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Abstract

Although malfunctioning of inhibitory processes is proposed as a pathophysiological mechanism
in schizophrenia and has been studied extensively with the P50 gating paradigm, the brain regions
involved in generating and suppressing the P50 remain unclear. The current investigation used
EEG source analysis and the standard S1-S2 paradigm to clarify the neural structures associated
with P50 gating in16 schizophrenia patients and 14 healthy subjects. Based on prior research, the
superior temporal gyrus, hippocampus, dorsolateral prefrontal cortex, thalamus, and their dipole
moments were evaluated. In modeling the P50, a neural network involving all four brain regions
provided the best goodness-of-fit across both groups. In healthy subjects, the P50 ratio score
correlated positively with the hippocampal dipole moment ratio whereas a significant association
with the DLPFC dipole moment ratio was observed in schizophrenia patients. In each instance, the
neural structure was found to account for unique variance in explaining the P50 ratio, along with
some suggestion of DLPFC involvement in healthy subjects.
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Deficits in the ability to filter relevant from irrelevant information are thought to contribute
to many of the difficulties experienced by individuals with schizophrenia (Freedman et al.,
1996; Turetsky et al., 2007; Venables, 1964), ranging from an inability to maintain focus
during a conversation to feeling bombarded and overwhelmed by the physical environment.
Although malfunctioning of inhibitory processes is proposed as a pathophysiological
mechanism in schizophrenia (Freedman et al., 1996) and has been studied extensively with
the P50 sensory gating paradigm (see Bramon, Rabe-Hesketh, Sham, Murray, & Frangou.
2004), the brain regions involved and their associated neural dynamics remain unclear.
Some progress has been made but results from brain mapping research are quite varied and
often deviate from those obtained with invasive studies of humans and animals. Such
discrepancies may reflect procedural differences or reliance on neuroimaging techniques
that are sensitive to different and potentially non-overlapping aspects of the sensory gating
process.

The predominant method for demonstrating impaired sensory gating in humans is the
paired-stimulus P50 paradigm, during which a brief, initial stimulus (“Stimulus 1”) activates
an inhibitory mechanism to minimize the disruptive effects of an identical second stimulus
(“Stimulus 2”) that occurs 500 ms later (Adler et al., 1982; Freedman et al., 1987; Freedman
et al., 1996; Freedman, Adler, Waldo, Pachtman, & Franks, 1983). Patients with
schizophrenia have consistently been shown to exhibit deficient inhibitory processing
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relative to healthy individuals with poor suppression of P50 to Stimulus 2, although
methodological differences may contribute to some heterogeneity in results (Bramon et al.,
2004; de Wilde, Bour, Dingemans, Koelman, & Linszen, 2007a; Heinrichs, 2001; Patterson
et al., 2008). The objectives of this study were to utilize high-density EEG source analysis
and the standard P50 paradigm to evaluate potential neural generators associated with P50
generation and suppression in healthy subjects and patients with schizophrenia.

Multiple lines of animal research implicate the CA3 region of the hippocampus in P50
suppression, with a particular role of the alpha7-nicotinic receptor (Adler et al., 1998;
Bickford-Wimer etal., 1990). This receptor is particularly abundant in the CA3 region of the
rat hippocampus (Cullum et al., 1993), with blockade of the receptor resulting in loss of
suppression of the animal analogue of the human hippocampal P50 wave (Luntz-Leybman,
Bickford, & Freedman, 1992). Involvement of the hippocampus in sensory gating has also
been demonstrated in earlier studies using depth electrodes with human epilepsy patients
(Goff, Williamson, VanGilder, Allison, & Fisher, 1980; Wilson, Babb, Halgreen, Wang, &
Crandall, 1984), although some more recent investigations have questioned hippocampal
contributions to the P50 (e.g., Boutros et al., 2008; Rosburg et al., 2008). One constraint
associated with studies relying on patients with suspected hippocampal pathologies is that
they may not be representative of normal processes in healthy individuals or even abnormal
functioning in schizophrenia patients.

Another candidate region is the nucleus reticularis thalami, an additional area with an
abundance of alpha7-nicotinic receptors (Freedman, Adams, & Leonard, 2000) involved in
regulating inhibitory feedback control of thalamic to cortical pathways (Scheibel, 1997).
Notably, Court et al. (1999) observed a 25% reduction of the alpha7-nicotinic receptors in
this neural structure in schizophrenia patients compared to healthy subjects. Further support
for thalamic involvement comes from studies with cats (Hinman & Buchwald, 1983), given
the correspondence between human and cat midlatency ERP responses (Erwin & Buchwald,
1987).

Using trains of auditory stimuli, magnetoencephalogram (MEG) studies with non-
psychiatric populations have generally localized the M50, the MEG analogue of P50, to the
STG or the nearby primary auditory cortex (Huotilainen et al., 1998; Kanno, Nakasato,
Murayama, & Yoshimoto, 2000; Makela, Hamalainen, Hari, & McEvoy, 1994; Onitsuka,
Ninomiya, Sato, Yamamoto, & Tashiro, 2003; Reite, Teale, Zimmerman, Davis, & Whalen,
1988a; Yoshiura, Ueno, Iramina, & Masuda, 1995). Godey, Schwartz, de Graaf, Chauvel,
and Liegeois-Chauvel (2001) confirmed these neural sources using MEG as well as
intracerebral depth electrodes implanted in the auditory cortex of epilepsy patients. Sources
in the STG or the primary auditory cortex also have been demonstrated in patients with
schizophrenia in response to trains of auditory stimuli (Reite et al., 1988b) as well as in
response to paired stimuli (Huang et al., 2003; Thoma et al., 2003).

Involvement of prefrontal brain areas is suggested by evidence of P50 suppression deficits in
neurological patients with lesions in this region (Knight, Scabini, & Woods, 1989).

Covering temporal and frontal lobe brain areas with intracranial microelectrode grids,
Korzyukov and colleagues (2007) detected significant contributions to P50 generation from
both regions in a significant proportion of epilepsy patients. Utilizing EEG source analysis
with the paired-stimulus paradigm in healthy individuals, Weisser and colleagues (2001)
obtained evidence to corroborate contributions from the mid-frontal cortex in P50 gating
although a specific neural structure was not specified.

Synthesis of these divergent findings is provided by recent fMRI studies, suggesting that a
neural network subserves the generation of P50 and sensory gating. Relying on a modified
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P50 gating paradigm, Tregellas and colleagues (2007) determined that the STG,
hippocampus, thalamus and dorsolateral prefrontal cortex (DLPFC) are all associated with
the P50 response. Relative to healthy individuals, schizophrenia patients exhibited greater
activation in the hippocampus, thalamus, and DLPFC but no group difference in the STG
during the modified gating paradigm. Across healthy participants and schizophrenia
patients, the P50 ratio score was found to be positively correlated with activation in the
hippocampus, thalamus, and DLPFC. The authors noted that failure to detect group
differences may have resulted from reliance on a modified P50 paradigm and on a summed
hemodynamic response. These associations were largely replicated in a subsequent study
using urban white noise as the stimulus (Tregellas, Ellis, Shatti, Du, & Rojas, 2009).
Similarly, Mayer and colleagues (2009) showed distinct contributions from auditory
cortices, prefrontal cortex and thalamus when evaluating the hemodynamic response in
healthy subjects.

Results from these human brain mapping and animal studies highlight several key brain
regions that may contribute to P50 and its suppression as well as the P50 gating deficit in
schizophrenia. The present investigation aimed to build on these earlier findings and to
utilize high-density EEG source analysis and the paired-stimulus P50 paradigm to further
evaluate the potential neural generators associated with P50 gating in healthy subjects and
patients with schizophrenia. EEG source analysis provides a unique opportunity to evaluate
the association between a neural network involving the STG, hippocampus, DLPFC, and
thalamus, and EEG-derived measures of P50 that constitute much of the research literature
on sensory gating in schizophrenia.

Sixteen patients with schizophrenia were entered into the study. All patients were clinically
stable as reflected by the Brief Psychiatric Rating Scale (BPRS) (Ventura et al., 1993) and
receiving antipsychotic medication at the time of testing. Thirteen schizophrenia patients
were treated with second-generation antipsychotic medications, two patients received first-
generation antipsychotics, and one patient received both. Antiparkinsonian medications were
discontinued at least 24 hours before testing due to potential anticholinergic effects on the
dependent measures. Patients were drawn from participants originally recruited for the
UCLA Developmental Processes in Schizophrenic Disorder project (Nuechterlein et al.,
1992). Diagnoses were made with the Structured Clinical Interview for DSM-1V (SCID;
Ventura, Liberman, Green, Shaner, & Mintz, 1998).

Seventeen healthy comparison subjects were recruited from the community, screened with
the SCID, and excluded if a past or current major psychiatric disorder was reported for the
participant or a first-degree relative. Exclusion criteria for both groups included substance or
alcohol abuse in the last 3 months, a history of head trauma, a major medical condition or
loss of consciousness for more than 5 minutes, and mental retardation. Data were excluded
from 2 healthy participants due to an insufficient number of artifact-free trials. Data from an
additional comparison subject were excluded because the P50 to Stimulus 1 was below 0.5
microvolts (uV) and could not be measured reliably. Thus, the final sample consisted of 14
healthy individuals. After providing a complete description of the study, written informed
consent was obtained from all participants. Demographic and clinical characteristics are
summarized in Table 1.
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Psychophysiological Recording Methods and Apparatus

EEG recordings were obtained using an elastic cap containing 124 Ag-AgCl sintered
electrodes (Falk Minow Services, Herrsching, Germany) with an equidistant layout. All
electrode sites, including the right earlobe, were referenced to the left earlobe during data
acquisition and re-referenced offline to averaged earlobes. The electrooculogram (EOG) was
recorded by placing electrodes above and below the right eye and near the outer canthi of
the eyes. All impedances were below 10 kOhms. Signals were collected with a SynAmps
system (Neuroscan, Charlotte, NC) at a sampling rate of 1000 Hz and using a bandpass of
0.5 Hz to 200 Hz. The EEG was amplified 2,500 times and EOG signals were amplified 500
times with a resolution of .03uV and .17uV per least significant bit, respectively.

Auditory stimuli—Stimuli were delivered using the STIM presentation unit (Neuroscan,
Charlotte, NC) and presented through foam-insert earphones. Threshold levels for each ear
were determined separately and stimuli were delivered at 55-dB SPL above each subject’s

sound threshold. Stimuli were 3 ms in duration and presented in pairs with an interstimulus
interval of 500 ms. The ITI between pairs of stimuli varied between 9 and 12 s.

Procedure—To verify normal hearing, audiometric screening was conducted by
presenting participants with a range of sound intensities (40 to 0 decibels [dB] in 5-dB
decrements) at different frequencies (250, 1000, 2000, 4000, and 8000 Hz). All participants
were able to detect sounds above 30 dB SPL at each frequency with each ear. After
instructing participants to sit quietly in a sound-attenuated room, they were presented with
80 trials of paired stimuli, with a 30-s rest period after 40 trials.

Waveform and scalp component analysis—After single trials were screened to
exclude movement artifact, blind source separation by extended Infomax independent
component analysis (ICA) was performed in Matlab (The Mathworks, Inc., Natick, MA) to
correct for eye movement and heart rate artifact (Jung et al., 2001; Lee, Girolami, &
Sejnowski, 1999). On average, 5.94 % (SD = 2.56 %) and 4.79 % (SD = 1.87 %) of the data
were removed from healthy subjects and schizophrenia patients, respectively, with no
significant difference between the groups (F = 1.99, df = 1, 28, p =.17). Non-cerebral
artifacts were identified and removed according to standardized criteria by technicians blind
to diagnostic status. Possible artifact activity in an independent component was required to
correspond temporally to artifact activity visible in the raw data prior to removal. All trials
were then filtered at 10-50 Hz for measuring the P50 ERP while minimizing contributions
from N100. A prestimulus baseline of -200 to 0 ms was subtracted from each average
waveform before ERP scoring, but not prior to EEG source analysis. A minimum of 60 trials
was included in each ERP average.

For standard ERP component scoring, a computer algorithm was implemented. P50 was
measured at Cz and identified as the most positive peak between 35 and 75 ms after stimulus
onset. P50 amplitude was measured as the difference between the P50 amplitude and the
N40 amplitude. The N40 was determined as the most negative peak between the P30 and
P50 latency. The P30 was identified as the most positive component between 20 and 40 ms
after stimulus onset. As noted above, one healthy subject was excluded from all analyses
because P50 amplitude to Stimulus 1 was less than .5 pV, and it is difficult to discriminate
such a small signal from noise in the data. In the absence of a discernable P50 peak in
response to Stimulus 2, it was scored as having zero amplitude and interpreted as reflecting
complete suppression. All scoring was subsequently verified by trained raters who were
blind to group membership. The P50 suppression ratio was calculated as P50 amplitude to
Stimulus 2 divided by P50 amplitude to Stimulus 1.
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EEG Source Analysis—All source analysis computations were carried out using
CURRY V5.0 software (Neuroscan, Charlotte, NC). To reconstruct the generators of the
measured scalp data, a realistically-shaped boundary element model (BEM) was generated
using the standardized MRI dataset available in CURRY (Fuchs, Kastner, Wagner, Hawes,
& Ebersole, 2002). To co-register EEG data with the standardized MRI dataset from the
Montreal Neurological Institute (MNI), three-dimensional coordinates of the electrode
positions and three fiducial landmarks (the nasion, and the left and right preauricular points)
were determined for each participant with an Isotrak spatial digitizer. For source
localization, landmarks and electrode positions were then aligned with the standardized MRI
image.

The BEM model contains 3 layers, which represent the scalp, skull, and brain. Standard
conductivities of 0.33, 0.0042, and 0.33 S/m were used for the cerebrospinal fluid, skull, and
skin, respectively. For dipole fitting, a time interval was selected for each individual by
including activity between the two time points of the filtered and trial-averaged P50
waveform that corresponded to a signal amplitude of 50% of the P50 peak amplitude
relative to the value of the preceding and subsequent negative peaks. The average strength of
a source or “dipole moment” was determined over this latency range. Due to the restrictive
filter settings, risk of tapping into the N100 should be minimal. Fixed dipoles were seeded
based on prior empirical findings as described above. Specifically, dipoles were seeded
bilaterally and allowed to vary within a 1 cm radius around the center of the seeded position
(right and left x, y, z coordinates provided in MNI space) at a) STG (right: 49.2, 4.9, 52.4;
left: -51.1, -.6, 54.3), hippocampus (right: 27.4, 7.3, 28.6; left: -27.6, 7.3, 28.6), DLPFC
(right: 36.3, 71.1, 59.8; left: -35.5, 67.7, 59.8), and thalamus (right: 10.9, 7.9, 65.0; left:
-10.2, 7.9, 65.0). Dipoles were fitted simultaneously, and dipole orientations were allowed to
vary.

Considering the increased risk of producing an overdetermined model when seeding a
number of dipoles, the goodness-of-fit (Gof) of the proposed model was validated by
comparing it to a model using 8 theoretically-unrelated dipoles. If the Gof of the proposed
dipole model is due solely to the seeding of a large number of dipoles rather than the capture
of a valid solution, there should be no difference in the amount of variance explained by the
two models. If, however, the proposed model explains more of the variance than the model
consisting of theoretically-unrelated dipoles, it can be inferred that the proposed neural
regions are more likely involved in P50 generation. Using the same seeding procedure
described above, dipoles for the second model were seeded at (X,y,z MNI coordinates)
dipole 1 (-18.2, -69.0, 58.0), dipole 2 (28.8, -42.0, 12.4), dipole 3 (0.0, 63.1, 27.2), dipole 4
(-40.3, 16.1, 100.2), dipole 5 (17.3, -66.5, 62.5), dipole 6 (28.8, -39.4, 97.0), dipole 7 (34.5,
31.7,102.3), dipole 8 (-16.3, 36.6, 81.4). To gain confidence in whether each neural region
is a component of the proposed neural network, the individual contributions of the STG,
hippocampus, thalamus, and DLPFC also were examined by comparing each region against
theoretically-unrelated bilateral dipoles. The fidelity of the proposed source model was
further evaluated by examining the number of dipoles localized to the edge of the 1cm
search radius. A dipole was considered to have reached the edge when any of its MNI
coordinates (i.e., X, y, z) fell within .5 millimeters of the outer search window. This analysis
was conducted separately for each group and stimulus.

Data analysis—Analyses of variance (ANOVA) were conducted to examine traditional
EEG indices of P50 suppression. To determine if group differences were present, the P50
ratio score was examined with one between-subjects factor, group (healthy comparison
subjects versus schizophrenia patients). P50 amplitude data were subjected to ANOVA
using one within-subjects fully crossed factor, stimulus (Stimulus 1 versus Stimulus 2), and
one between-subjects factor, group, to provide a difference score measure of suppression.
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Greenhouse-Geisser corrected p values were used throughout (Geisser & Greenhouse,
1958).

The Gof of the dipole models was expressed as the percentage of explained variance that the
dipole solution fit the observed P50 to Stimulus 1 and Stimulus 2. To test for group
differences, a repeated-measures ANOVA was applied with one within-subjects factor,
stimulus, and one between-subjects factor, group. A one-way ANOVA was calculated for
each stimulus separately to compare the Gof of 1) the proposed dipole model with the model
consisting of 8 theoretically-unrelated dipoles, and 2) each neural region (i.e., STG,
hippocampus, DLPFC, and thalamus) individually with bilateral theoretically-unrelated
dipoles. To examine potential changes in dipole moments between Stimulus 1 and Stimulus
2, a repeated-measures ANOVA was conducted with two within-subjects factors, neural
structure (STG vs. hippocampus vs. thalamus vs. DLPFC) and stimulus, and one between-
subjects factor, group. Post hoc analyses were performed throughout using t-tests at a 95%
level of confidence.

An analogue to the P50 suppression ratio was calculated for each neural structure (dipole
moment 2/dipole moment 1) in order to assess the relationships between dipole moments
and the P50 suppression ratio. Pearson correlations were computed to evaluate these
relationships.

Demographic and Clinical Characteristics

As shown in Table 1, the schizophrenia patient group was matched to the healthy
comparison group on level of parental education, sex, and race. The patient sample tended to
be somewhat older and their education levels were slightly lower than the healthy group, as
reflected by statistical trend effects. Average ratings on the BPRS indicate that the patients
exhibited low symptom levels overall, as might be expected of a clinically stabilized sample.

P50 Suppression Ratio and P50 Amplitudes

Grand-average ERP waveforms are presented in Figure 1. As expected, schizophrenia
patients exhibited impaired P50 suppression (M = .59, SD = .31) relative to healthy
comparison subjects (M = .35, SD =.20) on the ratio measure (F = 6.26, df = 1, 28, p <.05).
P50 suppression ratios and amplitudes obtained for the two groups are illustrated in Figure
2. Although the group by stimulus interaction was not statistically significant (F = .47, df =
1, 28, p = .50), the significant P50 ratio score difference between groups can be attributed
largely to differences in Stimulus 2 amplitude (schizophrenia patients: M = 2.51, SD = 1.44;
healthy comparison subjects: M = 1.55, SD = 1.16; F = 3.92, df = 1, 28, p = .058) as
amplitude differences to Stimulus 1 were not evident between the groups (schizophrenia
patients: M = 4.56, SD = 2.63; healthy comparison subjects: M = 4.06, SD = 2.46; F = .29, df
=1, 28, p =.60).

Evaluation of Dipole Model

To assess Gof of the proposed dipole model, the total amount of variance explained was
examined. A considerable percentage of the variance was accounted for in healthy subjects:
(Stimulus 1 = 94.89%, Stimulus 2 = 94.39%) and patients with schizophrenia (Stimulus 1 =
93.70%, Stimulus 2 = 91.02%). No effects involving group or stimulus approached
statistical significance. To validate the adequacy of the proposed model, an anatomically-
unconstrained dipole was added but was not found to contribute substantial power in
explaining the total variance (i.e., less than one-half percent). Moreover, the individual
contribution of each region within the proposed neural network accounted for a significantly
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greater proportion of the total variance than that of theoretically-unrelated dipoles (all p-
values less than .05). The proposed dipole model was also found to explain significantly
more of the total variance when compared to the model consisting of 8 theoretically-
unrelated dipoles for Stimulus 1 (M’s = 94.26% vs. 91.90%, respectively; F = 10.07, df =
29, p <.01) and Stimulus 2 (M’s = 92.59% vs. 88.90%, respectively; F = 16.67, df = 29, p
<.001). Lastly, relatively few dipoles were localized at the edge of the search window.
Across the x, y, and z coordinates, 91.35 % of Stimulus 1 and 88.46 % of Stimulus 2 dipoles
did not reach the search radius edge for healthy individuals. Similarly, 95.31 % of Stimulus
1 and 85.16 % of Stimulus 2 dipoles fell below the search radius limit for patients with
schizophrenia.

Evaluation of Dipole Moments

Comparison of Stimulus 1 and Stimulus 2 dipole moments across the STG, hippocampus,
thalamus, and DLPFC revealed a significant main effect for neural structure (F = 42.50, df =
3, 84, p <.001, ¢ = .43), with the hippocampus and thalamus showing the greatest source
strength across both groups (see Figure 3). Consistent with the inverse-square law, this
pattern of findings is to be expected as deep structures require large current flows to be
detected at distant scalp sites. There were no significant interaction effects involving group,
neural structure or stimulus.

Examination of the relationship between the ratio of the dipole moment of each neural
structure and P50 suppression for healthy comparison subjects revealed that the
hippocampal dipole moment ratio significantly correlated with the P50 suppression ratio (r
=.69, p <.01; see Figure 4, top panel). Although not statistically significant, there also was
some suggestion of an association between the DLPFC dipole moment ratio and the P50
suppression ratio (r = .46, p = .10). STG and thalamic dipole moment ratios were not
significantly correlated with the P50 suppression ratio (r = .41, p = .15; r = .23, p = .44,
respectively).

A somewhat different pattern of associations emerged for schizophrenia patients. In contrast
to healthy subjects, patients did not exhibit a significant correlation between the
hippocampal dipole moment ratio and the P50 suppression ratio (r = .21, p = .43; see Figure
4, bottom panel). A significant association was observed between the DLPFC dipole
moment ratio and the P50 suppression ratio (r = .61, p < .05). Similar to healthy individuals,
correlations between the P50 ratio and the STG or the thalamic dipole moment ratios were
not statistically significant (r = .06, p = .82; r =.00, p = .99, respectively).

Planned comparisons were conducted to examine whether the groups differed statistically in
the strength of the relationships between the dipole moment ratio for each neural source and
the P50 ratio score. For the association between the hippocampal dipole moment ratio and
the P50 suppression ratio, the group difference fell just short of conventional levels of
statistical significance (p = .06, one-tailed). There were no significant group differences in
the strength of relationships between DLPFC, STG or thalamus and the P50 ratio (all p’s > .
18, one-tailed). Among healthy subjects, the strength of the associations also did not differ
reliably between the four neural structures (p’s > .15 one-tailed), with the possible exception
of a marginally significant effect involving the hippocampus and thalamus (p=.08, one-
tailed). For patients with schizophrenia, the P50 ratio score correlated more strongly with the
DLPFC dipole moment ratio than with the STG or thalamic dipole moment ratios (all p’s <.
05).

In order to assess whether hippocampal and DLPFC dipole moment ratios accounted for

unique variance in the P50 ratio score, hierarchical linear regression analyses were
performed separately for the two groups. In each of the regression analyses, STG and
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thalamic dipole moment ratios were entered in the first step because both neural structures
are implicated in basic auditory processing. As a second step, the hippocampal or DLPFC
dipole moment ratio was entered. For healthy subjects, the regression model including the
STG, thalamus, and hippocampus accounted for significantly more variance than the model
including only STG and thalamus (F change (1, 10) = 7.90, p < .05). When the DLPFC
dipole moment ratio was entered during the second step, a statistical trend was observed (F
change (1, 10) = 3.94, p = .08). For schizophrenia patients, the regression model including
the STG, thalamus, and hippocampus was not significant relative to the model involving
only STG and thalamus (F change (1, 12) = 1.37, p = .26). However, the DLPFC dipole
moment ratio accounted for unique variance when added to the STG and thalamic dipole
moment ratios (F change (1, 12) = 7.29, p < .05).

Discussion

The present study used EEG source localization to evaluate the neural processes associated
with a distributed neural network, involving the STG, hippocampus, DLPFC, and thalamus,
which has been proposed to be involved in the generation of P50 and its suppression in
healthy individuals and schizophrenia patients. Prior research has produced diverse findings
regarding the neural generators associated with P50. The current results provide additional
evidence to support an integrated perspective, consistent with results from non-traditional
P50 paradigms that were developed for use with fMRI (Tregellas et al., 2007, 2009; Mayer
et al., 2009). Diverging from results obtained from fMRI, however, the present data suggest
that schizophrenia patients and healthy comparison subjects differ in the relative
contributions made by different neuronal sources in the suppression of the P50.

Because the correlation coefficients between dipole moment ratios and the P50 gating ratio
did not differ significantly across all four neural structures in healthy individuals, it appears
likely that the STG, hippocampus, DLPFC, and thalamus all contributed to the generation of
P50 and its suppression. Nonetheless, it was noteworthy that the hippocampal dipole
moment ratio may have been more strongly associated with P50 suppression in healthy
subjects. These results corroborate previous research implicating the CA3 region of the
hippocampus in P50 suppression (Bickford-Wimer et al., 1990; Cullum et al. 1993; Luntz-
Leybman et al., 1992). Specifically, Adler and colleagues (1998) describe a
neurophysiological pathway for P50 suppression with the hippocampus as the central site of
neural activation. In response to Stimulus 1, projections to the CA3 region appear to
stimulate inhibitory interneurons through the opening of alpha7-nicotinic receptors. Release
of GABA from the interneurons then facilitates inhibition of postsynaptic pyramidal cells,
particularly due to long-lasting inhibition via GABAg receptors on postsynaptic cells. Thus,
when excitation as a result of Stimulus 2 arrives in the CA3 region, it is automatically
suppressed through the lasting inhibition produced by Stimulus 1.

A different pattern of relationships between P50 suppression and dipole moments emerged
for schizophrenia patients. For this group, the hippocampal dipole moment ratio was not
found to be significantly associated with P50 suppression. A statistical trend for a group
difference in correlation coefficients further suggests that hippocampal functioning may
have had a smaller impact on P50 suppression in schizophrenia patients relative to healthy
subjects. However, the DLPFC dipole moment ratio was significantly associated with the
P50 ratio in patients. Although not statistically significant, a moderate correlation between
the DLPFC dipole moments and the P50 suppression ratio also was observed in healthy
participants. The absence of group differences in correlation coefficients further indicates
that both groups likely relied to some extent on DLPFC for P50 suppression. Consistent with
such an interpretation, frontal areas have been implicated in P50 suppression in several
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studies involving non-psychiatric subjects (Boutros et al., 2008; Knight et al., 1989;
Korzyukov et al., 2007; Weisser et al., 2001).

While still speculative, a possible interpretation of these findings is that the DLPFC may be
particularly critical for P50 suppression in schizophrenia patients. Such an association is
further suggested by the finding of a significantly stronger relationship between the DLPFC
dipole moment ratio and the P50 ratio score as compared to associations involving STG or
the thalamus. However, given poorer P50 suppression in schizophrenia, this pattern may
also reflect the DLPFC’s general inefficiency in suppressing the P50. Such possibilities are
consistent with the ability of schizophrenia patients to transiently normalize deficits in P50
suppression when directing voluntary attention to Stimulus 1 and presumably further
engaging prefrontal activity (Yee et al., 2010).

These inferences do need to be considered in light of sample sizes that may have been
insufficient for detecting significant correlations between STG or thalamic dipole moment
ratios and the P50 suppression ratio. The absence of significant differences in correlation
coefficients between dipole moment ratios and the P50 suppression ratio across neural
structures in healthy subjects, for example, suggests that the STG and thalamus may also be
contributing to the P50 suppression effect. With greater statistical power, it should then be
possible to determine the degree to which healthy subjects and patients with schizophrenia
are relying upon the same or different brain regions during P50 gating.

The absence of an association between the ratio computed from hippocampal dipole
moments and the P50 suppression ratio in the patient group is consistent with hippocampal
dysfunction in schizophrenia. Hippocampal volume reductions have been documented in
schizophrenia patients across numerous studies (Narr et al., 2004; Szeszko et al., 2003;
Velakoulis et al., 1999; Thoma et al., 2008). Moreover, research suggests that the
hippocampus provides important inputs to the DLPFC and vice versa (Goldman-Rakic,
Selemon, & Schwartz, 1984), with schizophrenia patients exhibiting abnormalities in the
neural connections between these two structures (Friston, 1998). While highly speculative,
the present results may reflect a similar pattern of dysfunctional connectivity between two
structures that appear to contribute to P50 suppression.

To assess the possibility that the proposed dipole solution was merely the result of an
overdetermined model, a comparison was conducted with a model consisting of
theoretically-unrelated dipoles. If the Gof represents solely non-meaningful variance, one
would expect to observe comparable Gof values between the two models. Our results
indicated significant differences between the models and validated the proposed model as
reflecting the neural network underlying P50 suppression. Moreover, systematic evaluation
of the amount of variance explained by the four brain regions under consideration indicated
they fitted the data better, individually and collectively, than theoretically-unrelated sources.

Another consideration is the prevailing view that EEG is unlikely to detect signals from
deeper brain structures, including the hippocampus and thalamus. However, there is now
substantial research to dispute this perspective. Relying on MEG source analysis, multiple
empirical studies have provided evidence for its capacity to detect hippocampal activity
(Breier, Simos, Zouridakis, & Papanicolaou, 1999; Gordon, Rennie, & Collins, 1990;
Hanlon et al., 2003, 2005; Horiguchi, Ohta, & Nishikawa, 2003; loannides et al., 1995;
Kikuchi et al., 1997; Kimora, Ozaki, Hashimoto, 2008; Luo, Holroyd, Jones, Hendler, &
Blair, 2007; Maestu et al., 2003; Miller, 2008; Moses et al., 2009; Nishitani, 2003; Nishitani
et al., 1999; Nishitani, Nagamine, Fujiwara, Yazawa, & Shibasaki, 1998; Okada, Kaufman,
& Williamson, 1983; Rogers, Basile, Papanicolaou, & Eisenberg, 1993; Simos, Basile, &
Papanicolaou, 1997; Tesche, 1996, 1997; Tesche & Karhu, 1999; Tesche & Karhu, 2000;
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Tesche, Karhu, & Tissari, 1996). To date, however, MEG studies of sensory gating in
schizophrenia have not focused on the hippocampus (Huang et al., 2003; Thoma et al.,
2003). Utilizing EEG, the present study relied upon a 124-channel recording montage that
provided coverage of most of the scalp, including electrodes positioned a few centimeters
below the temporal lobe area, and should facilitate detection of activity from deeper brain
sources. Taken together, there is a basis for inferring that neural activity ascribed to the
hippocampus and thalamus can be detected with densely-arrayed EEG sensors.

Beyond sample size, other methodological limitations need to be considered. Dipoles were
seeded and, consequently, created a confirmatory bias. Without a theoretical or empirical
basis for seeding additional anatomically-constrained dipoles, it is possible that other key
neural regions were overlooked. It also is the case that associations detected between P50
ratio scores and dipole sources were correlational and should be interpreted with some
caution. Because the present study sought to confirm prior source analyses, filter settings
were implemented that have been the standard for P50 research. Recent studies, however,
support the utility of examining a broader range of EEG frequencies (Hong et al, 2008;
Jansen, Hedge, & Boutros, 2004) and they would be complemented by source analysis. A
statistically significant group-by-stimulus interaction effect on P50 amplitude also was not
detected. Despite the absence of this interaction, the presence of a significant group
difference in the P50 ratio measure suggests a suppression deficit in the schizophrenia
patients. It is possible that our ability to distinguish statistically between the patient and
control samples with the amplitude measure was constrained by the beneficial effects of
some second-generation antipsychotic medications on P50 gating (Adler et al., 2004; Light,
Geyer, Clementz, Cadenhead, & Braff, 2000; Yee et al., 1998). Additionally, the average
duration of illness in the present sample was less than 5 years and there is evidence
indicating that the P50 deficit may be less pronounced during the early course of
schizophrenia (de Wilde, Bour, Dingemans, Koelman, & Linszen, 2007b; Yee et al., 2010).

In sum, current results suggest that a dynamic interplay exists between brain regions
involved in P50 gating, with treatment implications for targeting the DLPFC and attention
(Yee etal., 2010) to compensate for inhibitory deficits in schizophrenia. More broadly, our
findings support a neural connectivity approach to understanding the regulation of sensory
gating in future investigations of schizophrenia.
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Figure 1.

Grand average event-related potential waveforms at the Cz recording site. Waveforms are
unfiltered, and the N40 and P50 components are indicated with arrowheads.
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Figure 2.
Mean P50 suppression ratios and P50 amplitudes to paired stimuli for healthy comparison

subjects and schizophrenia patients.
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Figure 3.

Mean dipole moments to paired stimuli for the hippocampus, thalamus, dorsolateral
prefrontal cortex, and superior temporal gyrus for healthy comparison subjects and
schizophrenia patients.

Note: pAmm, micro Ampere per millimeter; HC, Hippocampus; TH, Thalamus; DLPFC,
Dorsolateral prefrontal cortex; STG, Superior temporal gyrus
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Associations between the P50 suppression ratio and the hippocampal dipole moment ratio

for healthy comparison subjects and schizophrenia patients.
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