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Persons with schizophrenia experience subjective sensory
anomalies and objective deficits on assessment of sensory
function. Such deficits could be produced by abnormal sig-
naling in the sensory pathways and sensory cortex or later
stage disturbances in cognitive processing of such inputs.
Steady state responses (SSRs) provide a noninvasive
method to test the integrity of sensory pathways and oscil-
latory responses in schizophrenia with minimal task
demands. SSRs are electrophysiological responses
entrained to the frequency and phase of a periodic stimulus.
Patients with schizophrenia exhibit pronounced auditory
SSR deficits within the gamma frequency range (35–50
Hz) in response to click trains and amplitude-modulated
tones. Visual SSR deficits are also observed, most promi-
nently in the alpha and beta frequency ranges (7–30 Hz) in
response to high-contrast, high-luminance stimuli. Visual
SSR studies that have used the psychophysical properties
of a stimulus to target specific visual pathways predomi-
nantly report magnocellular-based deficits in those with
schizophrenia. Disruption of both auditory and visual
SSRs in schizophrenia are consistent with neuropatholog-
ical and magnetic resonance imaging evidence of anatomic
abnormalities affecting the auditory and visual cortices.
Computational models suggest that auditory SSR abnor-
malities at gamma frequencies could be secondary to
g-aminobutyric acid–mediated or N-methyl-D-aspartic
acid dysregulation. The pathophysiological process in
schizophrenia encompasses sensory processing that proba-
bly contributes to alterations in subsequent encoding and
cognitive processing. The developmental evolution of these
abnormalities remains to be characterized.
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Introduction

Unusual sensory experiences are common in schizophre-
nia, from visual and auditory distortions in the prodro-
mal phase to the vivid hallucinations often reported by
those with chronic schizophrenia.1–4 These subjective
reports are paralleled by objective testing.5 Visual psy-
chophysical measures have documented deficits affecting
motion perception,6–10 form perception,8,11 low spatial
frequency discrimination,12 location discrimination,9,11

perceptual organization,13,14 and backward masking per-
formance.15–18Within the auditory domain, patients with
schizophrenia exhibit deficits on behavioral measures of
tone matching,19 temporal discrimination,20 and pitch
discrimination.21

The neurophysiological basis for these perceptual ab-
normalities is not well characterized. One promising ap-
proach is the utilization of steady state responses (SSRs)
of the electroencephalogram (EEG) to probe the integrity
of the networks necessary for accurate sensory process-
ing. The SSR is generated by synchronous activity of
large populations of neurons to a temporally modulated
stimulus. SSRs have several advantages for the study of
sensory processing in schizophrenia. SSRs have been
used extensively to investigate electrophysiological
responses to sensory stimulation in both healthy children
and adults.22,23 In these studies, the effects of stimulus
properties such as temporal frequency, spatial frequency,
and contrast on visual SSRs have been well characterized.
SSRs can be obtained noninvasively with minimal task
demands from psychiatric patients. SSRs can also be
recorded in intracranial animal paradigms, allowing
cross-species comparison of responses, identification of
neural generators and use in animal models of human dis-
orders. Finally, SSRs can test the capacity of neural cir-
cuits to support oscillatory activity at a range of
frequencies. The functional capacity of these circuits
may inform theories about the neural mechanisms asso-
ciated with schizophrenia.24,25 This review will describe
methods of analysis of SSRs, human and animal data
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regarding the generators of this activity, findings in the
visual and auditory modalities in patients with schizo-
phrenia, and the possible neurophysiological mecha-
nisms underlying abnormal SSRs in schizophrenia.

Signal Analysis of SSRs: Measures of Power and Phase

EEG activity evoked by external stimuli, response gener-
ation, or internal events can be analyzed in either the time
or frequency domain. Transient evoked or event-related
potentials (ERPs) are elicited by a single event and consist
of a series of deflections in the EEG that usually return to
baseline prior to the next stimulus. Transient ERPs are
typically obtained by segmenting the continuous EEG
at the onset of the stimulus and averaging these trials
in the time domain to extract only the stimulus-locked
activity (as seen with SSR data in figure 1a). Typical var-
iables derived from this time domain analysis include
peak latency, amplitude, and topography. A variety of

transient ERPs are impaired in schizophrenia and are
among the best validated neurobiological endopheno-
types for the illness.26

SSRs, on the other hand, are usually analyzed in the
frequency domain and have seen extensive use in studies
of sensory processes.27 The traditional approach to fre-
quency domain analysis relies on the application of the
Fourier transform to convert a time domain waveform
into a sum of sinusoidal waveforms differing in power
and phase. The power spectrum derived from Fourier
coefficients displays EEG power (usually in microvolts2)
in a segment of EEG as a function of frequency. Averag-
ing across trials is done prior to the Fourier transform to
isolate phase-locked activity to the stimulus, similar to
the ERP analysis. The averaged SSR (figure 1a and
1b) and corresponding power spectrum (figure 1c) are
shown in figure 1 for a steady state–evoked waveform eli-
cited by an amplitude-modulated tone at 40 Hz (1000 Hz
carrier frequency). Each frequency is associated with

Fig. 1. Different Signal Processing Techniques Applied to the Auditory Steady State Response at Electrode Site Cz in Response to a 40-Hz
Amplitude-Modulated Tone (1000HzCarrier Frequency) Presented for 1000ms in aHealthy ControlGroup (N5 21) and in PatientsWith
Schizophrenia (N5 21). Panel A represents the waveform averaged across trials in the time domain to show both the transient event-related
potential and the steadystate response.PanelB represents theaveragedwaveformthathasbeen filteredbetween39and41Hzto showonly the
steady state response at 40 Hz. Panel C represents the magnitude of response in the frequency domain by using a fast Fourier transform,
showing neural entrainment at the frequency of stimulation. Panel D represents mean power, obtained by using a Hilbert transform on
individual trials, indicating the average change in power at a given frequency from the mean baseline power. The x-axis represents time in
milliseconds, the y-axis represents frequency in Hertz, and the colors represent the magnitude of power with warmer colors associated with
higher power and cooler colors associated with less power. Panel E represents the phase locking factor or averaged normalized phase across
trials, obtained by using aHilbert transformon individual trials. The x-axis represents time inmilliseconds, the y-axis represents frequency in
Hertz, and the colors represent phase reproducibility across trials ranging from0 (absence of synchronization) to 1 (perfect synchronization).
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a phase value indicating the phase of that frequency com-
ponent relative to the onset of the stimulus.
Oscillations that vary in amplitude over time like the

SSR, otherwise known as nonstationary signals, are
not appropriate for the traditional Fourier analysis be-
cause such signals violate several assumptions behind
Fourier transforms.28 Further, while use of the fast Four-
ier transform (FFT) is commonly used to estimate the
Fourier transform for discrete time series, using this
transform on the whole trial period of SSR does not pro-
vide information on how the SSR evolves over the trial
(figure 1c). Therefore, identification and characterization
of the temporal dynamics of EEG responses have moti-
vated the development and application of other signal
analysis techniques including short-time window Fourier
transform, multitaper Fourier transform, wavelet analy-
sis, and Hilbert transforms.28–30

Another advantage of analysis in the frequency do-
main is the ability to derive statistical estimates of phase
and power in single trials. Measures of mean power dif-
ference from baseline (also called event-related spectral
perturbation [ERSP]) and mean normalized phase
(also called intertrial coherence [ITC] or phase locking
factor [PLF]) are relatively easy to compute and provide
information about the magnitude and consistency of the
entrained response. The ERSP ormean power is obtained
by first subtracting the power from a baseline period and
then averaging across trials. Thus, this measure repre-
sents the average change in power at a given frequency
from the mean baseline power and so can detect changes
in power that are induced by, but are not necessarily
phase locked to, stimulus onset31 (figure 1d).
The ITC or PLF is an estimate of mean normalized

phase across trials. First, a phasor (or the normalized
complex number) is obtained from the complex output
of the frequency transformation by dividing by its com-
plex norm for each trial. The phasor is then averaged
across trials, and a complex norm is taken to obtain
the PLF. The PLF values can range from 0 (absence
of synchronization) to 1 (perfect synchronization or
phase reproducibility across trials at a given latency).
Figure 1e shows the PLF plot for a 40-Hz signal. Both
mean power and PLF are statistical measures and thus
can be calculated for each frequency and time period
for which the frequency transformation was applied.
The interested reader is encouraged to examine several
excellent reviews of EEG signal processing methods.32,33

Auditory Steady State Response

The auditory steady state response (ASSR) is usually eli-
cited by amplitude-modulated tones or click trains pre-
sented at a given frequency. The ASSR in humans is
largest in response to stimuli in the gamma (30–50 Hz)
frequency range34 and may reflect the driving of smaller
populations of neurons compared with larger network

functioning associated with lower frequency activity.35

The simplest theory regarding the generation of the 40-
HzASSR is that it is composed of a superposition of mid-
latency ERPs and auditory brain stem activity, that can
be revealed using a specialized deconvolution algo-
rithm.36–38 However, several findings indicate that the
ASSR in the gamma range represents a resonance re-
sponse or oscillation, rather than a simple superposition
of discrete evoked potentials to individual clicks. The 40-
Hz SSR in magnetoencephalograph (MEG) evolves dur-
ing the 200-millisecond interval after stimulus onset,39

phase delay shortens with repeated stimuli, and phase
synchronization continues after offset of a stimulus.24,40

Additionally, the 40-Hz SSR can be disrupted by a brief
noise pulse,41,42 and this effect persists longer than the
offset of the pulse. Such a prolonged disruption of the
40-Hz oscillation cannot easily be simulated by superpo-
sition of discrete responses and may indicate an inhibi-
tory process that disrupts ongoing perceptual or
binding processes.42 Therefore, it is possible that the
ASSR reflects a combination of the initial response to
the individual stimulus and the output of a resonance re-
sponse. Finally, phase locking of the 40-Hz SSR has been
reported to be enhanced by selective attention, whereas
the 20-Hz ASSR was not,43 suggesting differential sensi-
tivity of 40 Hz to attentional modulation. Similarly, Ross
and Pantev44 found increased mean sustained amplitude
MEG activity during a stimulus discrimination task that
required differentiation of modulation rates within the
gamma frequency range. While Linden et al45 found
no effect of selective attention to intensity variations
on theASSR, Rockstroh et al46 found decreased SSR am-
plitude to 40-Hz stimuli when participants performed
a concurrent auditory oddball task.
Animal studies have helped delineate the generators of

the ASSRs. ASSRs have been elicited from many nonhu-
man mammalian species, including primates,47–50

cats,49,51–53 rabbits,54,55 and rodents56–60 (figure 2). As
with human recordings, there is growing evidence that
the ASSR in animals is primarily generated in auditory
cortex and may be related to local field potentials.
Kuwada et al54 investigated neural generators of the
ASSR using behavioral, pharmacological, and cortical
inactivation techniques in unanesthetized rabbits. Their
data suggest that while the cortex is optimally activated
by low frequencies (;20 Hz) of stimulation, subcortical
structures are likely involved in generating responses at
higher frequencies of stimulation (;90 Hz).54 This pat-
tern has been supported by source localization analysis
of EEG data in humans.61 However, in cats, ablation
of lower auditory structures, such as the inferior collicu-
lus, has been shown to decrease the phase synchrony of
the ASSRs to frequencies of stimulation within the
gamma range (20–80 Hz) leading the authors to suggest
that this structure is a primary generator of the re-
sponse.49 Using 40-Hz trains of clicks, Tsuzuku62 found
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that focal lesioning of the auditory cortices decreased
40-Hz ASSRs but to a lesser extent than ablation of
the inferior colliculi. The role of the cortex is greatly di-
minished under anesthesia compared with that of the in-
ferior colliculus.59 These data indicate that ASSRs,
especially at frequencies below 80 Hz, likely reflect
contributions from multiple brain generators with the
primary auditory cortex and the inferior colliculus play-
ing important roles.

ASSR Abnormalities in Schizophrenia

Patients with schizophrenia exhibit deficits in auditory
steady state entrainment, particularly in the gamma
(30–50 Hz) frequency range. In the first study to examine
the ASSR in schizophrenia, Kwon et al24 found that
patients exhibited reduced power and delayed phase syn-
chrony to a 40-Hz click train. Similarly, Light et al63

found reduced power and intertrial phase coherence in
response to 30- and 40-Hz clicks but not to 20-Hz click
trains in those with schizophrenia. Krishnan et al41 also
found reductions in measures of phase locking and in
overall power in patients with chronic schizophrenia.
A left hemisphere phase locking deficit to 40-Hz click
trains has been found in patients experiencing their first
episode,64 but such lateralization is not always found in
chronic schizophrenia.65,66 Studies using amplitude-
modulated tones show the largest reductions proximal
to 40 Hz, but lower and higher frequencies appear to

be affected as well.41,67 Because attention can affect
the 40-Hz SSR, Krishnan et al41 required that subjects
perform a visual discrimination task while ASSRs were
recorded. Despite the absence of attention to the auditory
stimuli, the ASSR deficit at gamma frequency was still
evident in the schizophrenia patients.
While the reduction in 40 Hz has been replicated by

all studies except one,68 changes in other stimulus fre-
quencies are less consistent and may interact with stim-
ulus characteristics. Vierling-Classen et al69 found an
increase in 20 Hz in MEG for click stimuli in schizo-
phrenia subjects, and Light et al63 reported decreased
30-Hz SSRs using EEG. Neither finding has been rep-
licated in other studies using click stimuli. Changes
in harmonics and subharmonics have also been in-
consistent. Vierling-Classen et al69 found an increased
subharmonic of 40 Hz (20 Hz) and a reduction of har-
monic of 20-Hz (40-Hz) click stimuli in schizophrenia,
but these phenomena were not observed by Krishnan
et al.41 It should also be noted that all but 2 studies
(Brenner et al67 and Krishnan et al41) measured responses
only in 3 stimuli frequencies (20, 30, and 40 Hz). The
changes in SSR to frequencies other than 40 Hz are crucial
for identification of the mechanisms that result in the
changes in ASSR. Further, differences in the type
of stimuli (click- or amplitude-modulated tones) are likely
to influence the response at the stimulus frequency and
harmonics, and this issue requires more systematic
investigation.

Fig. 2.Auditory Steady StateResponse inHealthy Sprague-DawleyRats (N5 10) inResponse to a 40-HzClick Train Presented for 500ms.
PanelArepresents the averagewaveform in the timedomain. PanelB represents themeanpowerof thedata.PanelC represents phase locking
factor of the data. Stimulus onset occurred at 0 ms and ended at 500 ms, all axes labels are the same as corresponding analyses in figure 1.
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Another issue that remains unclear is whether the
gamma-range ASSR deficit is a trait marker of risk for
schizophrenia or a measure sensitive to the expression
of psychosis. Hong et al68 reported that medicated
patients with schizophrenia did not show a 40-Hz deficit
but that first-degree relatives did show a deficit, sugges-
tive of a vulnerability biomarker. On the other hand,
Brenner et al67 found that ASSR power in the gamma
range was not affected in subjects with schizotypal per-
sonality disorder. In summary, reduced ASSR power
and phase locking is a robust finding in schizophrenia
for both click- and amplitude-modulated tones and
appears early in the course of the illness. Genetic risk
for schizophrenia may also be associated with this deficit,

but it does not appear in schizotypal personality disorder.
The effect of medication on the deficit remains to be ex-
perimentally evaluated.
Scalp-recorded EEG and MEG activity (especially in

the gamma band) is associated with primary auditory
cortex generators including the superior temporal plane
bilaterally,70–72 though some have found additional sour-
ces in the right anterior cingulate.73 These findings are
consistent with the 40-Hz ASSR deficits exhibited by
patients with schizophrenia because reduced gray matter
volume in the superior temporal gyrus, where the primary
and secondary auditory cortices are located, is one of the
most consistent structural magnetic resonance imaging
(MRI) findings in schizophrenia research.74 Neuropath-
ological studies have identified a spectrum of cellular ab-
normalities in the auditory cortex as well. Sweet et al75,76

showed that the volume of pyramidal neurons in deep
layer 3 of primary and secondary auditory cortices is re-
duced in schizophrenia. In contrast, there were no
changes in layer 5 in secondary auditory cortex. These
findings suggest a specific reduction in pyramidal cell vol-
ume in schizophrenia only in layer 3 of auditory cortex.
Neuroanatomical studies of auditory cortex suggest that
feed-forward connections arise from layer 3 and termi-
nate in layer 4 while feedback connections arise from
layer 3/4 and terminate in layer 1.76 Based on these an-
atomical studies and neuropathological findings in
schizophrenia, Sweet et al77 suggested an abnormality
in the feed-forward auditory processing circuit in schizo-
phrenia. Moreover, decreased gray matter volume of left
auditory cortex in patients with schizophrenia has been
linked with P300 auditory ERP deficits.78 In summary,
the ASSR deficit probably reflects alterations in auditory
cortex gray matter volume and cellular abnormalities.
Slice studies and computational modeling may provide
a method to relate SSR deficits to specific cellular abnor-
malities.69,79

Visual SSR

The visual SSR is synchronized in frequency and phase to
a temporally modulated visual stimulus80 and may be
used as a tool to evaluate the integrity of visual pathways
(figure 3). As with ASSRs, visual SSRs can be obtained
with minimal task demands and can be elicited by a wide
range of stimulation frequencies, from 1 to 100 Hz in
humans27,81 and in animals.82 Visual SSRs show
a more complex modulation transfer function than the
ASSR. In humans, the strongest entrainment of visual
SSRs to an unpatterned temporally modulated stimulus
have been reported at 10, 16, 20, 40, and 80 Hz, indicative
of frequency tuning or resonance in the underlying net-
works that generate these responses.80,81 Herrmann
(2001) suggested that the 10-Hz peak may relate to mech-
anisms producing alpha activity while the 40-Hz peak
may reflect a neural network responsible for gamma

Fig. 3. Averaged Visual Steady State Response Elicited by
Flickering White-Black Visual Stimuli, Presented at a Flicker Rate
of 17HzandPresented for 1000ms in46HealthyParticipants.Panel
A represents the averaged time series waveform. Panel B represents
the time-frequency spectrogram ofmean power. Panel C represents
the time-frequency spectrogram of phase locking factor. All axes
labels are the same as corresponding analyses in figure 1.
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activity. As with the auditory domain, attention appears
to enhance the visual SSR.83–85

Source analysis and imaging studies suggest that the
scalp recorded visual SSR peaks at lower frequencies
than in the auditory domain and is primarily generated
by the occipital cortex. Emir et al86 presented visual pho-
tic stimuli at 1–44 Hz and found a peak blood oxygen
level–dependent response at 8 Hz, with secondary peaks
at 16 and 24Hz in the primary visual cortex. Zhang et al87

found increased activity in area V1 during high-contrast
pattern perception vs low-contrast pattern perception in
a binocular rivalry paradigm.Muller et al88 usedMEG to
investigate the neural generation of visual SSR and found
that 6.0- and 11.2-Hz activity was located in the posterior
occipital cortex near the calcarine fissure, whereas the
15.2-Hz response was more anterior and ventromedially
located in the lingual gyrus of the occipital cortex. These
studies used dipole source estimation techniques to iden-
tify the neural generators of scalp-recorded activity; how-
ever, other techniques indicate that visual SSRs can
activate long-range networks reaching the medial frontal
lobes and may also be affected by abnormalities in the
retinostriate projections.27,89–93

Visual SSR Abnormalities in Schizophrenia

Most visual SSR studies in schizophrenia have used
unpatterned visual stimuli at different temporal frequen-
cies at high contrast. Rice et al94 reported that subjects
with schizophrenia exhibited reduced power at frontal
sites in the alpha frequency range (7.2–9.6 Hz) and in
4.8, 7.2, and 9.6 Hz at parietal sites. Patients also showed
reduced alpha activity (7–13 Hz) during resting period,
but the reduction in alpha activity was larger during pho-
tic stimulation compared with the resting period.94 A se-
ries of studies by Jin et al95 showed that visual SSR
reduction in schizophrenia occurred at higher alpha fre-
quencies (12.5 Hz) and not at lower alpha frequencies
(9.375Hz). They later showed that schizophrenia subjects
showed reduced power at 10, 11, and 12 Hz when eval-
uating the harmonics in the alpha frequency range.96

While the previous studies focused on a narrow range
of temporal frequencies, Krishnan et al97 evaluated the
visual SSR for a wide range of frequencies (4, 8, 17,
20, 23, 30, and 40 Hz) using a sinusoidally modulated
high-luminance stimulus. Krishnan et al97 found that
the visual SSR was reduced in schizophrenia at 17-,
23-, and 30-Hz stimulation rates. There was also an in-
crease in background (or nonphase-locked) activity
from 4 to 20 Hz in schizophrenia subjects. In summary,
for high-contrast and high-luminance periodic stimula-
tion, individuals with schizophrenia have reduced visual
SSRs across alpha frequencies (from 9 to 12 Hz) and for
frequencies in the beta and gamma range. EEG activity
that is not phase locked to the stimulus may actually be
higher at some frequencies, similar to findings in resting

EEG.98 These findings indicate that the reduced capacity
for neural entrainment found in patients with schizophre-
nia may be superimposed on resting state abnormalities.
Delta and theta frequencies have received limited inves-
tigation but appear relatively intact.
Some visual SSR studies have used the psychophysical

properties of a stimulus to differentially test the magno
(M) and parvo (P) visual pathways in schizophrenia. But-
ler and colleagues99–101 used the differential sensitivity of
the M and P pathways to luminance and chromatic con-
trast to evaluate these pathways in schizophrenia. Butler
et al99,104 showed that the visual SSR was reduced in
schizophrenia when the stimuli were presented at low-
luminance contrast levels but not for high-luminance
contrast levels. Visual SSRs were also reduced in schizo-
phrenia subjects for low spatial frequency stimuli pre-
sented in the low-contrast condition. There were no
differences in the chromatic visual SSRs. The selective re-
duction of SSRs at low-luminance contrast and relatively
spared SSRs for high-luminance contrast and chromatic
contrast provides neurophysiological evidence for a selec-
tive magnocellular pathway abnormality in schizophre-
nia. In support of this relationship, Kim et al101

reported that velocity discrimination thresholds on psy-
chophysical tests were correlated with visual SSRs for
magnocellular but not parvocellular stimulus conditions.
They also found that patients with schizophrenia
exhibited reduced visual SSR at the second harmonic
for low-contrast stimuli, further supporting the role of
a magnocellular pathway deficit in this population.101

In one of the only studies to evaluate attentional effects
on the visual SSR, Clementz et al102 presented a visual
target detection task and found that patients with schizo-
phrenia showed enhanced visual SSR to attended vs un-
attended flickering stimuli similar to that of healthy
controls. However, patient’s evoked potentials and be-
havioral performance in response to visual targets
(change in flickering bar width) were reduced. Because
the flickering stimuli were thought to activate simple cells
in area V1 and the detection of changes in bar width was
thought to activate complex cells in higher cortical areas
of V1, they interpreted their results to indicate that visual
deficits exhibited by patients with schizophrenia may be
related to supragranular integration deficits.
These findings of functional abnormalities in visual

processing in schizophrenia are consistent with structural
changes associated with the disorder. At first episode,
gray matter thickness measured by MRI is reduced in
the occipital cortex.103 In patients with chronic schizo-
phrenia, Onitsuka et al104 found reduced gray matter vol-
umes in the visual association areas, though not in the
primary visual cortex. Butler et al105 reported an associ-
ation between visual SSR to magnocellular biased stimuli
and white matter tract integrity in the optic radiations.
Finally, postcmortem studies have found reduced volume
and density in BA17 in schizophrenia.106,107 It is likely
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that these structural aberrations of occipital cortex con-
tribute to the psychophysical and visual SSR abnormal-
ities observed in early stage visual processing.

Cellular Abnormalities and Gamma-Range Deficits in
Schizophrenia

The selective disturbances of SSRs in the gamma fre-
quency range in the auditory modality may be due to spe-
cific cellular neuropathology affecting c-aminobutyric
acid–mediated (GABAergic) and glutamatergic networks
in the auditory cortex. Studies of cellular mechanisms
subserving synchronization and oscillations among pop-
ulations of neurons have implicated a central role of
GABAergic modulation of glutamatergic neruons within
the cortex. Interconnected pyramidal cell networks ap-
pear necessary for the generation of oscillations, while
GABAergic inhibitory interneuron networks fire in rapid
pairs to act as an oscillatory ‘‘pace maker’’ for these
larger pyramidal cell networks.108–110 Several in vitro
studies indicate that oscillatory activity can be induced
by c-aminobutyric acid (GABA) agonists and disrupted
by GABA antagonists, underscoring the importance of
GABA synapses in the modulation of gamma oscilla-
tions. More specifically, it is likely that parvalbumin-
expressing chandelier and basket cells are the type of
GABAergic interneurons involved with the modulation
of oscillatory activity because these neurons form far-
reaching networks consisting of both other interneurons
and pyramidal cell nodes.111 In addition, chandelier cells
form synapses on the axon hillock of pyramidal cells and
are therefore structurally able to influence pyramidal cell
firing.112 In regard to pyramidal cell specificity, neurons
in laminar layer 3 also form far-reaching networks
to other regions of the cortex, and they receive projec-
tions from the medial dorsal thalamus, making them
structurally capable of influencing oscillatory brainwave
activity.113

The finding that GABA- and glutamatergic mediated
neurons interact to generate oscillatory activity in the
cortex has important implications on the pathophysiol-
ogy of schizophrenia. Lewis and colleagues reported
that although the density of chandelier neurons was un-
affected in postmortem tissue in schizophrenia, the par-
valbumin messenger RNA (mRNA) expression of
chandelier neurons may be decreased in the prefrontal
cortex. In addition, the alpha 2 subunit of GABA recep-
tor A (GABAA) found in chandelier interneurons are se-
lectively upregulated in the prefrontal cortex in
schizophrenia. These interneuron abnormalities may af-
fect glutamate transmission in schizophrenia as well,
given that the decreased levels of parvalbumin mRNA
expression was highly correlated with decreased den-
sity of neurons containing detectable levels of GABA
decarboxylase GAD67 mRNA.114–118 Ketamine, an
N-methyl-D-aspartic acid (NMDA) receptor antagonist,

induces symptoms similar to the positive, negative, and
cognitive symptoms of schizophrenia and leads to re-
duced theta activity (that can be reversed by haloperidol
administration) in response to repetitive auditory stimuli
in mice.119 Morrow et al120 showed that repeated admin-
istration of an NMDA antagonist resulted in a reduction
in the number of parvalbumin-containing axoaxonic car-
tridges, which may represent the axon terminals formed
by chandelier cells. Reduced glutamatergic input on par-
valbumin-containing interneurons via the NMDA recep-
tor may mediate the downregulation of GAD67 and
parvalbumin-containing neurons, which may in turn af-
fect the oscillatory capabilities of the system. If GABAer-
gic neurons are responsible for modulating pyramidal
firing, then the decreased cartridge density or irregular
mRNA expression of certain GABAergic neurons in
schizophrenia may also contribute to the aberrant syn-
chrony found in schizophrenia patients.
However, aberrant cellular morphology in schizophre-

nia is not confined to interneurons. Lewis and colleagues
also found reduced spine density of pyramidal neurons in
layer 3 of the cortex in schizophrenia. Pyramidal neurons
in this layer undergo significant pruning in the dorsolat-
eral prefrontal cortex (DLPFC) during late adolescence
(a common age of onset for symptoms of schizophrenia)
and have a smaller somal size in both the DLPFC as well
as primary auditory cortex in schizophrenia.121,122 To-
gether, these findings indicate that just as both excitatory
pyramidal cell and inhibitory interneuron activity are
necessary to generate sustained oscillatory activity in
the cortex at high frequencies, both are vulnerable to
structural and functional instability in schizophrenia.

Computational Models of SSR

Human imaging data cannot provide direct measures of
cellular abnormalities that produce SSR deficits in
humans, but computational neuroscience can use cell
and circuit simulations to test the effect of neuropatho-
logical changes on oscillatory responses. Computational
models of SSRs are consistent with hypotheses of
GABAergic neural network dysfunction in schizophre-
nia, whichmay be secondary toNMDAhypofunction.123

These models suggest that gamma-range synchronization
(30–70 Hz) may support local circuit interactions in the
cortex and that beta-range synchronization (13–29 Hz)
may support long-distance integration across cortical
regions.124,125 Vierling-Claassen et al69 created 2 compu-
tational models of the auditory cortex MEG response to
20-, 30-, and 40-Hz click trains in healthy controls and
schizophrenia patients. They simulated time-locked fre-
quency responses in which schizophrenia patients
exhibited less than 40-Hz power and greater than 20-
Hz power in response to both 40- and 20-Hz driving, re-
spectively, by increasing the time constant of GABAA

synaptic activity for both chandelier and basket cell
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networks onto the pyramidal neuron (figure 4). The in-
crease in the time constant was based on the postmortem
evidence for reduced GABA transporter in schizophre-
nia. Other postmortem findings also suggest reduced
number of interneurons and GAD67 enzyme that is in-
volved in manufacturing of GABA. Interestingly, simu-
lating a reduction in available GABA by decreasing the
strength of inhibitory-to-inhibitory and inhibitory-to-
excitatory activity only reduced 40-Hz power in response
to a 40-Hz stimulus. Increasing the time constant of the
inhibitory interneuron networks was necessary to intro-

duce the 20-Hz activity seen in the experimental data.69

Increasing the decay time constant at the GABAA syn-
apse from interneuron to pyramidal neuron results in lon-
ger ‘‘inhibition’’ and a reduced probability of pyramidal
cell spiking for a longer duration. These results indicate
that variability in the timing of interneuron activity pre-
vents precise entrainment of pyramidal networks. These
findings are supported by themodel by Traub et al126 that
demonstrated that pyramidal cell activity is sufficient to
produce gamma oscillations but that dendritic gap junc-
tions (found in interneuron activity) are required to
sharpen them. Computer simulations of cortical oscilla-
tions demonstrate the importance of interneuron activity
in modulating the precision firing of large-scale networks
necessary for steady state entrainment.

Conclusions and Future Directions

Schizophrenia is associated with both ASSR and visual
SSR abnormalities indicative of disrupted sensory pro-
cessing. The ASSR demonstrates reduced power, delayed
onset and termination, and lower phase locking values
that are most apparent to stimuli modulated within the
gamma frequency range. The visual SSR shows a more
complex pattern of disturbances that are influenced by
stimulus characteristics. For high-contrast, unpatterned
stimuli, decreased power is most consistently found for
temporal frequencies of 8 Hz and above. When contrast
gain is manipulated, deficits are most apparent at low lev-
els of contrast, suggestive of a magnocellular pathway
disturbance. Frequency- and feature-specific deficits in
the SSR may be indicative of cellular abnormalities
that affect synchronized activity within sensory cortices.
ASSRs within the 1–60 Hz range have been linked to

generators within the auditory cortex. It is possible that
auditory pathways in the brain stem or the lateral genic-
ulate nucleus in the thalamus could produce altered
ASSRs, but there have been no reports to our knowledge
of neuropathology in these nuclei. In contrast, abnormal-
ities in the auditory cortex have been observed both in
structural MRI and neuropathological studies. This evi-
dence therefore suggests neural network dysfunction
within the auditory cortex that may result in faulty
generation and unreliable maintenance of oscillatory
activity.
Most visual SSR deficits have been reported in the al-

pha (9 Hz) and beta (17–30 Hz) ranges in response to
unpatterned suprathreshold stimuli. While the neural
generation of visual SSRs is thought to originate in the
primary visual cortex, several studies suggest long-range
network activation, including thalamocortical circuits
and inferior colliculus involvement, as well. Visual
SSR studies that manipulate the psychophysical proper-
ties (luminance and contrast) to probe the different
visual systems generally report magnocellular path-
way–mediated disruption. A variety of psychophysical

Fig. 4. Representations of the Model Developed by Vierling-
Claassen et al69 (used with Permission from J Neurophysiol
2008;99:2660,2663). Panel A reflects a network diagram of their
simplified model, composed of 20 excitatory and 20 inhibitory cells
(parvalbumin-containing fast-spiking interneurons). Poisson noise
and drive input at 40Hzwere received by every cell. Panel B reflects
the simulationoutput forahealthygroup inresponse to40-Hzdrive.
Panel C reflects the simulation output for a schizophrenic group to
40-Hzdrive,where theonlydifference isachange in thedecay timeof
the inhibitory postsynaptic currents that represent c-aminobutyric
acid receptor A synaptic decay.
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and electrophysiological findings suggest that visual pro-
cesses associated with the magnocellular visual pathways
may be more affected than those subserved by the parvo-
cellular pathways.100,127 Psychophysical studies of con-
trast sensitivity, however, often suggest involvement of
parvocellular pathway as well.128 With respect to neuro-
pathology, cellular abnormalities have not been found in
magnocellular or parvocellular populations in the lateral
geniculate nucleus.129,130 This suggests that the visual cor-
tex, which is the primary generator of the visual SSR, is
most likely responsible for visual SSR disturbances in
schizophrenia. This conclusion is consistent with MRI
and cellular findings of occipital pathology. In summary,
visual SSRs are likely affected by neuroanatomic distur-
bances in the visual cortices, but the mechanisms respon-
sible for specific deficits remain to be characterized.
At the cellular level, oscillatory activity within the beta

and gamma frequency ranges appears to be maintained
by the interaction of GABAergic interneurons and excit-
atory pyramidal networks. Functional abnormalities in
schizophrenia (especially those mediated by high fre-
quency oscillatory activity within discrete cortical areas)
may arise from aberrant glutamatergic input (via NMDA
receptors) on specific parvalbumin-containing interneur-
ons, which in turn may lead to the decreased cellular den-
sity and mRNA expression of the GABAergic neurons
responsible for maintaining synchronous activation.
These functional impairments in neurotransmission

likely interact with structural abnormalities seen in
schizophrenia, such as reduced spine density and abnor-
mal laminal organization. These region-specific deficits
in the integrity of oscillatory activity can have far-
reaching consequences throughout the cortex. Roopun
et al131 have suggested that reduced power within a local
network may lead to phase delays between oscillating net-
works across the cortex. Therefore, the integrity of local
circuits during a simple entrainment paradigmmay be as-
sociated with alterations in long-range synchrony that is
required for integrative cognitive functioning.
While ASSR and visual SSR in schizophrenia have

been established, major interpretative issues remain to
be addressed. Because data suggest that attention modi-
fies the SSR, those contemplating an SSR paradigm
should consider controlling for selective attention in fu-
ture experimental paradigms using patients. Further-
more, the relationship between SSR abnormalities and
the course of schizophrenia is not known. Neither
ASSR nor visual SSR have been tested in the premorbid
or prodromal phases of the illness or evaluated in a lon-
gitudinal study. The relationship of SSRs to genetic risk
factors merits further investigation on the basis of the
finding of disturbed ASSRs in family members of pro-
bands with schizophrenia by Hong et al.68 SSRs are
well suited for animal models and provide a useful vehicle
for assessing pharmacologic and genetic effects on elec-
trophysiological measures linked to schizophrenia.
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