’), or (b) a deep
encoding task that required counting the number of meanings for
each word, which usually produces robust subsequent memory for
those words (‘high recall’). Subjects were then scanned and tested
with a stem-cued recall test, in which they were given three-letter
word beginnings and were asked to retrieve studied words. This
allowed us to contrast the effort of retrieval with the process of suc-
cessful retrieval. Based on previous studies!1417.18 we predicted
that activation of the prefrontal cortex would correspond with the
effort of retrieval and that hippocampal and parahippocampal acti-
vation would occur during successful retrieval of memory. Consis-
tent with our hypothesis, we found the predicted pattern of regional
brain activation during memory retrieval in the control group. In
contrast, the schizophrenic patients recruited the prefrontal cortex
during the effort of retrieval but did not recruit the hippocampus
during conscious recollection. This pattern of activation was asso-
ciated with higher accuracy during low recall and lower accuracy
during high recall in schizophrenics than in control subjects.

Results

BEHAVIORAL DATA

We analyzed the effects of group, condition and run on recall
accuracy with a repeated-measures ANOVA using subject as
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Table 1. Brain regions showing significantly increased activity
during low recall in control subjects and schizophrenic
patients and significant differences between groups.

Low Recall Minus Baseline

Region (Brodmann areas) Z score Coordinates

Control subjects

L Prefrontal (8) 3.50 -28, 14,40

R Prefrontal (8) 3.46 42,18, 44

R Precuneus (31) 3.18 20, -62, 12

Schizophrenic patients

R Prefrontal (11) 4.38 18,42, -12

R Prefrontal (10) 4.36 28,56, 0
3.65 2,54,8

R Prefrontal (9) 4.07 24,32, 36

R Parietal (7) 3.48 36, -64, 44

R Thalamus 3.10 4,-18,4

Between-group comparisons

Control subjects > Schizophrenic patients

no regions

Schizophrenic patients > Control subjects

R Inferior Temporal (20) 3.18 30, -36, -16

random effect. As expected, deep encoding resulted in better
recall than shallow encoding in both groups, that is, they
remembered many more words during the high-recall task
(controls, 0.76; schizophrenics, 0.61) than during the low-recall
task (controls, 0.28; schizophrenics, 0.35; main effect of con-
dition, F(1,18) = 244.0, p <.0001). The increment in recall
accuracy was significantly different between the two groups as
revealed by a significant group-by-condition interaction
(F(1,18) = 21.4, p <.0001). This was due to lower accuracy of
the schizophrenic patients compared to controls during high
recall (t-test, p = .009) and higher accuracy of the schizophrenic
patients compared to controls during low recall (t-test, p =.02).
It is important to note that, although the magnitude of the
increase was different for the two groups (t-test, p <.001), both
groups showed significantly more accuracy in high recall than
in low recall (paired t-tests, control group, mean percent
change, 0.48, p < .0001; schizophrenia group, 0.26, p<.0001).
No other main effect or interaction was significant.

To test whether the schizophrenic patients were more accu-
rate than controls during low recall because they failed to fol-
low the shallow, perceptual encoding strategy, we compared
the accuracy of counting the correct number of T-junctions
(for each set of 20 words). The correct number of T-junctions
varied between 0 and 7 per word. Accuracy scores for counting
T-junctions in controls (mean = SD, 0.89 + 0.06; range,
0.82-0.98) and schizophrenic patients (0.78 + 0.18; 0.45-0.98)
were not significantly different, but there was a trend toward
a group difference (unpaired t-test, p = 0.11). To investigate
this trend further, we studied the individual accuracy scores
of the thirteen schizophrenic patients for counting T-junc-
tions. The counting of T-junctions was markedly less accurate
in three patients (case 6, 0.45; case 7, 0.50; case 9, 0.63) com-
pared with the range of the other ten patients (0.78-0.98). The
recall accuracy scores during the online test unit for these three
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patients were very close (case 6, 0.38; cases 7 and 9, 0.40) to
the mean recall accuracy score of the patient group (0.35).

PET DATA
Regional brain activation associated with the effort to recall
recently studied words was investigated with the contrast of
relative regional cerebral blood flow (rCBF) during low recall
minus baseline conditions (Table 1). Control subjects showed
significant rCBF increases in bilateral prefrontal areas and
right precuneus. Schizophrenic patients showed rCBF increas-
es in right prefrontal areas, right parietal cortex and right thal-
amus. Comparing rCBF changes during the effort to recall
previously studied words revealed that activation of only one
region, in the right inferior temporal cortex, was greater in
schizophrenic patients than in controls; no other differences
were significant (Table 1).

Regional brain activation during the actual recollection of
recently studied words was investigated with the contrast of
rCBF during high recall minus low recall conditions (Table 2).
Control subjects showed significant rCBF increases in pre-
dicted regions of the right hippocampus and parahippocam-
pal gyrus, with additional increases in retrosplenial, occipital
and temporal regions. The schizophrenic patients showed no
significant rCBF changes in medial temporal lobe structures
during conscious recollection, but did show significant acti-
vation in right prefrontal cortex. There were several signifi-
cant between-group differences during conscious recollection.
Normal subjects showed significantly greater rCBF increases
in the right hippocampus (Fig. 1) and the right superior tem-
poral gyrus, whereas schizophrenic patients showed signifi-
cantly greater rCBF increases in right prefrontal cortex and in
bilateral inferior parietal areas (Table 2). The high-recall-
minus-baseline contrast revealed less robust hippocampal acti-

Table 2. Brain regions showing significantly increased activity
during high recall in control subjects and schizophrenic
patients and significant differences between groups.

High Recall Minus Low Recall

Region (Brodmann areas) Z score Coordinates

Control subjects

L Retrosplenial (29/30) 3.36 -8, -50, 20

R Parahippocampal (35/36) 3.27 26, -38, -8

R Hippocampal 321 24,-26, -4

L Occipital (17) 3.16 -16,-90, 4

R Superior Temporal (22/42) 3.13 52,-4,8

R Occipital (18) 3.12 28, -84, -4

Schizophrenic patients

R Prefrontal (45) 3.20 28,30,4

Between-group comparisons

Control subjects > Schizophrenic patients

R Hippocampal 3.66 24,-28, -4

R Superior Temporal Gyrus (22/42) 3.12 56, -2, 8

Schizophrenic patients > Control subjects

R Inferior Parietal (40) 3.60 48, -62, 40

R Prefrontal (10) 3.40 26, 48, 24

L Inferior Parietal (40) 3.21 -40, -46, 44
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vation (coordinates 24, -28, -4;
z = 1.81) in the control group, but
between-group comparisons again
revealed less hippocampal activa-
tion during conscious recollection
in the schizophrenia group (coor-
dinates 26, -28, -4; z = 2.38).

We further analyzed the finding
of poor hippocampal activation
during conscious recollection in
schizophrenia, using a random-
effects model (see Methods) to
compare rCBF during the three
conditions between the two groups
and to retest the group-by-condi-
tion interaction. The control sub-

low recall and high recall). The

Fig. 1. PET statistical map comparing the contrast (high recall minus low recall) between control
subjects and schizophrenic patients. The PET image is co-registered with an average normal mag-
h o . netic resonance image (MRI), transformed to Talairach space. The three slices are at the level of
jects showed significantly higher  yne medial temporal lobe (horizontal level -4 mm, coronal level -28 mm and sagital level 24 mm in
rCBF in bilateral frontal areas dur-  Tajairach space). Compared with the control group, the right hippocampal region (at coordinates
ing all three conditions (baseline, 24, -28, -4) was significantly less activated (p < .001, z > 3.09) in the schizophrenia group.

schizophrenic patients showed sig-

nificantly higher rCBF in bilateral

temporal, parietal, and occipital areas during all three condi-
tions. Between-group analysis of the average of all three con-
ditions (contrast 1,1,1,-1,-1,-1 and the reverse) revealed higher
rCBF in multiple frontal areas in controls and higher rCBF in
occipital, parietal and temporal areas, including the hip-
pocampus (at coordinates 24, -28, -4, run 1, z = 6.31, run 2,
z =5.25), in schizophrenics. The group-by-condition interac-
tion (i.e., hippocampal rCBF increased significantly more in
the control group during conscious recollection) was con-
firmed in the random-effects model, using only one run per
condition (contrast highl - lowl (24, -28, -4) z = 2.75; con-
trast high2 - low2 (28, -32, -8) z = 2.85).

Further analysis of right hippocampal rCBF during low
recall and high recall focused on nine contiguous voxels cen-
tered in coordinates 24, -28, -4, which is the region that was
most significantly different between the two groups. Mean
hippocampal rCBF was higher in the schizophrenia group
compared with the control group during baseline and during
low recall (Fig. 2a). Compared to low recall, hippocampal
rCBF increased significantly (paired t-test, p = .013) during
high recall in the control subjects (Fig. 2a), whereas the schiz-
ophrenic patients showed a nonsignificant decline. Hip-
pocampal rCBF increased during high recall in seven of eight
control subjects but in only one schizophrenic patient
(Fig. 2b). The schizophrenic patient who showed hippocam-
pal rCBF increases was only marginally more accurate at high
recall (35% correct) than at low recall (28% correct).

Discussion

MEMORY RETRIEVAL IN NORMAL SUBJECTS

The activation of prefrontal areas, precuneus, medial tempo-
ral lobe, superior temporal gyrus and visual areas that we
observed during episodic memory retrieval in our control
group is consistent with previous reports!t1417.19-22 As in our
previous studies!#17, we found that replacing a perceptual with
a semantic encoding strategy increased recall accuracy, and
that recollection of semantically encoded words was associated
with right hippocampal activation. We have proposed!* that
prefrontal cortex activation during the low-recall condition
reflects the effortful aspects of retrieval search and that hip-
pocampal activation reflects a conscious recollective process.

320

We had found in a previous studyl’ that, in comparison with
young adults, elderly control subjects perform less accurately
and recruit farther posterior frontal areas during low recall.
The control group in this study, whose age (mean, 40.0 years)
was intermediate between the younger and older adults in our
previous study, also activated farther posterior prefrontal areas.
Moreover, they achieved recall accuracy scores during low recall
similar to those of the elderly adults studied previously.

MEMORY RETRIEVAL IN SCHIZOPHRENIC PATIENTS

During the low-recall condition, the schizophrenic patients
showed increased rCBF in right parietal cortex (area 7), in
right prefrontal areas (areas 9, 10 and 11) and in the right thal-
amus. Compared to the activation of one prefrontal area (area
8) in the control group, the schizophrenic patients activated
several prefrontal areas that were located farther anterior. The
more widespread activation of prefrontal areas might be relat-
ed to greater effort by the patients throughout the experiment:
they achieved higher recall accuracy during low recall and
showed more activation of area 10 in the high-recall-minus-
low-recall contrast (Table 2).

The schizophrenic patients were less accurate when they
were required to use a higher-level semantic encoding and
search strategy and did not show hippocampal recruitment
during conscious recollection. In contrast, schizophrenic
patients showed significant activation of regions that are asso-
ciated with attention (area 40) and retrieval effort (area 10)
during conscious recollection (Table 2). The activation of
extrahippocampal areas associated with memory retrieval
might represent the effort to compensate for the failed recruit-
ment of the hippocampus, which produces variable outcomes.

Surprisingly, the schizophrenic patients performed more
accurately than the controls during the low-recall condition.
This indicates that they might have used ancillary strategies, dur-
ing either encoding or retrieval, or both, to enhance their per-
formance. As outlined above, the more widespread prefrontal
cortex activation in the low-recall-minus-baseline contrast might
indicate greater effort during recall in the schizophrenia group,
explaining, at least in part, their higher accuracy.

We can only speculate about possible differences during encod-
ing, as we do not have PET data from the study phase. The analy-
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Fig. 2. Hippocampal rCBF during the three test conditions.
(a) Means (and standard errors) of relative rCBF during baseline,
low-recall and high-recall conditions from nine contiguous voxels
centered in the right hippocampus voxel (24, -28, -4) that was
most significantly different between the control and schizophrenia
groups. (b) Difference of rCBF values between high recall and low
recall in control subjects and schizophrenic patients. Seven out of
eight controls, but only one out of thirteen schizophrenic patients,
showed an increase in hippocampal rCBF during high recall.

sis of the patients’ accuracy of counting T-junctions demonstrat-
ed that most patients performed well and followed the encoding
instructions. However, schizophrenic patients might have used
an additional deeper, possibly semantic, strategy to encode words
from the low-recall study list. This could have occurred with the
subject’s awareness (explicit) or without (implicit). The observa-
tion that the patients performed poorly when instructed to employ
an explicit semantic encoding strategy (high recall) makes an
implicit strategy more likely. One possible mechanism is the fail-
ure to inhibit the creation of semantic associations during encod-
ing, resulting in better performance at test. This hypothesis is
consistent with previous studies showing that schizophrenic
patients use automatic rather than voluntary processes to improve
memory performance? and that they have impaired recognition
memory with, but not without, conscious recollection?4,
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Another explanation can be derived from our finding of
high hippocampal rCBF in all three word-stem-completion
conditions. Compared to the control group, hippocampal
activity was continuously increased in schizophrenia and was
not modulated by environmental contingencies. Such uncon-
trolled hippocampal activation might improve memory
processes that do not normally recruit the hippocampus (e.g.,
effortful retrieval search, priming) and perturb those that
depend on the hippocampus. This explanation is consistent
with theoretical models of hippocampal hyperactivity caus-
ing abnormal thought processes, hallucinations and delusions
in schizophrenia25.26,

HIPPOCAMPAL DYSFUNCTION IN SCHIZOPHRENIA

Our finding of hippocampal dysfunction during episodic
memory retrieval in schizophrenia complements recent evi-
dence of abnormal hippocampal structure and function in
schizophrenia®13:27-29 Our study demonstrates that hip-
pocampal hyperactivity is present in schizophrenia not only
at rest®30-32 byt also during cognitive activation (baseline and
low recall) that interferes with the normal recruitment of the
hippocampus during memory retrieval. Functional hyperac-
tivity in the setting of structural deficits of the hippocampus in
schizophrenia has been interpreted as reduced efficiency of
transsynaptic activity3L. It is unlikely that hippocampal rCBF
in our sample of schizophrenic patients was at a maximum
that could not be increased, because area 40 also showed sig-
nificantly higher rCBF at baseline in the schizophrenia group
but still showed significantly greater rCBF increases during
task performance. Increased hippocampal activity at baseline
and impaired recruitment during episodic memory retrieval
might represent the functional correlate of an abnormal cor-
ticohippocampal interaction in schizophrenia?31.33.34,

LIMITATIONS AND CONCLUSIONS

The patient sample consisted of middle-aged males with pre-
dominantly hallucinatory symptoms and a disease onset before
age 40. Previous studies have not found significant correla-
tions of age, chronicity or sex with memory dysfunction in
schizophrenia3®. However, schizophrenia is heterogeneous,
and future studies are necessary to replicate our findings in a
larger sample and across the different subtypes of the disease.

All patients were chronically treated with typical neu-
roleptic medication, and four patients were chronically treat-
ed with anticholinergic medication. Like others3¢, we found
no correlation between correct response rates and neuroleptic
dose in our sample (Spearman rank correlation, high recall
rho -.18, p = 0.58; low recall rho .09, p = 0.79). There is no
evidence that chronic exposure to typical neuroleptics changes
blood-flow patterns in schizophrenia in the temporal lobe3’
or in the DLPFC during cognitive activation836 . In fact, it is
likely that discontinuation of chronic neuroleptic treatment
would have worsened hippocampal function and memory per-
formance in our sample38. We have to consider a salutary effect
of neuroleptic treatment on vigilance and attention, which
should have improved overall task performance and is an
unlikely explanation for the dissociation of prefrontal and hip-
pocampal activation that we found.

Our study provides the first evidence of impaired hip-
pocampal function in schizophrenia during episodic memory
retrieval. The pattern of increased hippocampal blood flow at
baseline and abnormal recruitment during conscious recol-
lection indicates a failure to modulate hippocampal activity
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based on contingencies of the environment. Hippocampal dys-
function might also be involved in the production of psychotic
symptoms in schizophrenia®931.39 contributing to poor prog-
nosis and inadequate response to treatment.

Methods

SusJecTs. Thirteen schizophrenic patients and eight psychiatrically
normal control subjects, all without any history of neurological ill-
ness, were studied using a recently developed positron emission
tomography approach4. Diagnoses were made using a structured
clinical interview??. Eight patients were diagnosed as paranoid-hal-
lucinatory and five as undifferentiated subtype of schizophrenia,
according to DSM-IV criteria%!.

Mean duration of illness was 18.2 + 6.1 years. Mean scores on the
positive, negative and global scales of the positive and negative syn-
drome scale (PANSS)#2 were 15.2 + 5.6, 18.9 + 3.3 and 28.6 + 4.8,
respectively. All subjects were right-handed males, and both groups
were matched for age (normal subjects 40.0 + 6.3 years, schizophrenic
patients 41.7 + 5.8 years). The control subjects had a higher educa-
tional status (control subjects 14.9 + 1.1 years, schizophrenic patients
13.1 + 2.3 years, p = .05, t-test), but mean parental educational status
was not significantly different (control subjects 12.6 + 2.7 years, schiz-
ophrenic patients 11.4 + 2.1 years, p = .28, t-test). All patients were
treated with typical neuroleptics (mean chlorpromazine equivalent
dose 377 mg per day, range 50-800 mg per day). Four patients were
treated with benztropine (1-2 mg per day; they ranked 1st, 5th, 7th
and 11th for mean performance scores in the schizophrenic sample).

EXPERIMENTAL DESIGN. Subjects underwent six scans. During scans one
and six, subjects were instructed to complete three-letter word stems
presented on the computer screen into the first word that came to
mind (baseline condition). Two pairs of scans (scans two and three
and scans four and five) followed after two offline study sessions. Dur-
ing the study session, subjects were presented with a randomized list
of 100 target words, composed of 20 words presented once and 20
words presented four times. The subjects were instructed to count T-
junctions in the target words presented once (perceptual encoding
strategy) and to count meanings of the target words presented four
times (semantic encoding strategy). We gave very specific instruc-
tions before each encoding block to count either T-junctions or the
number of meanings of the word presented on the screen. All sub-
jects successfully completed an offline trial to ensure that they were
able to follow the instructions. During scanning, the subjects were
asked to complete three-letter word stems of words presented either
once (low-recall condition) or four times (high-recall condition). The
order of the scanned recall sessions (two runs of each condition) was
counterbalanced across subjects.

PET SCANNING. PET data were acquired with a General Electric-Scan-
ditronix PC4096 15-slice whole body tomograph. Subjects underwent
six one-minute scans and inhaled [1°0]CO, gas beginning 30 seconds
after the initiation of the task. Subjects performed tasks while viewing
a computer screen and responded verbally. PET images were recon-
structed with a conventional convolution-backprojection algorithm,
corrected for photon absorption, scatter and dead-time effects.

DaTa ANALYsIs. Realignment of images and transformation into the
standard stereotactic space of Talairach was performed as described*3.
Images were smoothed with a two-dimensional Gaussian filter of
width 15 mm FWHM. Within-group analyses and initial between-
group analyses were performed using SPM95 (Wellcome Dept. of Cog-
nitive Neurology, London, UK). Main effects and interactions were
assessed with two contrasts (low recall minus baseline and high recall
minus low-recall), using t statistics subsequently transformed into
normally distributed z scores. Statistical parametric maps were thresh-
olded at an uncorrected p <.001 (i.e., z > 3.09). Further between-
group analyses were performed with a random-effects model in the
SPM95 environment*4, The data were modeled with explanatory vari-
ables for group and condition (no block effect), with one scan per
condition. This allowed the comparison of rCBF in one condition
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across groups, rather than the comparison of relative rCBF changes
between two conditions across groups as implemented in SPM95.
Additional region-of-interest analysis used the individual rCBF values
at the peak of hippocampal activation in the SPM, divided by the
individual global cerebral blood flow and multiplied by 50.
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