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We examined hippocampal activation in schizophrenia (SZ) with fMRI BOLD in response to the presentation
of novel and familiar scenes. Voxel-wise analysis showed no group differences. However, anatomical region-
of-interest analyses contrasting normal (NL), SZ-on-medication (SZ-ON), SZ-off-medication (SZ-OFF)
showed substantial differences in MTL-based novelty responding, accounted for by the reduction in novelty
responses in the SZ-OFF predominantly in the anterior hippocampus and parahippocampal cortex. These dif-
ferences in novelty-based activation in the SZ-OFF group represent disease characteristics of schizophrenia
without confounding effects of antipsychotic medication and illustrate the tendency of antipsychotic drug
treatment to improve memory functions in schizophrenia.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Abnormalities in declarative memory performance and hippocam-
pal function have been widely reported in SZ (Saykin et al., 1991;
Stone et al., 1998; Aleman et al., 1999; Heckers, 2001; Nuechterlein
et al., 2004; Titone et al., 2004; Brewer et al., 2005; Preston et al.,
2005; Whyte et al., 2005; Weiss et al., 2006; Ranganath et al., 2008;
Ragland et al., 2009; Shohamy et al., 2010; Tamminga et al., 2010).
However, these findings do not clearly distinguish between disease
and treatment effects on memory. In SZ, hippocampus shows in-
creased basal blood flow (Medoff et al., 2001; Lahti et al., 2006;
Malaspina et al., 2009) and reduced task-related activation, the latter
during novel memory encoding (Andreasen et al., 1997; Eyler-Zorrilla
et al., 2002; Jessen et al., 2003; Leube et al., 2003; Heckers et al., 2004;
Holt et al., 2005; Keri et al., 2005; Ongur et al., 2006; Achim et al.,
2007; Thermenos et al., 2007). The magnitude of psychotic symptoms
correlates with hippocampal perfusion in SZ (Medoff et al., 2001;
Lahti et al., 2006; Malaspina et al., 2009), with perfusion characteris-
tics showing sensitivity to APD treatment (Medoff et al., 2001). De-
spite these observations, few studies have directly addressed the
ern Medical School, NE5.110,
1 214 645 2789.

ng and Memory, University of
78712, United States. Tel.: +1

edu (C.A. Tamminga),

rights reserved.
impact of APD treatment on declarative memory activations with
fMRI BOLD.

Novelty-related activation of MTL structures is reliably observed
in healthy individuals (Stern et al., 1996; Tulving et al., 1996;
Gabrieli et al., 1997; O'Kane et al., 2005), with the magnitude of
novelty-related activation predicting subsequent memory perfor-
mance (Kirchhoff et al., 2000; Preston et al., 2010). We postulated a
priori that APDs would tend to ameliorate SZ-associated hippocampal
dysfunction (see Fig. 2), especially in anterior regions, based on previ-
ous reports (Medoff et al., 2001; Shohamy et al., 2010).
2. Materials and methods

2.1. Participant characteristics

Research participants consisted of 20 normal (NL) and 27 schizo-
phrenia volunteers (SZ), matched for age and educational level as
the two most critical characteristics for memory function. Informed
consent was obtained and protocol procedures approved by the
UTSW institutional review board. SZ were categorized into on- or
off-medication; these included 20 SZ-ON and 7 SZ-OFF (4/7: off
6.6 months; 1/7: off >2 months; 2/7: medication naive). All patient
volunteers were recruited from clinics within Dallas County; SZ-OFF
were medication-free voluntarily due to the burden of antipsychotic
drug (APD) side effects. Group demographic and symptom data are
included in Table 1. After excluding subjects if they had excessive mo-
tion in 2 or more scans, and any single scans (within subjects) with
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Table 1
Demographic data for all groups. A consensus diagnosis of schizophrenia was estab-
lished using DSM-IV criteria by two experienced clinicians. Other Axis I disorders,
were excluded. Exclusion criteria included a DSM-IV diagnosis of organic brain disease,
alcohol or substance abuse within the last month or dependence in the last 6 months,
serious medical illness or any history of serious head injury. Additional exclusion cri-
teria for all study volunteers included current use of non-prescription drugs, excluding
nicotine or caffeine, presence of serious medical illness, or a history of serious head in-
jury. Patient assessments included the Positive and Negative Symptoms Scale (PANSS)
to assess symptom severity (Kay et al., 1988), the Repeatable Battery for the Assess-
ment of Neuropsychological Status (RBANS) for neuropsychological status (Hobart et
al., 1999), and the Birchwood Social Functioning Scale (SFS) for social functioning sta-
tus (Birchwood et al., 1990). In the subsequent memory test, the NL correctly identified
45% of previously studied scenes; the SZ-ON, 38%; and the SZ-OFF, 27%, with a trend for
a difference between groups (F(2,35)=3.13, p=0.06). The false alarm rate was 18% in
NL, 20% in SZ-ON and 16% in SZ-OFF, and did not differ between the three groups
(F(2,35)=0.08, p=0.88).

NV SV-on SV-off

(n=18) (n=17) (n=7)

%female 72.2 23.5 28.6*
Age, years (SD) 40.3 (11.2) 42.1 (9.1) 36.7 (10.1)
Handedness, right/left 17/3 16/4 7/0
Education, years (SD) 13.9 (1.5) 14.2 (3.0) 12.7 (2.4)
Chlorpromazine equivalent, mg (SD) – 556.5 (411.2)** –

D-Prime (SD) .92 (.38) .74 (.65) .47 (.32)
P(H) .45 (.15) .38 (.19) .27 (.13) +
P(F) .18 (.17) .20 (.21) .16 (.15)
PANSS: total (SD) – 81.2 (9.8) 89.9 (16.4)
Positive – 21.1 (3.6) 27.4 (3.7)*
Negative – 19.5 (3.7) 18.3 (5.2)
General – 40.7 (5.8) 43.7 (10.6)
RBANS: total (SD) – 86.8 (19.1) 74.4 (13.9)
IM – 93.4 (22.5) 80.7 (18.1)
VC – 88.7 (22.5) 73.7 (13.5)
LANG – 92.3 (12.3) 90.6 (10.8)
ATT – 88.9 (20.2) 78.7 (21.8)
DM – 84.9 (20.7) 72.7 (20.3)
SFS: total (SD) 156.1 (16) 124.7 (30.5) 109.7 (24.8)
WD 12.9 (2.1) 9.5 (2.8) 9.9 (2.4)
IP 9.0 (0.0) 6.5 (1.9) 6.4 (1.3)
ID 35.5 (3.2) 30.5 (6.9) 30.4 (16.6)
IDCP 38.5 (1.2) 34.9 (5.9) 35.6 (15.5)
REC 24.0 (6.3) 17.2 (8.3) 15.7 (5.2)
PS 26.3 (10.7) 20.1 (9.2) 16.4 (6.1)
EO 9.92 (0.3) 6.0 (3.9) 4.6 (3.3)

*NV has sample size of 14 for social functioning scale.
*pb0.05; + p=0.06; **16/17 SZ-ON were on 2nd generation APDs, including aripipra-
zole, olanzapine, risperidone, ziprasidone and seroquel.

Fig. 1. Novelty detection task. Participants were presented images of indoor and outdoor scen
of new indoor and outdoor scenes presented in random order during functional scanning; on
each prior to scanning. During functional scanning, each stimulus was presented for 2 s jitte
fying the stimulus as ‘indoor’ or ‘outdoor’. Five functional runs were performed, each consist
served as null events to introduce jitter. Trial/condition order was pseudorandom, and was
a 1-s ITI. During scanning, participants performed an incidental encoding task, identifyin
press, using a keypad under the participant's right hand). After scanning, subjects were give
from the incidental encoding scans and 200 new scenes not previously viewed in the experim
(1=new; 2=unsure; 3=old).
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excessive motion, a total of 18 NL and 24 SZ (17 SZ-ON and 7 SZ-OFF)
were included in the analyses.

2.2. Task procedures

Participants were scanned using an event-related design with two
trial types in the novelty task: novel scenes and familiar scenes, with
subsequent memory testing (Paller and Wagner, 2002; Spaniol et al.,
2009; Kim, 2011) (Fig. 1). Novel stimuli consisted of equal numbers of
complex, colored indoor and outdoor scenes; familiar stimuli consisted
of one indoor and one outdoor scene each presented 20 times prior to
scanning.

2.3. fMRI data acquisition

MR imaging was performed on a 1.5 Tesla Signa LX General Electric
whole body-scanner with a phased array whole head coil. Head move-
ment was minimized using foam padding and a head restraint strap. In
plane anatomical images were acquired using a two dimensional T1-
weighted SPoiled GRass (SPGR) sequence (TR=18ms, TE=26ms,
FOV=230 mm, matrix size=256×256, flip angle=30°); 19 5-mm
oblique coronal slices were acquired perpendicular to the main axis of
the hippocampus, with the first slice starting at the anterior edge of
the corpus callosum. An additional three dimensional T1-weighted
SPGR volume (TR=18ms, TE=26ms, FOV=230 mm, matrix size=
256×256, flip angle=90°; 124 1.5-mm slices) was acquired for regis-
tration and normalization. Functional data were acquired using a
T2*-weighted gradient echo pulse sequence (TR=1.5 s, TE=20ms,
FOV=230 mm, matrix size=64×64, flip angle=90°) with the same
slice prescription as the 2D SPGR images.

2.4. fMRI data analysis

Data were preprocessed and analyzed using AFNI, SPM5 (Wellcome
Imaging Neuroscience, London, UK), and custom Matlab routines. At
the individual participant level, voxel-wise analysis was performed
under the assumptions of the General Linear Model (GLM) (Friston et
al., 1995; Holmes et al., 1997; Friston, 2003; Friston et al., 2003). A statis-
tical threshold of pb0.05, FDR corrected for multiple comparisons, and
an extent threshold offive ormore contiguous voxelswere implemented
for these voxel-based analyses. Two-sample t-tests assessed differences
in novelty responses (novel–familiar) between NV and SV.
es in one of two conditions: novel and familiar. Novel trials consisted of equal numbers
e indoor and one outdoor scene served as familiar stimuli and were presented 20 times
red with 1–7 s null events. Participants performed an incidental encoding task, identi-
ing of 120 trials (40 novel, 40 familiar, and 40 cross-hair fixation stimuli); fixation trials
optimized for event-related analysis. All trials consisted of a 2-s stimulus followed by
g stimuli as either indoor or outdoor scenes (responses were indicated by a button
n a surprise memory test where they were presented with 400 stimuli, the 200 scenes
ent. Participants made self-paced recognition memory judgments, using a 3-point scale



Fig. 2. Hippocampal ROIs. ROIs were drawn onto each volunteer's 3D T1-weighted SPGR image, as illustrated. Anterior hippocampus. (A-Hipp; red) and perirhinal cortex (PRc,
green) were drawn on the 3 coronal sections starting 4.5 mm posterior to the anterior edge of the corpus callosum; 9 mm posterior to the last anterior slice was used to demarcate
the boundary of the posterior hippocampus (P-Hipp, purple) and parahippocampal cortex (PHc, pink). For each ROI, the deconvolved signal was extracted for individual
participants using a finite impulse response function implemented in MarsBar (http://marsbar.sourceforge.net/). Integrated percent signal change was determined by calculating
the area under the curve for the period of time 3–9 s post-stimulus onset for each condition. To assess how processing of novel stimuli differed across groups, ROI data were
submitted to a mixed effects ANOVA in an exploratory framework, with trial type (novel, familiar) and region (A-Hipp, P-Hipp, P/ERc, PHc) as within-subject factors and group
(NVL SZ-ON, SZ-OFF) as a between-subjects factor. A separate exploratory ANOVA assessed whether the pattern of novelty response in each region differed as a function of
group. Planned comparisons further assessed pairwise differences between the response of each region to novel and familiar scenes for each participant group.
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As a complement to voxel-based GLM analyses, an anatomically
based region-of-interest (ROI) analysis was performed to further as-
sess how medication status affected novelty-based responding. Four
Fig. 3. Voxel-wise analysis of novelty-based responses. Functional images were corrected to acc
were then realigned to the first volume in the time series to correct for motion. The T1-w
volume computed during realignment. The structural image was then spatially normalized in
calculated during normalization of the structural image was then applied to the functiona
functional images were spatially smoothed using an 8-mm FWHM Gaussian kernel. For sta
tomical image was created for each participant to ensure that all voxels in the brain were i
familiar trials by modeling stimulus-related activation as a stick function convolved with a ca
were estimated using a least squares approach to multi-linear regression (Josephs, 1999)
variations within the functional data. Contrast images comparing novel and familiar tri
participants using a mixed effect GLM, treating participants as a random effect allowing f
familiar scene stimuli was similar across SZ (red) and NL (yellow) groups. Novelty-based re
(orange).
anatomical ROIs were defined for each participant using the 3D T1-
weighted image and standard anatomical landmarks (Duvernoy,
1998) (Fig. 2).
ount for differences in slice acquisition times in AFNI. Using SPM, the functional images
eighted 2D structural image was co-registered to the mean T2*-weighted functional
to common stereotactic space using the MNI template brain. The spatial transformation
l volumes, which were re-sampled to 2-mm isotropic voxels. After normalization, the
tistical estimation, an anatomically specified mask derived from the T1-weighted ana-
ncluded at the analyses phase. Regressor functions were constructed for all novel and
nonical hemodynamic response function (HRF). Parameter estimates for each regressor
. The time series was filtered with a 128-s high pass filter to remove low frequency
als were generated in the individual participant analysis, and then analyzed across
or population inference (Holmes and Friston, 1998). The contrast of novel relative to
sponses in several brain regions, including the hippocampus, overlapped across groups

image of Fig.�2
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a)  The voxel-wise correlation of novelty responding with the successful memory of

novel stimuli during task (d’) 

b)  The voxel-wise correlation of novelty responding with RBANS-DM, measured apart
from the novelty scan. 

Fig. 4. Correlation between novelty responding and declarative memory status. To assess whether or not the BOLD activations correlated regionally with any behavioral manifestations
in the SZ-ON, voxel-wise correlations were carried out between novelty activations and successful memory (measured with d′) and with subscale scores on the RBANS. Novelty
activation was linearly related to performance on successful memory (d′) bilaterally and on the declarative memory scale of the RBANS (RBANS-DM) within the left hippocampus
(cluster size=72). For these performance-related analyses, we used a statistical threshold of pb0.001, uncorrected for multiple comparisons, and an extent threshold of five or
more contiguous voxels to identify significant effects, given the exploratory nature of the analysis.
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3. Results

3.1. Group demographics and task performance

NL, SZ-ON, and SZ-OFF were matched on age and educational level
(all Fb1.1), both critical to memory function. Neuropsychological
(RBANS) or social function (Birchwood SFS) measures were not dif-
ferent between patient groups (Table 1; 0.12bpb0.99). Relative to
SZ-ON, SZ-OFF had modestly higher levels of positive symptoms on
PANSS-POS (F(6,16)=3.9; pb0.001). Subsequent memory for novel
scenes presented during scanning was evaluated immediately after
scanning in an unexpected recognition memory test (Table 1), with
the rates of performance accuracy (d′) being 0.92 for NL, 0.74 for
SZ-ON, and 0.47 for SZ-OFF (F(2,35)=2.01; p=0.15).
Fig. 5. Effect of group and medication status on responses to novel scenes within MTL ROIs.
Activation (mean +/− SEM) during novel scene stimuli is illustrated in the hippocam-
pus proper [AHipp (blue), PHipp (orange)], and in the entorhinal/perirhinal cortex
[E/PRc (green) and parahippocampal gyrus, PHc (red)]. The SZ-OFF group showed
significantly reduced novelty responses in AHipp and PHc compared with the NV
and the SZ-ON groups, with no difference in activation between the SZ-ON and NV
groups. Moreover the SZ-OFF activation was lower than NV in E/PRc, and lower
than SZ-ON in PHipp.
3.2. Voxel-based analysis

We contrasted novel and repeated scene trials separately for NL
and SZ (Fig. 3; Supplementary Tables 1 and 2). A two-sample t-test
comparing novelty-based responding across the NL and SZ groups
did not reveal significant differences between groups in any region.
These between group comparisons, however, do not take into account
the possibility that novelty responses may differ across individuals
within the schizophrenia group as a function of memory perfor-
mance. Therefore, we performed an exploratory regression analysis
weighting the novel vs. familiar contrast by successful memory per-
formance (d′) and by a neuropsychological measure of declarative
memory (RBANS-DM) using a p=0.001 threshold. To control for
the effects of active psychosis on cognitive performance, we limited
both regressions to the SZ-ON group. We observed a positive correla-
tion between novelty responses and successful memory (d′) in hippo-
campus bilaterally (Fig. 4a); a positive correlation between novelty
responses and the RBANS-declarative memory (DM) score was also
observed in left hippocampus (Fig. 4b). SV-ON individuals with the
highest levels of declarative memory function, (using d′ or with
RBANS-DM) showed the greatest novelty activation in hippocampus.
Similar correlations between novelty responses and other RBANS sub-
scales did not reveal significant relationships in any brain region.
3.3. Disease vs. medication effects in MTL subregions

ROI analyses focused on the directly assessed hippocampus novel-
ty activations in volunteers with andwithout APDs. We contrasted re-
sponses across the three groups in the four ROIs (Fig. 2). No

image of Fig.�4
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group×hemisphere effects were observed with ANOVA (F(1,41)=
2.28, p=0.14); therefore, ROI data were pooled across hemisphere.
We examined how activation in the four anatomically defined hippo-
campal regions differed as a function of group, using a three-way
mixed-effect ANOVA, with group, trial type, and region as factors. A
significant trial type×group interaction was observed (F(2,41)=
3.45; pb0.04); MTL activation during novel scenes significantly dif-
fered across groups (F(2,41)=3.45; pb0.04), with posthoc testing
showing reduced activation in the SZ-OFF group relative to both NL
and SZ-ON (pb .05). The group×region interaction was also signifi-
cant (F(6,123)=3.28; pb0.005), suggesting that schizophrenia and
medication status were specific to particular MTL regions. Posthoc
comparisons revealed that overall activation in A-Hipp and PHc was
significantly reduced in the SZ-OFF group relative to the NL and
SZ-ON (each at pb .05; Fig. 5). In addition, SZ-OFF showed reduced
activation compared with NL in P-Hipp (pb .05), and to SZ-ON in the
E/PRc (pb .05).
Fig. 6. Response to novel and repeated scene stimuli in a) hippocampus proper and b) parahippo
observed within the anterior hippocampus but not in posterior hippocampus; activation in
differ between the groups in PHipp. In the parahippocampal gyrus, E/PRc and PHc activation
activation being reduced in the SZ-OFF patients relative to the NV or SZ-ON groups.
The pattern of novelty response in each region was also compared
across the three groups using mixed-effects ANOVA. In A-Hipp, a signif-
icant group×novelty interaction obtained (F(2,41)=4.15, pb0.05),
with significant novelty responses in NL and SZ-ON, but no novelty-
related activation in SZ-OFF relative to NL (t(41)=3.35, pb0.01)
and SZ-ON (t(41)=3.07, pb0.01) (Fig. 6a). In P-Hipp, activation to
novelty was apparent in each group, as neither the main effect of
group (F(2,41)=1.46; p=0.24) nor the group×novelty interaction
(F(2,41) 1.62; p=0.21) were significant. In PHc, a significant effect
of group (F(2,41)=3.98, pb0.05) and a trend for a group×novelty
interaction (F(2,41)=2.92, p=0.07) obtained, with a reduced PHc
activation in SZ-OFF compared to SZ-ON (pb .05) (Fig. 6b). In E/PRc,
there was no main effect of group, but a trend for a group×novelty
interaction (F(2,41)=2.95, p=0.06), with no novelty response in SZ-
OFF (pb .05 posthoc). Posthoc comparisons did not reveal any significant
differences between SZ-ON and NL in any of the four ROIs examined
(p>0.05).
campal gyrus. In the hippocampus proper, a significant group×novelty interaction was
AHipp was significantly reduced in the SZ-OFF relative to NV and SZ-ON, but did not
showed a trend for a group×novelty interaction, with the magnitude of novelty related

image of Fig.�6
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4. Discussion

The present observations show that the treatment of SZ with APDs
tends to normalize otherwise absent or blunted hippocampal activation
to novel stimuli, as seen in SZ-OFF. There were no activation differences
to novelty responding in SZ-ON compared to NL, as assessed using both
voxel-wise and anatomically defined ROI analyses. However, when SZ-
OFF volunteers were contrasted with either the NL or SZ-ON individ-
uals, ROI analyses revealed that the SZ-OFF demonstrated significantly
reduced or absent novelty-driven hippocampal activation. Importantly,
this effect differed by region, with novelty-related reductions in SZ-OFF
being most predominate in A-Hipp and PHc. We propose that effects of
APDs on hippocampusmight represent an additional therapeuticmech-
anism of these medications in psychosis.

The effects of midbrain dopamine signaling on memory especially
motivational or ‘adaptive memory’, is currently an area of active ex-
amination (Wittmann et al., 2005; Adcock et al., 2006; Shohamy
and Wagner, 2008; Kuhl et al., 2010; Shohamy and Adcock, 2010).
However, contrasts between APD conditions using hippocampal acti-
vation with memory tasks have not been assessed directly. Here, we
report functional differences as a result of APD treatment that are
consistent with studies identifying reduced hippocampal activation
in first-break SZ (Reske et al., 2009) and in the SZ prodrome (Allen
et al., 2011). Moreover, perfusion is increased in first-break (Schobel
et al., 2009) and drug-free SZ (Medoff et al., 2001; Lahti et al.,
2006), again consistent with the blunted activation observed here.
Together with studies showing altered structure and spectroscopic
metabolites in hippocampus in at-risk SZ populations (Wood et al.,
2010; Capizzano et al., 2011), the present findings highlight pervasive
alterations in hippocampus due to disease.

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.schres.2012.03.019.

Role of funding sources
NIH MH062236 “Examination of Limbic Cortex in Schizophrenia” (CT): This appli-

cation seeks to identify and characterize the nature and localization of anatomic and
chemical abnormalities in the limbic cortex of schizophrenic (hippocampus, entorhinal
cortex, and anterior cingulated) contributing to the pathophysiology of the disease.

NIH MH83957 “Antipsychotic Influence on Altered MTL Neuronal Activity in
Schizophrenia (CT): This grant will test the elements of a new model with in vivo
brain imaging using measures of basal activity and relational memory probes, correlat-
ing alterations in neural activity with characteristics of the illness.

NARSAD Distinguished Investigator Award (CT): NARSAD is an acronym for Na-
tional Alliance for Research on Schizophrenia and Depression. The NARSAD Distin-
guished Investigator Grant provides support for experienced investigators (full
professor or equivalent) conducting neurobiological and behavioral research.

NARSAD Young Investigator Award (ARP): The NARSAD Young Investigator Grant
provides support for the most promising young scientists conducting neurobiological
research.

Contributors
Carol A. Tamminga1,
Binu P. Thomas1,
Ronald Chin1,
Perry Mihalakos1,
Kenneth Youens1,
Anthony D. Wagner2
Alison R. Preston3
1, Department of Psychiatry, University of Texas Southwestern Medical School,

Dallas, TX
2, Department of Psychology and Neuroscience Program, Stanford University,

Stanford, California
3, Center for Learning and Memory and Department of Psychology, University of

Texas at Austin, Austin, TX.

Conflict of interest
Tamminga is on the Scientific Advisory Board of Intracellular Therapies, PureTech

Ventures, and an ad hoc advisor for Eli Lilly, Sunovion, Astellas, and Merck; she is an
expert witness for Bradley Arant Boult and Cummings and an unpaid volunteer for
the International Congress on Schizophrenia Research.

Acknowledgments
This work was supported by MH062236 (CT), MH83957 (CT), and a NARSAD Dis-

tinguished Investigator Award (CT) and a NARSAD Young Investigator Award (ARP).
References

Achim, A.M., Bertrand, M.C., Sutton, H., Montoya, A., Czechowska, Y., Malla, A.K., Joober,
R., Pruessner, J.C., Lepage, M., 2007. Selective abnormal modulation of hippocampal
activity during memory formation in first-episode psychosis. Arch. Gen. Psychiatry
64, 999–1014.

Adcock, R.A., Thangavel, A., Whitfield-Gabrieli, S., Knutson, B., Gabrieli, J.D., 2006. Re-
ward-motivated learning: mesolimbic activation precedes memory formation.
Neuron 50, 507–517.

Aleman, A., Hijman, R., de Haan, E.H., Kahn, R.S., 1999. Memory impairment in schizo-
phrenia: a meta-analysis. Am. J. Psychiatry 156, 1358–1366.

Allen, P., Seal, M.L., Valli, I., Fusar-Poli, P., Perlini, C., Day, F., Wood, S.J., Williams, S.C.,
McGuire, P.K., 2011. Altered prefrontal and hippocampal function during verbal
encoding and recognition in people with prodromal symptoms of psychosis. Schizophr.
Bull. 37, 746–756.

Andreasen, N.C., O'Leary, D.S., Flaum, M., Nopoulos, P., Watkins, G.L., Boles Ponto, L.L.,
Hichwa, R.D., 1997. Hypofrontality in schizophrenia: distributed dysfunctional cir-
cuits in neuroleptic-naive patients. Lancet 349, 1730–1734.

Birchwood, M., Smith, J., Cochrane, R., Wetton, S., Copestake, A., 1990. The social func-
tioning scale. The development and validation of a new scale of social adjustment
for use in family intervention programmes with schizophrenic patients. Br. J. Psy-
chiatry 157, 853–859.

Brewer, W.J., Francey, S.M., Wood, S.J., Jackson, H.J., Pantelis, C., Phillips, L.J., Yung, A.R.,
Anderson, V.A., McGorry, P.D., 2005. Memory impairments identified in people at
ultra-high risk for psychosis who later develop first-episode psychosis. Am. J. Psy-
chiatry 162, 71–78.

Capizzano, A.A., Toscano, J.L., Ho, B.C., 2011. Magnetic resonance spectroscopy of limbic
structures displays metabolite differences in young unaffected relatives of schizo-
phrenia probands. Schizophr. Res. 131, 4–10.

Duvernoy, H., 1998. The Human Hippocampus. Springer, New York.
Eyler-Zorrilla, L.T., Jeste, D.V., Paulus, M.P., Brown, G.G., 2002. Functional abnormalities

of medial temporal cortex during novel picture learning among patients with
chronic schizophrenia. Schizophr. Res. 59, 187–198.

Friston, K.J., 2003. In: Frackowiak, R.S.J., Friston, K.J., Frith, C., Dolan, R., Price, C.J., Zeki,
S., Ashburner, J., Penny, W. (Eds.), Experimental Design and Statistical Parametric
Mapping in Human Brain Function. Academic Press.

Friston, K.J., Holmes, A., Worsley, K.J., Poline, J.B., 1995. Statistical parametric maps in
functional imaging: a general linear approach. Hum. Brain Mapp. 2, 189–210.

Friston, K.J., Frith, C., Dolan, R., Price, C.J., Zeki, S., Ashburner, J., Penny, W., 2003. Anal-
ysis of fMRI time series in human brain function. In: Frackowiak, R.S.J. (Ed.), Hen-
son RNA. Academic Press.

Gabrieli, J.D., Brewer, J., Desmond, J.E., Glover, G.H., 1997. Separate neural bases of two
fundamental memory processes in the human medial temporal lobe. Science 276,
264–266.

Heckers, S., 2001. Neuroimaging studies of the hippocampus in schizophrenia. Hippo-
campus 11, 520–528.

Heckers, S., Zalesak, M., Weiss, A., Ditman, T., Titone, D., 2004. Hippocampal activation
during transitive inference in humans. Hippocampus 14, 153–162.

Hobart, M.P., Goldberg, R., Bartko, J.J., Gold, J.M., 1999. Repeatable battery for the as-
sessment of neuropsychological status as a screening test in schizophrenia, II: con-
vergent/discriminant validity and diagnostic group comparisons. Am. J. Psychiatry
156, 1951–1957.

Holmes, A., Friston, K., 1998. Generalizability, random effects, and population infer-
ence. NeuroImage 7, S754.

Holmes, A., Poline, J.B., Friston, K.J., 1997. Characterizing brain images with the general
linear model. In: Frackowiak, R.S.J., Friston, K.J., Frith, C., Dolan, R., Mazziotta, J.C.
(Eds.), Human Brain Function. Academic Press, USA.

Holt, D.J., Weiss, A.P., Rauch, S.L., Wright, C.I., Zalesak, M., Goff, D.C., Ditman, T., Welsh,
R.C., Heckers, S., 2005. Sustained activation of the hippocampus in response to fear-
ful faces in schizophrenia. Biol. Psychiatry 57, 1011–1019.

Jessen, F., Scheef, L., Germeshausen, L., Tawo, Y., Kockler, M., Kuhn, K.-U., Maier, W.,
Schild, H.H., Heun, R., 2003. Reduced hippocampal activation during encoding
and recognition of words in schizophrenia patients. Am. J. Psychiatry 160,
1305–1312.

Josephs, O., 1999. Modeling inference and optimization. Philos. Trans. R. Soc. Lond. B
Biol. Sci. 354, 1215–1218.

Kay, S.R., Opler, L., Lindenmayer, J.P., 1988. Reliability and validity of the positive and
negative syndrome scale for schizophrenics. Psychiatry Res. 23, 99–110.

Keri, S., Nagy, O., Kelemen, O., Myers, C.E., Gluck, M.A., 2005. Dissociation between me-
dial temporal lobe and basal ganglia memory systems in schizophrenia. Schizophr.
Res. 77, 321–328.

Kim, H., 2011. Neural activity that predicts subsequent memory and forgetting: a meta-
analysis of 74 fMRI studies. NeuroImage 54, 2446–2461.

Kirchhoff, B.A., Wagner, A.D., Maril, A., Stern, C.E., 2000. Prefrontal–temporal circuitry
for episodic encoding and subsequent memory. J. Neurosci. 20, 6173–6180.

Kuhl, B.A., Shah, A.T., DuBrow, S., Wagner, A.D., 2010. Resistance to forgetting associat-
ed with hippocampus-mediated reactivation during new learning. Nat. Neurosci.
13, 501–506.

Lahti, A.C., Weiler, M.A., Holcomb, H.H., Tamminga, C.A., Carpenter, W.T., McMahon,
R., 2006. Correlations between rCBF and symptoms in two independent co-
horts of drug-free patients with schizophrenia. Neuropsychopharmacology 31,
221–230.

Leube, D.T., Rapp, A., Buchkremer, G., Bartels, M., Kircher, T.T.J., Erb, M., Grodd, W.,
2003. Hippocampal dysfunction during episodic memory encoding in patients
with schizophrenia — an fMRI study. Schizophr. Res. 64, 83–85.

doi:10.1016/j.schres.2012.03.019


163C.A. Tamminga et al. / Schizophrenia Research 138 (2012) 157–163
Malaspina, D., Corcoran, C., Schobel, S.A., Small, S.A., Kimby, D., Lewandowski, N., 2009.
Hippocampal hyperactivity is associated with positive symptoms. Schizophr. Bull.
35, 160.

Medoff, D.R., Holcomb, H.H., Lahti, A.C., Tamminga, C.A., 2001. Probing the human hip-
pocampus using rCBF: contrasts in schizophrenia. Hippocampus 543–550.

Nuechterlein, K.H., Barch, D.M., Gold, J.M., Goldberg, T.E., Green, M.F., Heaton, R.K.,
2004. Identification of separable cognitive factors in schizophrenia. Schizophr.
Res. 72, 29–39.

O'Kane, G., Insler, R.Z., Wagner, A.D., 2005. Conceptual and perceptual novelty effects in
human medial temporal cortex. Hippocampus 15, 326–332.

Ongur, D., Cullen, T.J., Wolf, D.H., Rohan, M., Barreira, P., Zalesak, M., Heckers, S., 2006.
The neural basis of relational memory deficits in schizophrenia. Arch. Gen. Psychi-
atry 63, 356–365.

Paller, K., Wagner, A.D., 2002. Observing the transformation of experience into memo-
ry. Trends Cogn. Sci. 6, 93–102.

Preston, A.R., Shohamy, D., Tamminga, C.A., Wagner, A.D., 2005. Hippocampal function,
declarative memory, and schizophrenia: anatomic and functional neuroimaging
considerations. Curr. Neurol. Neurosci. Rep. 5, 249–256.

Preston, A.R., Bornstein, A.M., Hutchinson, J.B., Gaare, M.E., Glover, G.H., Wagner, A.D.,
2010. High-resolution fMRI of content-sensitive subsequent memory responses
in human medial temporal lobe. J. Cogn. Neurosci. 22, 156–173.

Ragland, J.D., Cools, R., Frank, M., Pizzagalli, D.A., Preston, A., Ranganath, C., Wagner,
A.D., 2009. CNTRICS final task selection: long-term memory. Schizophr. Bull. 35,
197–212.

Ranganath, C., Minzenberg, M.J., Ragland, J.D., 2008. The cognitive neuroscience of
memory function and dysfunction in schizophrenia. Biol. Psychiatry 64, 18–25.

Reske, M., Habel, U., Kellermann, T., Backes, V., Jon, S.N., vonWilmsdorff, M., Gaebel, W.,
Zilles, K., Schneider, F., 2009. Differential brain activation during facial emotion dis-
crimination in first-episode schizophrenia. J. Psychiatr. Res. 43, 592–599.

Saykin, A.J., Gur, R.C., Gur, R.E., Mozley, P.D., Mozley, L.H., Resnick, S.M., Kester, D.B.,
Stafiniak, P., 1991. Neuropsychological function in schizophrenia. Selective impair-
ment in memory and learning. Arch. Gen. Psychiatry 48, 618–624.

Schobel, S.A., Lewandowski, N.M., Corcoran, C.M., Moore, H., Brown, T., Malaspina, D.,
Small, S.A., 2009. Differential targeting of the CA1 subfield of the hippocampal for-
mation by schizophrenia and related psychotic disorders. Arch. Gen. Psychiatry 66,
938–946.

Shohamy, D., Adcock, R.A., 2010. Dopamine and adaptive memory. Trends Cogn. Sci. 14,
464–472.

Shohamy, D., Wagner, A.D., 2008. Integrating memories in the human brain:
hippocampal-midbrain encoding of overlapping events. Neuron 60, 378–389.
Shohamy, D., Mihalakos, P., Chin, R., Thomas, B., Wagner, A.D., Tamminga, C., 2010.
Learning and generalization in schizophrenia: effects of disease and antipsychotic
drug treatment. Biol. Psychiatry 67, 926–932.

Spaniol, J., Davidson, P.S., Kim, A.S., Han, H., Moscovitch, M., Grady, C.L., 2009. Event-
related fMRI studies of episodic encoding and retrieval: meta-analyses using acti-
vation likelihood estimation. Neuropsychologia 47, 1765–1779.

Stern, C.E., Corkin, S., Gonzalez, R.G., Guimaraes, A.R., Baker, J.R., Jennings, P.J., Carr, C.A.,
Sugiura, R.M., Vedantham, V., Rosen, B.R., 1996. The hippocampal formation partic-
ipates in novel picture encoding: evidence from functional magnetic resonance im-
aging. Proc. Natl. Acad. Sci. U. S. A. 93, 8660–8665.

Stone, M., Gabrieli, J.D., Stebbins, G.T., Sullivan, E.V., 1998. Working and strategic
memory deficits in schizophrenia. Neuropsychology 12, 278–288.

Tamminga, C.A., Stan, A.D., Wagner, A.D., 2010. The hippocampal formation in schizo-
phrenia. Am. J. Psychiatry 1–16.

Thermenos, H.W., Seidman, L.J., Poldrack, R.A., Peace, N.K., Koch, J.K., Faraone, S.V.,
Tsuang, M.T., 2007. Elaborative verbal encoding and altered anterior parahippo-
campal activation in adolescents and young adults at genetic risk for schizophrenia
using FMRI. Biol. Psychiatry 61, 564–574.

Titone, D., Ditman, T., Holzman, P.S., Eichenbaum, H., Levy, D.L., 2004. Transitive infer-
ence in schizophrenia: impairments in relational memory organization. Schizophr.
Res. 68, 235–247.

Tulving, E., Markowitsch, H., Craik, F., Habib, R., Houle, S., 1996. Novelty and familiarity
activations in PET studies of memory encoding and retrieval. Cereb. Cortex 6,
71–79.

Weiss, A.P., Goff, D., Schacter, D.L., Ditman, T., Freudenreich, O., Henderson, D., Heckers,
S., 2006. Fronto-hippocampal function during temporal context monitoring in
schizophrenia. Biol. Psychiatry 60, 1268–1277.

Whyte, M.C., McIntosh, A.M., Johnstone, E.C., Lawrie, S.M., 2005. Declarative memory in
unaffected adult relatives of patients with schizophrenia: a systematic review and
meta-analysis. Schizophr. Res. 78, 13–26.

Wittmann, B.C., Schott, B.H., Guderian, S., Frey, J.U., Heinze, H.J., Duzel, E., 2005.
Reward-related FMRI activation of dopaminergic midbrain is associated with
enhanced hippocampus-dependent long-term memory formation. Neuron 45,
459–467.

Wood, S.J., Kennedy, D., Phillips, L.J., Seal, M.L., Yucel, M., Nelson, B., Yung, A.R., Jackson,
G., McGorry, P.D., Velakoulis, D., Pantelis, C., 2010. Hippocampal pathology in indi-
viduals at ultra-high risk for psychosis: a multi-modal magnetic resonance study.
NeuroImage 52, 62–68.


	Hippocampal novelty activations in schizophrenia: Disease and medication effects
	1. Introduction
	2. Materials and methods
	2.1. Participant characteristics
	2.2. Task procedures
	2.3. fMRI data acquisition
	2.4. fMRI data analysis

	3. Results
	3.1. Group demographics and task performance
	3.2. Voxel-based analysis
	3.3. Disease vs. medication effects in MTL subregions

	4. Discussion
	Role of funding sources
	Contributors
	Conflict of interest
	Acknowledgments
	References


