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Abstract
Impaired P50 gating is thought to reflect a core deficit in schizophrenia, but the relevant neural
network is not well understood. The present study used EEG and MEG to assess sensory gating and
volumetric MRI to measure hippocampal volume to investigate relationships between them in 22
normal controls and 22 patients with schizophrenia. In the schizophrenia group, anterior but not
posterior hippocampal volume was smaller, and both the P50 and M50 gating ratios were larger
(worse) than in controls. Independent of group, left-hemisphere M50 gating ratio correlated
negatively with left anterior hippocampal volume, and right-hemisphere M50 gating ratio correlated
negatively with right anterior hippocampal volume. Schizophrenia diagnosis predicted M50 gating
independent of hippocampal volume. These results are consistent with the finding that hippocampus
is a critical part of a fronto-temporal circuit involved in auditory gating.
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Hippocampal structure and function are abnormal in schizophrenia (for recent reviews, see
Goldman & Mitchell, 2004; Harrison, 2004). The most conspicuous functional abnormalities
associated with hippocampal damage are deficits in learning and memory (especially relational
mnemonic ability; Cohen & Eichenbaum, 1993; Moses, Cole, Driscoll, & Ryan, 2005; Rudy
& Sutherland, 1995; Rudy & Sutherland, 1989). However, hippocampus is also known to
subserve cognition in other ways. For example, there is evidence that hippocampus serves as
part of neural networks involved in novelty detection (Knight, 1996; Moses & Ryan, 2006),
in orienting attention toward novel auditory stimuli (Knight, 1996), and in novel target
detection in tasks such as dichotic listening (Pollmann, Lepsien, Hugdahl, & von Cramon,
2004) and the oddball paradigm (Crottaz-Herbette, Lau, Glover, & Menon, 2005; Paller,
McCarthy, Roessler, Allison, & Wood, 1992; Tesche, Karhu, & Tissari, 1996). Hippocampus
is also known to be critical for the gating of sensory responses to stimuli. It has been well
established that hippocampus is involved in prepulse inhibition (PPI) of startle, sometimes
known as sensorimotor gating (Bast & Feldon, 2003; Caine, Geyer, & Swerdlow, 1992;
Swerdlow et al., 2001; Zhang, Bast, & Feldon, 2002a, 2002b). However, whether and how
hippocampus is involved in gating of the auditory event-related brain potential (ERP) P50
component in a paired-click paradigm is an open question.

Impaired P50 sensory gating has been described as the most robust physiological finding in
schizophrenia research (Bramon, Rabe-Hesketh, Sham, Murray, & Frangou, 2004; Heinrichs,
2004) and is associated with sensory overload and disruption of higher-order cognitive
processing. Gating is typically assessed in a paired-click paradigm, in which two identical click
stimuli are played in succession and the P50 response following each is measured. Normally,
individuals show a reduced P50 response following the second click, and this reduction of the
second response is called sensory gating. Through the simultaneous collection of
electroencephalographic (EEG) and magnetoencephalographic (MEG) data, deficits in both
P50 (EEG) and left-hemisphere M50 (MEG) gating have been found in schizophrenia patients
(Hanlon et al., 2005; Huang et al., 2003; Thoma et al., 2003). Adler et al. (1998) proposed that
P50 gating is hippocampal dependent. Studies assessing the rat P50 analog, N40, have shown
hippocampal involvement in gating (Adler, Rose, & Freedman, 1986; Bickford-Wimer et al.,
1990), and human studies have documented a relationship between hippocampal volume and
the presence of a P50 ERP sensory gating deficit in schizophrenia (Waldo et al., 1994) and in
traumatic brain injury (Arciniegas et al., 2001). However, because P50 is traditionally
measured at a single EEG electrode (Cz), little information is available about hemispheric
gating differences and the role the hippocampus may play in them. MEG source localization
renders it possible to assess auditory gating in terms of separate right- and left-hemisphere M50
dipoles localizing to superior temporal gyrus (STG; Hanlon et al., 2005; Thoma et al., 2003,
2004, 2005). Research in our laboratory has shown that ERP P50 is primarily a function of
neural generators in right- and left-hemisphere STG, best assessed as MEG source dipoles
(Edgar et al., 2003; Huang et al., 2003). Presumably, assessing sensory gating in terms of the
neural generators instead of a more general scalp ERP measure allows more direct assessment
of gating in terms of neural function. M50 sensory gating, assessed during a traditional paired-
click paradigm, has resulted in new findings validating sensory gating as a marker of
information processing in schizophrenia. For example, left-hemisphere M50 gating is
correlated with neuropsychological impairment (Thoma et al., 2003) and positive symptoms
(Ricker et al., 2004) in schizophrenia, whereas right-hemisphere M50 gating predicts negative
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symptoms (Thoma et al., 2005). Further, Hanlon et al. found relationships between M50 and
M100 gating within but not across hemispheres, suggesting an intrahemispheric gating circuit.

P50/M50 is dependent on a larger, distributed network, the design of which is integrated with
learning and memory systems (Adler et al., 1998; Grunwald et al., 2003). In the animal model,
N40 can be robustly recorded from the surface of the skull (Adler et al., 1986, 1998; Bickford-
Wimer et al., 1990). Importantly, the rat and mouse N40 component behaves analogously to
the human P50 in gating studies and shows “normal” gating in a non-stressed situation (Adler
et al., 1986, 1998; Bickford-Wimer et al., 1990; Freedman et al., 1994), with the amplitude of
the response to the second stimulus in the pair about 33% of the amplitude of the response to
the first stimulus. When depth electrodes are used, there is a polarity reversal of N40 as the
electrode passes through hippocampal CA3, indicating that hippocampus is one probable
source of the scalp waveform (Bickford-Wimer et al., 1990). These researchers have shown
that inhibitory gating in the animal model depends on an intact cholinergic pathway from the
septum, interfacing with nicotinic alpha-7 receptors on GABA-b interneurons in hippocampal
CA3 (Frazier, Buhler, Weiner, & Dunwiddie, 1998a, Frazier, Rollins, et al., 1998b; Hershman,
Freedman, & Bickford, 1995; Miller & Freedman, 1995).

Hippocampal involvement in gating during the paired-click paradigm has also been
investigated in research with human subjects. An intracranial study, using hippocampal depth
electrodes and subdural strip and grid electrodes in epilepsy patients, documented relatively
synchronous gating of 50-ms activity in prefrontal cortex (PFC) and STG sources, followed
by sensory gating in hippocampus around 250 ms (Boutros et al., 2005; Grunwald et al.,
2003). Hippocampal abnormality in schizophrenia has been associated with abnormal gating
in functional imaging studies, and Huang et al. (2003) implicated abnormal gamma-band
activity, possibly generated in hippocampus, as a correlate of impaired gating in schizophrenia.
Some neural generators of gating have been well defined (i.e., gating of the response in STG;
Edgar et al., 2003; Hanlon et al., 2005; Huang et al., 2003; Thoma et al., 2003, 2004, 2005),
but the role of hippocampus in sensory gating remains unclear.

The present study addressed the question of hippocampal involvement in the schizophrenia
sensory gating deficit, specifically a relationship between hemisphere-specific M50 auditory
sensory gating ratios and hippocampal volume. It was predicted that in schizophrenia patients
(1) P50 and left-hemisphere M50 gating would be impaired, (2) hippocampal volume would
be smaller, and (3) hippocampal volume would correlate with the extent of P50 and M50 gating
impairment. Further, (4) it was predicted that this effect would be most robust within
hemispheres. That is, left-hemisphere gating would correlate more with left-hemisphere
hippocampal volume, and right-hemisphere gating would correlate more with right-hemisphere
hippocampal volume.

Methods
Participants

Twenty-two schizophrenia and 22 healthy control participants matched on age, education, and
gender participated in this study (see Table 1). Group membership was determined with the
Structured Clinical Interview for DSM-IV, Clinician Version (SCID-CV; First, Spitzer,
Gibbon, & Williams, 1997). No participant had a history of head injury, neurological disorder,
or severe medical illness.

The schizophrenia group consisted of volunteers, some referrals, who were relatively stable
outpatients well known to their providers. They met criteria for clinical stability, treatment
with the same antipsychotic medications for at least 3 months and no inpatient stays during the
past year. Absence of other current psychiatric disorders was determined via SCID-CV. One
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schizophrenia subject was removed from the sample due to implausibly high S2 amplitude
resulting in an extreme value for gating ratio (S2/S1 = 5.47, more than 3 standard deviations
above the group mean value). All patients with schizophrenia were taking antipsychotic
medications, either haloperidol (n = 4), olanzapine (n = 5), risperidone (n = 5), clozapine (n =
6), or quetiapine (n = 2).

The control group consisted of healthy volunteers recruited via advertisements in local
newspapers. Control participants were screened with the SCID-CV for the presence of Axis I
and Axis II psychopathology by a licensed clinical psychologist (Thoma) or a psychology
graduate student under his direct supervision. During the clinical interview, potential control
participants were asked if they had a first-degree relative with schizophrenia or other psychotic
disorder and if so were not included in the study.

Institutional Review Board approval was obtained before the experiment commenced, and
volunteers were informed that they could leave the study at any time. Appropriate informed
consent was obtained from all participants.

Magnetic Resonance Images
All structural magnetic resonance images (MRI) were collected with a 1.5 Tesla Picker Edge
Imager at the New Mexico Veterans Affairs Health Care System Magnetic Source Imaging
Center. A three-dimensional gradient echo pulse sequence was used to acquire sagittal section
with the following parameters: TR = 15 ms; TE = 4.4 ms; FOV = 256 mm; 192 × 256 matrix,
flip angle = 25°; slice thickness = 1.5 mm, no gap.

Structural MRI Analysis
MRIs were first resliced into coronal images 1.0 mm thick. The skull was then stripped from
each MRI using Brain Extraction Tool software (BET: fMRIB Image Analysis Group, Oxford,
UK). Intracranial volume was calculated from the mask produced from this program. Images
were then segmented using an automated k-means clustering segmentation algorithm, and the
volumes of gray matter (GM; not including cerebellum), white matter (WM; not including
cerebellum), cerebrospinal fluid (CSF), and total intracranial brain volume (ICV; including
cerebellum) were determined by the number of pixels in each of their respective clusters
(Petropoulos, Sibbitt, & Brooks, 1999). Pixels that could not be assigned exclusively to GM
or CSF were considered partial volume (PV). The number of PV pixels was divided in half
and then added to the GM for a final count.

The k-means algorithm segmented GM from WM to assist raters in selecting the hippocampus.
As a result, hippocampal white matter was excluded from the overall hippocampal volume
measurement. Two independent raters used Segmentation And Visualization for Research
Advancement (SAVRA; Petropoulos et al., 1999) interactive software to conduct the
volumetric assessment of hippocampus using the already k-means segmented coronal T1-
weighted images. SAVRA allows the user to select a segmented brain section (Figure 1),
magnify the area of interest, and remove sections of segmented data from the volumetric
analysis, thus allowing specification of brain structures and easy quantification of the selection
via a pixel counting algorithm.

Raters followed the anatomical guidelines of Watson et al. (1992) to measure hippocampal
volume, except for the posterior hippocampal definition. Watson et al. defined the most
posterior slice as where the crux of the fornix separates from the hippocampus. This method,
however, eliminates the most posterior slices of the hippocampus. Consequently, the most
posterior slice was defined in this study as the slice where the hippocampus connects laterally
to the lateral ventricle and medially to the midline. Hippocampal volume was determined for
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total, right, left, anterior (anterior nine slices), and posterior (posterior nine slices) regions
(Maguire et al., 2000). Total hippocampal volume was the sum of the measurements collected
for the images available, around 40 (1.0-mm) slices. The mean of the measurements from the
two raters was used. Interrater reliability between two raters was established in a subset of 20
hippocampi (alpha = .82).

MEG Data Collection
Subjects were asked to refrain from smoking for at least 1 h before the examination. To ensure
compliance, subjects were asked to report to the facility an hour before recordings commenced.
During that time, subjects were familiarized with the equipment and procedures and were
prepared for the data recording session. MEG data were recorded in a magnetically and
electrically shielded room using a whole-cortex, 122-channel biomagnetometer system
(Elekta-NeuroMag, Helsinki, Finland). At the start of each test session, subjects were fitted
with an electrode cap to which three small coils were attached. These coils provided
specification of the position and orientation of the MEG sensors relative to the head. Nineteen
EEG channels (referenced to right mastoid and re-referenced off-line to linked mastoids;
Miller, Lutzenberger, & Elbert, 1991) and a bipolar oblique electrooculogram (EOG) channel
were recorded simultaneously with MEG. Electrode impedances were maintained below 10
kΩ. Because it was important that the subject’s head remain fixed in the same place in the
dewar across the recording session, a number of precautions were taken to ensure head stability.
Patients were comfortably seated in a reclining, padded, nonmagnetic chair. Foam wedges were
inserted between the subjects’ face and the inside of the dewar. In addition, a Velcro strap
running under the subject’s chin and a knee bolster under the subject’s legs were used to ensure
immobility and comfort. The MRI data described above were also used for MEG localization
purposes.

Paired-Click Design
Stimuli were presented in pairs (S1, S2) with a 500-ms interstimulus interval and an intertrial
interval between S1 onsets that varied randomly in 1-s steps between 8 and 12 s. Stimuli were
binaural 3-ms clicks, created and delivered using NeuroStim software and Etymotic earphones
placed in the subject’s ear canal. Before data collection, each subject’s hearing threshold was
determined, and peak click intensity was set 30 dB above threshold. To minimize motion-
related artifact produced by the plastic tubes connected to the Etymotic earphones, the tubes
were taped to the subject’s face and ear. Uncontaminated click-pair epochs (N = 150) were
collected during approximately 30 min, with some variability in number of trials presented
depending on the number of epochs rejected online because of artifact. Epochs were rejected
if peak-to-peak signal strength exceeded 150 µV in any EOG or EEG channel or 3000 fT in
any MEG channel. EEG and MEG data were digitized at 500 Hz per channel for 1000 ms
beginning 100 ms before S1.

EEG Data Analysis
Filters for EEG data analysis were designed to approximate those described by Adler et al.
(1982) in order to enable a comparison of present results with those of that group’s many
sensory gating studies. For P50 peak scoring, cross-trial average ERPs were digitally filtered
using Chebyshev Type 2 IIR filters with a 4-point moving-average and a recursive high-pass
filter (A = 0.85; Coppola, 1979). Filter parameters were as follows: Fstop = 1 Hz, Fpass = 4
Hz for the high-pass and Fstop = 60 Hz, Fpass = 55 Hz for the low-pass. The ripple for the
pass band (4–55 Hz) was less than 1 dB, and signal loss for the stop bands (0.1 and 0.60 Hz)
was more than 60 dB. Each filter was applied twice, in the forward and reverse direction, to
increase roll-off and to preserve waveform latency by avoiding the introduction of a phase
shift. The prestimulus baseline (− 100 to − 10 ms) was removed.

Thoma et al. Page 5

Psychophysiology. Author manuscript; available in PMC 2009 December 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



P50 was defined as the most positive peak at Cz between 40 and 80 ms after S1 onset. If two
equal-amplitude peaks were present, the later peak was scored, but this was unnecessary in the
present sample. Amplitude was measured relative to the immediately preceding negativity.
Thus, S1 amplitude was calculated as the difference between the positive peak and immediately
preceding negative trough. Following Judd, McAdams, Budnick, and Braff (1992), this trough
did not have a latency of less than 30 ms following onset of S1 (i.e., the trough search is stopped
if a horizontal tangent line is not encountered by 30 ms poststimulus, and the 30-ms point is
then used as the start of the P50 component). For the S2 score, the most positive point at Cz
following S2 onset within 10 ms of the latency of the S1 P50 peak was selected. This range
ensured that the same response was measured for S1 and S2. If there was no peak in that range,
the amplitude was scored as zero. As with S1, the S2 score was calculated relative to the
immediately preceding negative trough. P50 gating ratio was calculated as S2 amplitude
divided by S1 amplitude.

MEG Source Localization
To coregister MEG and MRI data, three anatomical landmarks (nasion and right and left
preauriculars) were measured for each subject by using the Probe Position Identification
System (Polhemus; Colchester, VT) before data collection. The same three points were
identified in the subject’s MRI, and a subject-specific transformation matrix that involved
rotation and translation between the MEG and MRI coordinate systems was used. To increase
the reliability of the MEG–MRI coregistration, approximately 50 points from across the scalp
were digitized with the Polhemus system, colocalized to the three anatomical landmarks, and
stored as part of the MEG data file. In a two-step procedure, first the three standard landmarks
were initially fitted to each individual’s 3D MRI head and, second, the 50 additional points
were used to fine tune coregistation, allowing additional points of reference from scalp, face,
and ears.

A 5–55-Hz bandpass filter and a − 100 to − 10 ms baseline adjustment were applied to each
subject’s cross-trial-averaged MEG data. A spherical MEG head model (Cardenas, Gerson, &
Fein, 1993) was used for dipole source modeling in which a sphere is fitted to the inner surface
of the skull (obtained from each subject’s structural MRI). The inverse problem of MEG source
localization involves reconstructing the sources for a given magnetic field distribution
measured by an array of MEG sensors. The equivalent current dipole model was adopted, with
the assumption that the neuronal sources were focal. Dipolar sources were identified in left
and right hemisphere for S1 M100 responses to each click (a dipole oriented downward peaking
80–120 ms poststimulus). M50 was defined as the first upward-oriented dipole occurring
before M100, 40–80 ms poststimulus. Determination of the strength, location, and peak latency
of the M50 source in the left and right hemispheres was accomplished by fitting each dipole
separately over the left and right hemispheres using subsets of 34 planar gradiometers over
each temporal lobe. For modeling S1 M50, 4 ms of data before the M50 peak and 4 ms of data
following the M50 peak were selected. Equivalent current dipoles were then determined
separately for each hemisphere by using the aforementioned source localization routines. Only
equivalent current dipoles with goodness-of-fit values (a measure of the correlation between
calculated and measured signal) exceeding 75% for S1 were accepted. Peak strength of the
source over the 8-ms period was then determined. S2 M50 was identified by using a procedure
outlined by Cardenas et al. (1993), in which the location of the S2 dipole was assumed to be
the same as that of the S1 dipole, and the strength of S2 M50 was determined over the same
8-ms period. M50 suppression for each hemisphere was expressed as a ratio similar to that of
P50: S2 dipole peak strength divided by S1 dipole peak strength.
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Results
P50 Sensory Gating Ratio

A t test was used to test for group differences in ERP P50 sensory gating ratios. The
schizophrenia group (M = .56, SD = .36) was found to have larger P50 sensory gating ratio
than the control group (M = .34, SD = .18), t(42) = 2.351, p = .024. S1 and S2 P50 latency and
amplitude did not differ by group.

M50 Sensory Gating Ratio
For every subject, two source dipoles associated with M50 reliably localized to bilateral
auditory cortex in left and right STG (see Figure 2). A Group (controls and patients) ×
Hemisphere (right and left STG) ANOVA indicated that gating ratios for the schizophrenia
group (M = .67, SD = .19) were larger than those for the control group (M = .44, SD = .17), F
(1,41) = 15.116, p < .001 (see Figure 3). There was no hemisphere or Group X Hemisphere
effect.

M50 Amplitude and Latency
A Group × Hemisphere × Stimulus (S1 and S2) ANOVA testing M50 amplitude (nAm)
confirmed overall gating, with S2 smaller than S1, F(1,41) = 147.027, p < .001. A Group ×
Stimulus interaction, F(1,41) = 9.815, p = .003, indicated that the group difference in gating
was carried entirely by S2:S1 amplitude and was the same for the control (M = 14.34 nAm,
SD = 6.64) and schizophrenia (M = 14.21 nAm, SD = 6.69) groups, whereas controls’ S2 (M
= 6.54 nAm, SD = 4.40) was smaller than patients’ S2 (M = 9.52, SD = 8.22). No other effects
approached significance. For M50 latency (ms), no main effects or interactions approached
significance.

Hippocampal Volume
A Group × Hemisphere × Region ANOVA for hippocampal volume found a main effect for
Region, with anterior hippocampus larger than posterior hippocampus, F(1,41) = 229.702, p
< .001. Table 2 provides simple-effects tests exploring a Group × Region interaction, F(1,41)
= 4.29, p = .045, showing that groups differed only in anterior hippocampus (patients smaller).
Left anterior and left posterior hippocampal volumes were slightly smaller than the
corresponding regions in the right hemisphere, with marginal significance, F(1,42) = 3.936,
p = .054. Hemisphere × Region, Group × Hemisphere, and Group × Hemisphere × Region
interactions were not significant.

A second ANOVA was used to rule out the possibility that group differences in overall ICV
account for the difference in hippocampus volume. There was no group difference in ICV (see
Table 2). When ICV was added to the Group × Hemisphere × Region ANOVA as a covariate
(appropriate because the groups did not differ on the covariate; Miller & Chapman, 2001),
anterior hippocampal volume remained smaller in the schizophrenia group, F(1,40) = 4.416,
p = .024.

P50 Gating and Hippocampal Volume Relationships
Hierarchical regressions were done separately for the two hemispheres, each investigating
whether there were relationships between P50 gating ratio and hippocampal volume. P50
gating was first regressed on left anterior hippocampal volume, R2 = .145, p = .013. When
added second to the model, group did not account for additional variance. When added third
to the model, the Group × Left Anterior Hippocampal Volume interaction term did not account
for additional variance.
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P50 gating was regressed on right anterior hippocampal volume, R2 = .234, p = .001. When
added second and third to the model, neither group nor the Group × Right Anterior
Hippocampal Volume interaction accounted for additional variance.

M50 Gating and Hippocampal Volume Relationships
A similar regression approach was used with M50. In combination, left anterior hippocampal
volume and diagnostic group controlled substantial variance in left M50 gating ratio, R2 = .
400, p < .001. Each predictor added unique variance (volume ΔR2 = .312, p < .001, see Figure
4; group, R2 = .09, p = .018). Importantly, then, patients had higher gating ratios than controls
even with hippocampal volume variance removed. When added third to the model, the Group
× Left Anterior Hippocampal Volume interaction term did not account for additional variance.

To investigate a possible independent effect for contralateral right-hemisphere M50 gating
ratio, the regression was reversed, and left-hemisphere hippocampal volume was regressed on
gating ratios. Left-hemisphere M50 gating ratio had a significant effect (see above). When
right-hemisphere M50 gating ratio was added as a second predictor (with left-hemisphere M50
gating ratio added first), right-hemisphere M50 gating ratio did not account for additional
variance.

In the right-hemisphere analysis, right-hemisphere M50 gating ratio was the dependent
variable. In combination, right anterior hippocampal volume and group controlled significant
variance in right M50 gating ratio, R2 = .221, p = .009. Each predictor added unique variance
(volume R2 = .142, p = .015, see Figure 4; group, R2 = .08, p = .057). Importantly, then, patients
had higher gating ratios than controls even with hippocampal volume variance removed. When
added third to the model, the Group × Right anterior hippocampal volume interaction term did
not account for additional variance.

To investigate a possible independent effect for contralateral left-hemisphere M50 gating ratio,
the regression was reversed, and left-hemisphere hippocampal volume was regressed on gating
ratios. Right-hemisphere M50 gating ratio had a significant effect (see above). When left-
hemisphere M50 gating ratio was added as a second predictor (with right-hemisphere M50
gating ratio added first), right-hemisphere M50 gating ratio did not account for additional
variance.

To investigate a possible independent effect of left-hemisphere M50 gating ratio, it was added
second to the model (with right-hemisphere anterior hippocampal volume added first). Left-
hemisphere M50 gating ratio did not account for additional variance in right-hemisphere M50
ratio.

Although not a primary hypothesis, t tests were used to investigate possible differences in
sensory gating ratios and volumes in patients taking typical versus atypical antipsychotic
medications. Patients prescribed atypical antipsychotic medications had smaller (better) gating
ratios in both hemispheres, but the group difference reached significance only in the left, t(19)
= 2.23, p = .038. Patients prescribed atypical antipsychotic medications had larger anterior
hippocampal volumes in both hemispheres, but the group difference only approached
significance in the left hemisphere, t(19) = − 1.86, p = .082.

Intra-run responses and gating ratios are known to be stable across relatively long MEG data
collection sessions (Lysne et al., 2006). However, if there were group differences in session
length, it is conceivable that attentional effects or differential habituation would skew results.
Session length was recorded for unselected subgroups of 12 controls and 9 patients. There was
not a significant difference in mean run time (control M = 30.42 min, SD = 2.67; patient M =
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33.11 min, SD = 4.76), t(19) = − 1.65, p = .115, indicating comparable session lengths and
number of trials in schizophrenia and control subjects.

Discussion
There was a sensory gating deficit in the schizophrenia group, whether assessed with P50, left-
hemisphere M50, or right-hemisphere M50. Huang et al. (2003) demonstrated that the ERP
P50 in a paired-click paradigm is largely comprised of signal generated by two sources
localizing to left and right STG auditory regions. Considering gating in terms of lateralized
sources, it has been shown that left-hemisphere M50 gating was related to attention and
working memory deficits in schizophrenia (Thoma et al., 2003), and that right-hemisphere
M50 gating was associated with schizophrenia negative symptoms (Thoma et al., 2005).
Measurement of gating in terms of individual neural generators affords greater specificity of
measurement and has resulted in the discovery of relationships between gating and clinical
variables that were not evident in single-electrode ERP studies. In the present study, this
approach allowed investigation of structure–function relationships between hippocampal
volume and lateralized gating ratios within hemispheres.

It is thought that gating is dependent on a fronto-temporal network comprised of prefrontal,
medial frontal, STG, and medial temporal cortex (Grunwald et al., 2003). Based on an
assumption that the extent of hippocampal impairment in schizophrenia could be assessed in
terms of reduced hippocampal volume, the present hypothesis was that reduced size of
hippocampus in that group would reduce the functional capacity of the entire network—and
that reduced function would be measurable as poorer gating. Indeed, gating accounted for
significant variance in ipsilateral anterior hippocampal volume, not just for patients but for the
control group. That is, smaller anterior hippocampal volume occurred with higher M50 gating
ratios for both groups. This effect was hemisphere specific: left-hemisphere M50 gating
accounted for variance only in left-hemisphere anterior hippocampal volume, and right-
hemisphere M50 gating accounted for variance only in right-hemisphere hippocampal volume.

Waldo et al. (1994) demonstrated an indirect association between hippocampal volume and
P50 gating in schizophrenia. Although no correlations were reported, a group of schizophrenia-
spectrum patients with reduced hippocampal volume also had impaired gating. The improved
specificity of measurement provided by dense-array MEG revealed the presence of positive
correlations between hippocampal volumes and functional gating measures in the present data.
This effect was found specifically for anterior hippocampus, whereas Waldo et al. did not
distinguish subhippocampal regions, working only with whole hippocampal volumes. There
is considerable evidence based on animal studies demonstrating the importance of
hippocampus for sensory gating. For example, it has been well established that hippocampus
is involved in PPI of startle, a more comprehensively studied gating paradigm than that
associated with P50 (Bast & Feldon, 2003; Caine et al., 1992; Perlstein, Fiorito, Simons, &
Graham, 1993; Perlstein, Simons, & Graham, 2001; Swerdlow et al., 2001; Zhang, Bast, &
Feldon, 2002a, 2002b). There is strong evidence that ventral hippocampus plays a role in the
gating of the startle response in rats (Caine et al., 1992; Swerdlow et al., 2001, 2004). Rat
ventral hippocampus is analogous to anterior hippocampus in humans. There is also evidence
of entorhinal cortex involvement in PPI (Goto, Ueki, Iso, & Morita, 2002; Swerdlow et al.,
2001), which led these researchers to suggest that polymodal sensory information, exchanged
by entorhinal cortex and ventral hippocampal CA3, is vital for any gating effect to occur.
Neurochemical challenge studies also support the activities of these regions in the activity of
a gating circuit. For example, Swerdlow et al. (1995) found increased sensitivity to the
disruptive effects of apomorphine on PPI in rats with either medial PFC (mPFC) or ventral
hippocampal lesions. Alternately, chemical stimulation of the ventral hippocampal-mPFC
circuit disrupts PPI (Shoemaker et al., 2005). Entorhinal cortex has extensive, direct
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connections to mPFC. Entorhinal cortex may serve to integrate information from frontal cortex
into ventral hippocampus. In the clinical literature, increasing evidence has demonstrated a
robust link between sensory gating and the presence and extent of hippocampal nicotinic
receptor functioning in schizophrenia (particularly in hippocampal CA3; Martin, Kem, &
Freedman, 2004), all of which suggests that proper nicotinic receptor functioning is critical for
normal sensory gating. The present results suggest that overall anterior hippocampal volume
may reflect the quality and extent of hippocampal nicotinic receptor functioning.

That there is distinct hippocampal variance associated with gating was not surprising, but that
patients with schizophrenia had higher gating ratios than controls, even with the hippocampal
variance removed, indicates that significant schizophrenia variance remains to be accounted
for in terms of brain structure or function. Based on this finding, further research is warranted
to investigate other candidate brain regions that are known to be functionally impaired in
schizophrenia. For example, intrahemispheric gating ratio has been linked to reduced
schizophrenia STG cortical thickness (Thoma et al., 2004), and recent depth-electrode research
in patients with epilepsy has suggested that medial frontal and sensory-motor cortex are also
critical for gating (Kurthen et al., 2007).

There has been some evidence that anterior hippocampus is involved in novelty detection and
encoding, whereas posterior hippocampus is more involved with familiarity (Strange, Fletcher,
Henson, Friston, & Dolan, 1999; Zeineh, Engel, Thompson, & Bookheimer, 2003). However,
it is not clear what the functional implications of having a small anterior hippocampus are in
normal healthy control subjects. There has been considerable research in patients with
schizophrenia suggesting that reduced hippocampus is an integral characteristic of the disorder
(Csernansky et al., 1998; DeLisi, Dauphinais, & Gershon, 1988; Hanlon et al., 2005; Rossi et
al., 1994; Shenton et al., 1992; Suddath et al., 1989, 1990). Reduced hippocampal volume is
associated with abnormality on neuropsychological tests typically associated with impaired
fronto-temporal function (Bilder & Degreef, 1991; Szeszko et al., 2002; Weinberger, Berman,
Suddath, & Torrey, 1992). It has been suggested that the effect is primarily due to reduction
in anterior hippocampal volume (Pegues, Rogers, Amend, Vinogradov, & Deicken, 2003). In
present data, there was no difference in posterior hippocampal volume, accounting for
ambiguity in earlier findings of reduced size of overall hippocampus (Szeszko et al., 2002).
Szeszko et al. (2002) suggested that these neuropsychological findings make sense if one
considers the extensive feedfoward and feedback pathways between hippocampus and PFC,
further documenting a fronto-temporal disconnection in schizophrenia. Auditory gating has
also been associated with neuropsychological measures typically associated with frontal lobe
function (Thoma et al., 2003; Yee & White, 2001). Thus, a fronto-temporal disconnection may
also account for the present results.

The present patient group was too small for strong conclusions about how medication type
interacts with hippocampal volume and sensory gating. Typical antipsychotic medications
appear to enlarge thalamic and striatal brain structures but have not yet been shown to have
any direct effect on hippocampus volume or the volume of other cortical features (Flashman
& Green, 2004). Atypical antipsychotic medications are thought to improve sensory gating
ratios (Adler et al., 2004). In present data, patients on typical antipsychotic medications (n =
4) had smaller hippocampi and poorer left hemisphere sensory gating ratios than patients on
atypical medications (n = 18). This was not a treatment study, and patients were accepted
regardless of the type of antipsychotic prescribed by their doctor. Thus, it may be that smaller
hippocampus is a marker for a subcategory of patients with schizophrenia that have a better
response to typical medications.

Present findings demonstrate, first, that smaller anterior hippocampus volume relates to P50
and intrahemispheric M50 sensory gating. Contrary to prediction, this relationship was true
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for both groups. Thus, the second main finding of the present study is that the P50/M50 gating
deficit in schizophrenia is not merely an artifact of diagnostic group differences in hippocampal
volume: Diagnosis and hippocampal volume make distinct contributions to gating. Third, at
least a portion of the relevant circuitry is intrahemispheric.

Normal reduction in the response to a second stimulus in a gating experiment is related to
stimulus redundancy, and the gating effect is diminished or disappears entirely when the paired
stimuli are dissimilar (Boutros, Belger, Campbell, D’Souza, & Krystal, 1999). Wepropose that,
for successful gating to occur, at minimum, a healthy mPFC–hippocampal network is
necessary, with mPFC involved in attentional control associated with stimulus perception and
hippocampus involved in the modulation and preservation of stimulus traces. Future research
may involve hippocampal lesion studies to investigate the necessity of hippocampus for
intrahemispheric gating, investigation of relationships between responses in stimulus novelty
paradigms associated with anterior hippocampal function and those involving gating, and
further investigation of the role for frontal cortical regions in gating.
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Figure 1.
SAVRA (Segmentation And Visualization for Research Advancement) software made several
views of brain tissue available simultaneously for each slice to enhance users’ judgment
regarding tissue selection.
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Figure 2.
A: An example of the magnetic field pattern and cortical localization for left and right M50
equivalent current dipoles. For all subjects, the M50 response localized bilaterally to auditory
cortex. B: An example of left and right hemisphere equivalent current dipole waveforms for a
representative subject from the control group and one subject from the schizophrenia group.
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Figure 3.
M50 sensory gating is expressed as a ratio of S2/S1. M50 sensory gating was impaired
bilaterally in the schizophrenia group (error bars = 1 SD).
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Figure 4.
Scatterplots depicting the relationship between anterior hippocampal volumes and M50
sensory gating ratios in the control and schizophrenia groups.
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Table 1

Demographics

Control Schizophrenia t (p)

Age (years) 41.55 39.38 0.52 (p = .61)
Sex Male = 16 Male = 17 1.03 (p = .31)

Female = 6 Female = 5
Education (years) 13.56 12.47 1.47 (p = .15)
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