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Impaired Visual Cortical Plasticity in Schizophrenia
Idil Çavuş, Robert M.G. Reinhart, Brian J. Roach, Ralitza Gueorguieva, Timothy J. Teyler, Wesley C. Clapp,
Judith M. Ford, John H. Krystal, and Daniel H. Mathalon

Background: Impaired cortical plasticity may be part of the core pathophysiology of schizophrenia (SZ). Long-term potentiation is a form
of neuroplasticity that has been recently demonstrated in humans by showing that repetitive visual stimulation produces lasting enhance-
ment of visual evoked potentials (VEP). Using this paradigm, we examined whether visual cortical plasticity is impaired in SZ.

Methods: Electroencephalographic data were recorded from 19 SZ and 22 healthy control (HC) subjects during a visual long-term
potentiation paradigm. Visual evoked potentials were elicited by standard visual stimuli (�.83 Hz, 2-minute blocks) at baseline and at 2, 4,
and 20 minutes following exposure to visual high-frequency stimulation (HFS) (�8.8 Hz, 2 minutes) designed to induce VEP potentiation. To
ensure attentiveness during VEP assessments, subjects responded with a button press to infrequent (10%) target stimuli. Visual evoked
potentials were subjected to principal components analysis. Two negative-voltage components prominent over occipital-parietal electrode
sites were evident at 92 msec (C1) and at 146 msec (N1b). Changes in C1 and N1b component scores from baseline to the post-HFS
assessments were compared between groups.

Results: High-frequency stimulation produced sustained potentiation of visual C1 and N1b in HCs but not in SZs. The HCs and SZs had
comparable HFS-driven electroencephalographic visual steady state responses. However, greater visual steady state responses to the HFS
predicted greater N1b potentiation in HCs but not in SZs. Schizophrenia patients with greater N1b potentiation decreased their reaction
times to target stimuli.

Conclusions: Visual cortical plasticity is impaired in schizophrenia, consistent with hypothesized deficits in N-methyl-D-aspartate receptor

function.
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I mpaired neuroplasticity may underlie psychotic symptoms and
cognitive deficits in schizophrenia (SZ) (1,2). Several SZ risk
genes are implicated in the regulation of synaptic plasticity (3,4),

nd their expression in animal models results in N-methyl-D-aspar-
ate (NMDA) receptor hypofunction and impaired long-term poten-
iation (LTP) (5–7). Activation of NMDA receptors is critical for the
nduction of LTP, a form of experience-dependent synaptic plastic-
ty and a leading cellular mechanism for learning and memory (8).

MDA receptor blockade in healthy people can induce SZ-like psy-
hotic symptoms and cognitive impairments (9,10), consistent with
he hypothesis that deficient synaptic plasticity contributes to SZ
ymptomatology.

Until recently, direct evidence for impaired LTP in SZ has been
acking. To date, two methods for noninvasive evaluation of cortical
lasticity in humans have been developed; one uses transcranial
agnetic stimulation to probe motor cortex, and another uses

atterned visual or auditory stimulation and electroencephalo-
ram (EEG) to evaluate sensory cortex (8,11). A transcranial mag-
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etic stimulation paired associative stimulation study demon-
trated that motor evoked potential facilitation, which was
ssociated with enhanced motor skill learning, was impaired in SZ
12,13).

Clapp et al. (11) and Teyler et al. (14) developed an EEG-based
ethod to measure sensory-induced cortical potentiation in hu-
ans. This method closely approximates the typical LTP paradigm

n animal models, which uses electrical high-frequency stimulation
HFS) to tetanize afferent pathways, rapidly inducing a persistent
ncrease in the postsynaptic response. In anesthetized or awake
odents, visual LTP can be induced not only by electrical HFS (15)
ut also by visual HFS (16) or daily visual stimulation (17–19),
herein visual stimulation induces repetitive synchronous afferent

ctivity and expression of LTP in thalamocortical synapses of visual
ortex. Further, this form of sensory potentiation has the hallmarks
f synaptic LTP, including duration, input specificity, mutual occlu-
ion with electrically induced LTP, NMDA-receptor dependency,
ostsynaptic �-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
cid (AMPA) receptor insertion, and requirement for protein kinase M
activation, a kinase known to maintain LTP and memory (16–19). As

uch, it is thought to represent an endogenous form of naturally occur-
ing sensory LTP (17,19). Similarly, in humans, visual HFS with a check-
red circle (i.e., photic tetanus) produces lasting enhancement of a
isual evoked potential (VEP) component recorded from occipital
calp electrodes (14). This visual plasticity also has characteristics of
ynaptic LTP, including persistence, input specificity, frequency-de-
endence, and depotentiation (11,14,20–22).

Interestingly, the visual HFS used to induce VEP potentiation in
umans (11,14) is similar to the visual stimulation used to drive
isual steady state responses (VSSR) (23,24), wherein EEG power
nd phase synchrony are enhanced at the driving frequency. Visual
teady state response reductions in SZ (25) have been reported for
igh alpha (�10 Hz) and beta (26) stimulation rates using low-

uminance, low-spatial frequency stimuli (27,28). Importantly, VSSR
s modulated by attention in both healthy control subjects (HC) and

Z patients (25,29,30). To date, the relationship between VSSR EEG
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power driven by HFS and subsequent VEP potentiation has not
been examined.

Schizophrenia is associated with visual learning and memory
deficits (31–34), as well as early visual processing impairments that
contribute to deficits in higher order visual processing and overall
functioning (35– 40). Given the putative role of NMDA receptor
hypofunction in mediating these and other SZ deficits, we used a
visual HFS paradigm previously shown to potentiate VEPs (14) to
est the hypotheses that 1) visual plasticity is deficient in SZ; 2) SZ
atients have a normal VSSR to tetanizing HFS, indicating that their
eficient potentiation is not due to reduced attention to the teta-
us; and 3) the VSSR to HFS, reflecting oscillatory entrainment of
isual cortical neurons, is directly related to the magnitude of visual
otentiation.

Methods and Materials

Subjects
All subjects provided written informed consent (Table 1).

Schizophrenia patients (n � 19) were recruited from local clinics
and met criteria for schizophrenia based on a Structured Clinical
Interview for DSM-IV (41). Symptoms were rated within 2 weeks of
EEG recording using the Positive and Negative Syndrome Scale
(PANSS) (42). Healthy control subjects (n � 22) were recruited from
the local community and had no history of major DSM-IV Axis I

Table 1. Subject Demographics and Clinical Characteri

Healthy Su
(n � 2

Mean (S

Age (Years) 37.8 (13
Gender

Male 17
Female 5

Education (Years) 16.1 (3.
Parental SESa 34.9 (14
Illness Duration (Years) —
PANSS Score

Total
Negative
Positive
General psychopathology

Antipsychotic Dosageb (Chlorpromazine
Equivalents)

PANSS, Positive and Negative Syndrome Scale; SD, s
aHollingshead Scale of Socioeconomic Status; smalle
bAll patients except one were treated with atypical a
isorders (based on Structured Clinical Interview for DSM-IV) and
o first-degree relatives with SZ or bipolar disorder (43).

Other exclusion criteria were benzodiazepine use, alcohol or
ubstance abuse 30 days before enrollment, history of alcohol or
ubstance dependence (except nicotine), neurological or medical
llness compromising the central nervous system, head injury with
oss of consciousness, and left-handedness based on a quantitative
cale (44). All subjects had normal or corrected-to-normal vision.
he groups were matched on age and parental socioeconomic
tatus (45) but not education. The study was approved by the
nstitutional Review Boards of the West Haven Veterans Affairs and
ale University.

xperimental Paradigm
The paradigm (modified from [14]) involved assessment of VEPs

efore and after exposure to tetanizing visual HFS. While maintain-
ng focus on a central fixation cross, subjects viewed visual stimuli
resented centrally against a white background on a 15-inch liquid
rystal display color monitor (800 � 600 pixels; 60 Hz refresh rate)

ocated 57 cm in front of them.
Visual Evoked Potential Assessments. Each 2-minute VEP

ssessment block comprised a pseudorandom oddball sequence of
0% standard and 10% target stimuli (duration 33 msec; Figure 1A)

14) presented at �.83 Hz (1216 msec mean stimulus-onset asyn-
hrony, range 1075–1340 msec), selected to be below the 1 Hz rate

s Schizophrenia Patients
(n � 19)

Mean (SD) p Value

40.0 (13.5) .6059

16
3

13.0 (1.5) .0002
37.3 (16.5) .6277
16.3 (11.6) Range 1–39

57.1 (9.9)
14.8 (8.5)
13.7 (8.2)
28.7 (14.9)

421.5 (426.6) mg Range 50–1600 mg

rd deviation; SES, socioeconomic status.
res indicate higher parental SES.
ychotics.

Figure 1. (A) Visual stimuli used in the paradigm. Left:
standard circle black and white checkerboard stimulus (8
cm diameter, subtending 8° of visual angle, each check
subtending .3°) presented during visual high-frequency
stimulation (HFS) and visual evoked potential (VEP) as-
sessment blocks. Right: target square blue and white
checkerboard stimulus (9 � 9 cm, subtending 9° of visual
angle, each check subtending .5°) presented infrequently
during VEP assessment blocks. (B) Timeline of the visual
potentiation paradigm. An unrelated auditory task was
performed in the intervals between VEP assessment
blocks. Baseline-1, 4 to 6 minutes before HFS; Baseline-2, 2
to 4 minutes before HFS; Post-1, 2 to 4 minutes after HFS;
Post-2, 4 to 6 minutes after HFS; Post-3, 20 to 22 minutes
after HFS.
stics

bject
2)
D)

.3)

0)
.8)
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w

previously shown to cause VEP depotentiation (14). Visual evoked
potentials were elicited by a standard circle (black and white check-
erboard). To focus and monitor attention, subjects responded to a
target square (blue and white checkerboard) with a right-handed
button press, equally emphasizing speed and accuracy. VEP assess-
ment blocks were administered 4 minutes (baseline-1) and 2 min-
utes (baseline-2) before HFS and 2 minutes (post-1), 4 minutes
(post-2), and 20 minutes (post-3) after HFS (Figure 1B). An unrelated
auditory task was performed in the intervals between successive
post-HFS VEP blocks.

High-Frequency Stimulation. The 2-minute HFS block de-
signed to induce potentiation comprised repeated presentation of
the standard circle at �8.87 Hz (113 msec mean stimulus-onset
asynchrony, range 99 –116 msec), a rapid flicker rate below the
perceptual fusion threshold (14).

EEG Methods
EEG Acquisition. During the paradigm, EEG was recorded

from subjects seated in an electrically and acoustically shielded
booth using a 32-channel Neuroscan Synamps amplifier (Compu-
medics, Charlotte, North Carolina). Data were acquired continu-
ously (.05–200 Hz bandpass filter, 1000 Hz digitization rate) from 29
silver/silver chloride sintered electrodes (Easycap, Munich, Ger-
many) in an extended 10-20 system montage (Figure 2) with a
linked mastoid reference and a forehead (FPz) ground. Electro-
oculograms were recorded horizontally (horizontal electro-oculo-
gram [HEOG]) from the outer canthi of the eyes and vertically (ver-
tical electro-oculogram [VEOG]) from above and below the right
orbit. Electrode impedances did not exceed 10 k�.

EEG Processing. Electroencephalogram data were analyzed
using Brain Vision Analyzer (Brain Products, Munich, Germany) and
custom MATLAB (MathWorks, Natick, Massachusetts) scripts. Con-
tinuous data were digitally low-pass filtered at 50 Hz (48 dB/octave)
and 600 msec (�100 to 500 msec) epochs were extracted, time-
locked to the standard circle onsets. After ocular correction using
VEOG/HEOG data (46), epochs were re-referenced to Fz, baseline-
corrected using the 100-msec prestimulus baseline, and truncated
at 250 msec. Epochs containing VEOG or HEOG activity exceeding
	50 
V or EEG artifacts exceeding 	70 
V were excluded. The
number of trials after artifact rejection did not significantly differ
between groups. Epochs were averaged, generating VEPs for base-
line and post-HFS assessments.

Principal Components Analysis. A temporal principal com-
ponents analysis (PCA), implemented in MATLAB (47–51), was con-
ducted to extract VEP components that appeared to show post-HFS
potentiation in the grand average VEP overlays. Visual evoked po-
tential waveforms (amplitudes at each of the 350-msec time points)
from all electrodes (n � 29), all assessments (two baseline and three
post-HFS), and all subjects (n � 41) were submitted to a covariance
matrix PCA. All components were retained and subjected to pro-
max rotation, yielding oblique temporal factors corresponding to
major VEP components (47,49,51). Factor scores for selected com-
ponents were saved for subsequent analyses.

HFS-Driven Visual Steady State Response. Electroencepha-
logram data recorded during HFS were spectrally decomposed us-
ing a Fast Fourier Transform. First, a 1-Hz high-pass filter was ap-
plied to remove slow drifts. Second, a 120-second Hanning window
was applied to minimize frequency leakage (52). Third, the Fast
Fourier Transform was applied, yielding a power spectrum. Power
values in the frequency bin closest to the HFS frequency (�8.87 Hz),
representing the VSSR to HFS, were extracted for subsequent anal-

yses. a

ww.sobp.org/journal
tatistical Analyses
Mean Comparisons. Effects of group (HC, SZ), time (baseline,

ost-1, post-2, post-3), and sometimes electrode site on VEP factor
cores were analyzed with mixed effects models (53) using SAS
ROC MIXED software (SAS Institute Inc., Cary, North Carolina). For
ll models, the best-fitting variance-covariance structure was se-

ected based on Schwarz Bayesian information criterion, and then
ackward elimination was performed on factors affecting the
ean. The group � time interaction was of primary interest in all
odels. Post hoc comparisons within and between groups were

onducted to parse significant interactions. Mixed effects models
ere also used to compare groups on accuracy and reaction times

ssociated with responses to target stimuli presented during VEP
ssessments. Visual steady state responses were compared be-
ween groups using a t test. For all effects tested, alpha � .05.

Correlations. General linear models examined associations
mong VEP factor change scores (i.e., potentiation score, defined as
ost-3 minus baseline), as well as their associations with HFS-driven
SSRs and target reaction time change scores (post-3�baseline).
he models included the predictor variable, group, and their inter-
ction, with the interaction testing whether regression line slopes
iffered between the groups. Pearson correlations between VEP

actor change scores and PANSS Positive and Negative subscale
cores were examined in SZ patients. Tests were Bonferroni cor-
ected using a familywise alpha of .05 within each domain of mea-
ures.

esults

EP Component Potentiation
Grand average VEPs for baseline and each post-HFS assessment

n HCs and SZs are presented in Figure 2. In HCs, HFS appeared to
otentiate two VEP components. The first, referred to as C1 (54)

also called N1 [14]), is a prominent negative component between
00 and 120 msec that is maximal at occipital midline sites and
attens out or reverses polarity laterally. The second, referred to as
1b (14), is another negative component peaking at 150 msec that

s prominent at lateral parieto-occipital sites. In HCs (Figure 2A), the
mplitudes of both components increased (i.e., enhanced negativ-

ty) following HFS. For C1, the increase was most evident at Oz. For
1b, the increase was prominent at lateral parieto-occipital sites
ut also evident at midline sites (Oz, POz). In SZ, the components
ere evident in the baseline VEPs but did not appear to potentiate

ollowing HFS (Figure 2B).

CA Results
Inspection of the VEP PCA factor loadings (Figure 3) reveals two

actors peaking at 92 msec and 146 msec corresponding to the C1
nd N1b VEP components and accounting for 13% and 9.7% of the
ariance, respectively. Furthermore, scalp topographies of these
CA factors (Figures 4 and 5) are consistent with C1 and N1b scalp
istributions (Figure 2). Accordingly, the factor scores correspond-

ng to the C1 and N1b components were extracted for all electrodes
nd VEP assessment blocks. As no significant differences between
he two baseline assessments were observed for either component
all p values � .17), they were averaged in subsequent analyses.

1 Factor
The C1 factor topography maps showed increased negativity

ollowing HFS primarily at Oz (Figure 4A), consistent with the VEP
aveforms described earlier. Accordingly, C1 factor scores from Oz
ere analyzed using a mixed effects model. There was a significant
roup � time interaction [F (3,117) � 6.33, p � .0005]. Baseline

ssessments did not significantly differ between groups (p � .58). In
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HCs, HFS significantly enhanced C1 negativity at all three post-HFS
blocks relative to baseline (all p values � .002). In contrast, SZs
howed no significant changes in C1 factor scores from baseline to

Figure 2. Grand average visual evoked potentials (VEP) elicited by the s
chizophrenia patients (SZ; n � 19; bottom) across posterior electrode site

stimulation [HFS]; black line), Baseline-2 (2– 4 minutes before HFS; red line)
line), and Post-3 (20 –22 minutes post-HFS; pink line). The number of trials p
76, range � 55–88 trials) and SZ (mean � 75, range� 59 – 88 trials). In HC, inc
prominent at the Oz electrode and is evident at all post-HFS VEP assessmen
msec) is noticeable in all parietal and parieto-occipital leads, being most pro
all post-HFS assessment blocks. In SZ, the averaged C1 and N1b component
The C1, N1b, and earlier P1 components are indicated by arrows in the HC V
ost-HFS assessments (all p values � .63). Relative to baseline, C1 i
actor scores for each post-HFS assessment were significantly
ore negative in HC than in SZ (all p values � .02). The distribu-

ion of C1 factor potentiation scores for the two groups is shown

ard circle are shown for healthy control subjects (HC; n � 22; top) and
VEP assessment blocks: Baseline-1 (4 – 6 minutes before high-frequency

-1 (2– 4 minutes post-HFS; blue line), Post-2 (4 – 6 minutes post-HFS; green
assessment block did not differ significantly (p � .79) between HC (mean �
negativity of the C1 component (negative peak around 100 msec) is most

ks. Increased negativity of the N1b component (negative peak around 150
nt at the posterior parieto-occipital leads (P09, PO7, Oz, PO8, PO10) and at
ot appear to show any amplitude change over time at any electrode sites.

aveforms (top).
tand
s and

, Post
er VEP
reased
t bloc
mine
n Figure 4C.
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N1b Factor
The N1b factor topography maps (Figure 5) showed increased neg-

tivity following HFS along posterior midline and bilateral parieto-
ccipital sites in HC, but not in SZ, consistent with the VEP waveforms
escribed above. Accordingly, N1b factor scores were subjected to an
ff-midline mixed effects analysis of parieto-occipital electrodes
rouped by hemisphere (left: P3, P5, P7, PO3, PO7, PO9; right: P4, P6, P8,
O4, PO8, PO10) to test for group, time, and hemisphere effects. A
econd analysis was conducted on midline electrodes (Pz, POz, Oz).
orrelations involving the N1b factor were based on scores averaged
ver lateral and midline parieto-occipital electrodes.

In the off-midline analysis, there was a significant group � time

Figure 3. Temporal principal component analysis factor loading waveforms
are shown for the two promax-rotated principal component analysis factors
whose peak latencies corresponded to the C1 (blue line, peak latency 92
msec) and N1b (red line, peak latency 146 msec) visual evoked potential
(VEP) components, respectively. The proportion of the VEP variance ac-
counted for by each component is indicated in the legend box. GM, grand
mean.
ww.sobp.org/journal
nteraction [F (3,1470) � 32.24, p � .0001] that did not significantly
nteract with hemisphere. Baseline N1b scores did not significantly
iffer between groups (p � .69). In HCs, HFS significantly enhanced
1b negativity at all three post-HFS assessments relative to base-

ine (all p values � .0001). In SZs, HFS significantly enhanced N1b
egativity relative to baseline at post-1 and post-2 (p values � .001)
ut not at post-3 (p � .60). The change from baseline in N1b was
ignificantly more negative in HC compared with SZ for each post-
FS assessment (all p values � .0001). The distribution of N1b factor
otentiation scores for the two groups is shown in Figure 5C. The
idline electrode analysis yielded essentially the same results, so

hey are not presented here.
Essentially the same pattern of group � time analysis of variance

esults were obtained when the C1 and N1b measurements were
ntegrated within fixed windows based on the full-width half max-
mum values associated with the loading waveforms.

orrelation Between C1 and N1b Potentiation
The relationship between C1 and N1b potentiation at post-3 did

ot differ between HC and SZ [F (1,37) � 1.003, p � .32], nor was the
ooled estimate of the common slope significant when the group �
1b potentiation interaction term was dropped from the model

F (1,38) � .99, p � .33].

FS-Driven VSSR and Potentiation of C1 and N1b
Power spectra of EEG recorded during HFS were calculated

shown for electrode Oz in Figures 6A and 6B). The VSSR to HFS is
vident in these spectra as a peak power value at �8.87 Hz, the
requency of the HFS. A summary VSSR power measure was derived
y averaging over the parieto-occipital sites where the response
as largest (Oz, PO3, POz, PO4, PO7, PO8, PO9, PO10; see Figures 6A

nd 6B for topography maps).
High-frequency stimulation-driven VSSR power did not differ

etween HC and SZ [t (39) � .25, p � .80; Figure 6]. For regression of
1 and N1b potentiation scores on VSSR and group, the Bonferroni-
orrected alpha was set to .025. After ruling out slope differences
etween groups [F (1,37) � .31, p � .58], VSSR power was not signifi-
antly related to C1 potentiation [F (1,38) � 2.90, p � .10]. In contrast,

Figure 4. Temporal principal component analysis factor
score scalp topography maps are shown for the C1 com-
ponent. (A) Mean factor score topographies for the C1
component in healthy control subjects (HC) and schizo-
phrenia patients (SZ). Color scale is in standardized units.
The prominent negativity at electrode Oz shows sus-
tained potentiation (i.e., increased negativity) following
high-frequency stimulation (HFS) in HC but not in SZ.
(B) Graph showing the C1 least-squares mean factor
scores (	 standard error of mean) over time from elec-
trode Oz for HC and SZ. Arrow indicates 2-minute HFS
block. (C) Individual subject C1 factor potentiation scores
(Post-3 minus Baseline) for HC and SZ (group means are
indicated by thick horizontal lines). Baseline, 4 to 6 min-
utes before HFS and 2 to 4 minutes before HFS; Post-1, 2 to
4 minutes after HFS; Post-2, 4 to 6 minutes after HFS;
Post-3, 20 to 22 minutes after HFS.
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the regression of N1b potentiation on VSSR power showed significant
slope differences between the groups [F (1,37) � 9.38, p � .004; Figure
6C]. Greater VSSR predicted greater N1b potentiation in HC (r � �.56,

� .007) but not SZ (r � .08, p � .75).

Changes in Target Reaction Time and Potentiation of C1
and N1b

For regression of C1 and N1b potentiation scores on target
reaction time change scores and group, the Bonferroni-corrected
alpha was set to .025. For both C1 and N1b potentiation, no signif-
icant relationships with reaction time change emerged when slope
estimates were pooled across groups. Moreover, the slopes did not
significantly differ between the groups. However, within the SZ,
greater N1b potentiation significantly correlated with a decrease in
target reaction time (r � .62; p � .005). This relationship was not
evident in the HC (r � �.086; p � .70).

Symptom Severity and Potentiation of C1 and N1b
Within SZ, C1 and N1b potentiation scores were not significantly

correlated with PANSS Positive or Negative symptom subscales
(Bonferroni-corrected alpha � .0125).

Response Accuracy to Oddball Targets
To address whether attentional vigilance throughout VEP base-

line and post-HFS assessments was comparable in SZ and HC, visual
target response accuracy (“hit rate”) was compared in a group �
time nonparametric repeated measures analysis (55). A nonpara-
metric approach was used because there were nontransformable
ceiling effects for the hit rates. Neither the main effect of group
[analysis of variance type statistic (1) � .02, p � .88] nor the group �
time interaction [analysis of variance type statistic (2.84) � 2.10, p �
.10] was significant.

Discussion

Our results demonstrate that exposure to repetitive visual HFS
results in persistent (lasting at least 20 minutes) potentiation of
specific visual cortical evoked potentials (C1 at 99 msec and N1b at

147 msec) in HC subjects but not in SZ patients. The potentiated C1 e
omponent was largest at Oz, overlaying the primary visual cortex,
hile the potentiated N1b component was largest at the bilateral
ccipitoparietal sites, overlaying visual association cortices. In SZ,
1 potentiation was impaired, while enhancement in N1b was
hort-lasting and returned 9seline by 20 minutes post-HFS.

Clapp et al. (11), Teyler et al. (14), McNair et al. (20), Clapp et al.
21), and Ross et al. (22) used a similar visual HFS paradigm in
ealthy subjects to demonstrate that this form of stimulation in-
uces potentiation of the visual N1b. Importantly, this potentiation
onformed to the synaptic LTP rules described in animals, including
ersistence (at least 1 hour), input specificity (only response to the

etanized checkered pattern potentiates), frequency-dependency
depotentiation with exposure to low-frequency 1 Hz visual stimu-
ation), and NMDA dependency tested in analogous rat experi-

ents (16). C1 potentiation was not reported (14), likely due to
ifferences in methodology related to visual stimulus presentation

hemi-field vs. full-field) and EEG analysis. Recent reports from an-
ther group (17–19), confirm that exposure to visual stimuli in

odents can induce long-lasting potentiation of visual cortical re-
ponses, called stimulus-selective response potentiation. This po-
entiation also has the hallmarks of synaptic LTP, including persis-
ence for days in vivo, input specificity, NMDA receptor
ependence and insertion of postsynaptic AMPA receptors, mutual
cclusion with electrically induced LTP, and protein kinase M �
ctivation, known to maintain LTP and memory (17,18). In both
ases, the potentiation was expressed at the thalamocortical syn-
pses (16 –18). Collectively, these studies indicate that visual stim-
lation in humans can induce potentiation of visual cortex activa-

ion that is measurable with EEG and that shares many
haracteristics with synaptic LTP.

Several lines of evidence suggested that impairment in visual
ortex potentiation in SZs was not due to deficient attention to
isual stimuli. First, HCs and SZs showed comparably high hit rates
�90%) to visual oddball targets throughout the task. Second, both
Cs and SZs had comparable HFS-driven VSSR EEG power, suggest-

ng that they allocated similar levels of attention and exhibited
omparable neuro-oscillatory entrainment to HFS. In animal mod-

Figure 5. Temporal principal component analysis factor
score scalp topography maps are shown for the N1b com-
ponent. (A) Mean factor score topographies for the N1b
component in healthy control subjects (HC) and schizo-
phrenia patients (SZ). Color scale is in standardized units.
The N1b scores at lateral (P3, P4, P5, P6, P7, P8, PO3, PO4,
PO7, PO8, PO9, PO10) and midline (Pz, POz, Oz) parieto-
occipital electrodes show sustained potentiation (i.e., in-
creased negativity) following high-frequency stimulation
(HFS) in HC. In SZ, potentiation is evident at Post-1 and
Post-2 but not at Post-3. (B) Graph showing the N1b least-
squares mean factor scores (	 standard error of mean)
over time averaged over the lateral parieto-occipital elec-
trodes for HC and SZ. Arrow indicates 2-minute HFS block.
(C) Individual subject N1b factor potentiation scores
(Post-3 minus Baseline) averaged over lateral and midline
parieto-occipital electrodes for HC and SZ (group means
are indicated with thick horizontal lines). Baseline, 4 to 6
minutes before high-frequency stimulation and 2 to
4 minutes before high-frequency stimulation; Post-1, 2 to
4 minutes after high-frequency stimulation; Post-2, 4 to 6
minutes after high-frequency stimulation; Post-3, 20 to 22
minutes after high-frequency stimulation.
ls, the cellular response (measured as charge transfer) to the elec-

www.sobp.org/journal
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rical tetanus is correlated with magnitude of LTP (56,57). Consis-
ent with this, our study provides the first evidence that the

agnitude of the EEG VSSR to a visual stimulus presented at high
requency is related to the degree of potentiation of VEP compo-
ents evoked by that stimulus. In HC, larger HFS-driven VSSR power
as correlated significantly with larger N1b potentiation. In con-

rast, there was no such correlation in SZ subjects, indicating that
he mechanism supporting neuronal plasticity, rather than neuro-
al response to stimuli, was impaired.

Interestingly, in HCs, VSSR correlated significantly with N1b po-
entiation but not with C1 potentiation, and although both N1b and
1 potentiated, the magnitude of their potentiation did not corre-

ate. These results indicated that the two components are likely
xpressed by activation of distinct neuronal networks. Indeed, gen-
rators of these early visual responses are suggested to be predom-

nantly in the primary (striate) visual cortex for C1 and in the second-
ry (extrastriate) visual cortex for N1b (58 – 61). In addition, they are
otentially differentially modulated through feedback loops with
ther brain areas, including the prefrontal cortex (62,63). The neg-
tivity in C1 at Oz is likely generated primarily by the thalamocorti-
al input to the principal cells in striate cortex, whereas N1b at the
xtrastriate cortex is likely a result of the local network activation,

ncluding activation of the inhibitory interneurons, driven by input
rom the striate cortex. As proposed by Clapp et al. (11), sensory
olleys arriving at the multisynaptic network comprising feedback

oops in extrastriate cortex may set off an interneuron-driven syn-
hronization and reverberation, resulting in potentiation of the N1b
ith different characteristics and modulating factors than the
onosynaptic C1 potentiation.

One of the leading hypotheses in schizophrenia posits that
MDA receptor hypofunction may underlie its cognitive and posi-

ive symptoms (2,10). Based on this model, hypofunction of NDMA
eceptors located on the glutamatergic cells would result in im-
aired LTP, while hypofunction of NMDA receptors located on in-
ibitory interneurons would result in diminished inhibition. In our
ork, we find that while C1 potentiation in SZ is completely im-
aired, there is a short-lasting enhancement in N1b. These results
ppear to be consistent with the above hypothesis; i.e., while
halamocortical activation of hypofunctioning NMDA receptors on
he principal neurons in the primary visual cortex results in im-
aired C1 potentiation, activation of hypofunctional NMDA recep-

ors located on excitatory as well as inhibitory neurons in associa-
ion cortices results in transient local disinhibition and short-lasting
1b enhancement.

Induction of sensory potentiation has been associated with en-
anced performance in behavioral visual tasks such as visual acuity
r discrimination in animals (17) and in humans (11). We did not
xamine the effect of VEP potentiation on a visual task in this study.
owever, subjects were asked to respond to a visual target stimulus
uring the VEP assessments, and their reaction times (speed of
rocessing) were correlated with VEP potentiation. Although SZ
atients did not show a significant overall potentiation in N1b
hen compared with HCs, patients with larger N1b potentiation

peeded up their reaction times to the visual target from baseline to
he post-3 assessment, indicating that induction of even small and
ransient potentiation resulted in a behavioral gain. No similar sig-
ificant association in HCs emerged, possibly because HCs were
lready performing at their ceiling on this simple task.

This study only examined plasticity impairment in SZ in visual
ortex. While this impairment may partially underlie visual process-

ng deficits in SZ (31– 40), it is unlikely to account for the entire
pectrum of SZ symptomatology. Moreover, while our experiment
Figure 6. High-frequency stimulation (HFS)-driven visual steady state
responses (VSSR) are shown for healthy control subjects (HC) and schizo-
phrenia patients (SZ). (A) Grand average electroencephalogram (EEG)
power spectrum associated with HFS from electrode Oz in HC (blue line).
The VSSR is evident as a peak power value at the HFS driving frequency of
�8.8 Hz (gray shading), and the adjacent grand average scalp topogra-
phy map for the 8.8 Hz VSSR power shows greatest power at Oz and
surrounding parieto-occipital electrodes. (B) Grand average EEG power
spectrum associated with HFS from electrode Oz in SZ (red line), along
with grand average scalp topography map for the 8.8 Hz VSSR. The
magnitude of the VSSR is comparable in SZ and HC groups. (C) N1b
component potentiation (Post-3 minus Baseline) is significantly associ-
ated with the HFS-driven VSSR power values (averaged over Oz, PO3,
id not address the competency of neuroplasticity in other cortical
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regions, impairment in visual cortex plasticity may reflect more
general plasticity dysfunction affecting other cortical regions and
sensory modalities, such as the auditory cortex (64). Because the SZ
patients in our study were medicated, it is possible that their im-
paired plasticity was due to antipsychotic medication. This medica-
tion confound must be disentangled in future studies.

This study had other limitations, stemming mainly from our
motivation to keep the paradigm short for patients. While our de-
sign did not include a nontetanized control stimulus to establish
that the potentiation observed in HC was specifically due to the
visual HFS, previous controlled experiments using similar para-
digms have demonstrated that VEP potentiation is specific to the
tetanized stimulus (11,14,20,22). In addition, although we only as-
sessed the persistence of VEP potentiation for 20 minutes, prior
studies using a similar paradigm (11,14,20,22) have demonstrated
persistence of the N1b VEP potentiation for at least 1 hour.

The VEP morphology we observed replicates some studies
(14,61,65), but others show earlier C1 onsets (�55 msec) and peaks
(�90 msec) (54,66). Moreover, while a P1 component is often prom-
inent following the C1 (54,66), we observed a small bilateral P1
peaking 15 msec earlier than the midline C1 (Figure 2), replicating
the Butler et al. (65) data. Stimulus and reference site differences
may account for this variation.

In summary, our results are consistent with deficient cortical
plasticity in SZ. Although this study did not directly examine the
role of NMDA receptors, the results and the known mechanism of
neuroplasticity in the visual cortex are consistent with the NMDA
hypofunction model of SZ. Since many genetic abnormalities asso-
ciated with SZ risk affect glutamatergic transmission and plasticity
(3,4), deficient sensory plasticity may be present before overt symp-
tom onset, potentially providing a predictive biomarker of SZ risk.
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employment at Yale University. Dr. Teyler reports a consulting appoint-
ment with Pfizer Laboratories and that his name is included under a
provisional patent titled “A noninvasive biomarker of human cortical
plasticity and cognition,” USPTO serial number 61/140,833. Dr. Clapp
reports that his name is included under a provisional patent titled “A
noninvasive biomarker of human cortical plasticity and cognition,”
USPTO serial number 61/140,833. Dr. Clapp is currently employed full-
time as a co-founder and chief scientist at NeuroScouting LLC. This
work was done prior to the founding of NeuroScouting, while at Auck-
land University and University of California San Francisco. Dr. Krystal
reports individual consultant agreements (each less than $10,000 per
year) from Aisling Capital, LLC, AstraZeneca Pharmaceuticals, Bio-
cortech, Brintnall & Nicolini, Inc., Easton Associates, Gilead Sciences,
Inc., GlaxoSmithKline, Janssen Pharmaceuticals, Lundbeck Research
USA, Medivation, Inc., Merz Pharmaceuticals, MK Medical Communi-
cations, F. Hoffmann-La Roche Ltd, SK Holdings Co., Ltd, Sunovion
Pharmaceuticals, Inc., Takeda Industries, and Teva Pharmaceutical In-
dustries, Ltd. Dr. Krystal also reports serving on the Scientific Advisory
Boards for Abbott Laboratories, Bristol-Myers Squibb, Eisai, Inc., Eli Lilly
and Co., Forest Laboratories, Inc., Lohocla Research Corporation, Mne-
mosyne Pharmaceuticals, Inc., Naurex, Inc., Pfizer Pharmaceuticals

and Shire Pharmaceuticals. Dr. Krystal also reports Exercisable War-
ant Options from Tetragenex Pharmaceuticals (value less than $150).
r. Krystal also reports serving on the Board of Directors of the Coali-

ion for Translational Research in Alcohol and Substance Use Disor-
ers. Dr. Krystal also reports receiving research support from Janssen
esearch Foundation (provided drug and some study support to the
epartment of Veterans Affairs). Dr. Krystal also reports serving as
ditor of Biological Psychiatry, which is associated with income greater
han $10,000 per year. Dr. Krystal also reports being President for the
merican College of Neuropsychopharmacology. Dr. Krystal also re-
orts that his name is included on a patent titled “Dopamine and
oradrenergic reuptake inhibitors in treatment of schizophrenia” (Pat-
nt #:5,447,948, September 5, 1995), and on provisional patents titled
Targeting the glutamatergic system for the treatment of neuropsychi-
tric disorders” (PCTWO06108055A1) and “Intranasal administration
f ketamine to treat depression” (pending). Dr. Mathalon reports re-
earch funding from AstraZeneca, Inc, consulting fees from Pfizer, Inc.
nd that his name is included under a provisional patent titled “A
oninvasive biomarker of human cortical plasticity and cognition,”
SPTO serial number 61/140,833. All other authors report no biomed-

cal financial interests or potential conflicts of interest.

1. Goto Y, Yang CR, Otani S (2010): Functional and dysfunctional synaptic
plasticity in prefrontal cortex: Roles in psychiatric disorders. Biol Psychi-
atry 67:199 –207.

2. Stephan KE, Baldeweg T, Friston KJ (2006): Synaptic plasticity and dys-
connection in schizophrenia. Biol Psychiatry 59:929 –939.

3. Harrison PJ, Weinberger DR (2005): Schizophrenia genes, gene expres-
sion, and neuropathology: On the matter of their convergence. Mol
Psychiatry 10:40 – 68; image 5.

4. Sebat J, Levy DL, McCarthy SE (2009): Rare structural variants in schizo-
phrenia: One disorder, multiple mutations; one mutation, multiple dis-
orders. Trends Genet 25:528 –535.

5. Kwon OB, Paredes D, Gonzalez CM, Neddens J, Hernandez L, Vullhorst D,
Buonanno A (2008): Neuregulin-1 regulates LTP at CA1 hippocampal
synapses through activation of dopamine D4 receptors. Proc Natl Acad
Sci U S A 105:15587–15592.

6. Li B, Woo RS, Mei L, Malinow R (2007): The neuregulin-1 receptor erbB4
controls glutamatergic synapse maturation and plasticity. Neuron 54:
583–597.

7. Tang TT, Yang F, Chen BS, Lu Y, Ji Y, Roche KW, Lu B (2009): Dysbindin
regulates hippocampal LTP by controlling NMDA receptor surface ex-
pression. Proc Natl Acad Sci U S A 106:21395–21400.

8. Cooke SF, Bliss TV (2006): Plasticity in the human central nervous sys-
tem. Brain 129:1659 –1673.

9. Stone JM, Erlandsson K, Arstad E, Squassante L, Teneggi V, Bressan RA, et
al. (2008): Relationship between ketamine-induced psychotic symp-
toms and NMDA receptor occupancy: a [(123)I]CNS-1261 SPET study.
Psychopharmacology (Berl) 197:401– 408.

0. Krystal JH, D’Souza DC, Mathalon D, Perry E, Belger A, Hoffman R (2003):
NMDA receptor antagonist effects, cortical glutamatergic function, and
schizophrenia: Toward a paradigm shift in medication development.
Psychopharmacology (Berl) 169:215–233.

1. Clapp WC, Hamm JP, Kirk IJ, Teyler TJ (2011): Translating LTP from
animals to humans: A novel method for non-invasive assessment of
cortical plasticity [published online ahead of print October 3]. Biol Psy-
chiatry.

2. Daskalakis ZJ, Christensen BK, Fitzgerald PB, Chen R (2008): Dysfunc-
tional neural plasticity in patients with schizophrenia. Arch Gen Psychia-
try 65:378 –385.

3. Frantseva MV, Fitzgerald PB, Chen R, Moller B, Daigle M, Daskalakis ZJ
(2008): Evidence for impaired long-term potentiation in schizophrenia
and its relationship to motor skill learning. Cereb Cortex 18:990 –996.

4. Teyler TJ, Hamm JP, Clapp WC, Johnson BW, Corballis MC, Kirk IJ (2005):
Long-term potentiation of human visual evoked responses. Eur J Neuro-
sci 21:2045–2050.

5. Heynen AJ, Bear MF (2001): Long-term potentiation of thalamocortical
transmission in the adult visual cortex in vivo. J Neurosci 21:9801–9813.

6. Clapp WC, Eckert MJ, Teyler TJ, Abraham WC (2006): Rapid visual stimu-

lation induces N-methyl-D-aspartate receptor-dependent sensory
long-term potentiation in the rat cortex. Neuroreport 17:511–515.

www.sobp.org/journal



4

4

4

4

4

4

4

4

4

5

5

5

5

5

5

5

5

5

5

6

6

6

6

6

6

6

520 BIOL PSYCHIATRY 2012;71:512–520 I. Çavuş et al.
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