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153.9 + 61.8 GBg/umol at the time of injection for
['CIDASB and [“'CJWAY 100635, respectively.

Preprocessing

A PET summation image of all frames and dynamic
images were coregistered to each individual MR image
by using PMOD (PMOD Technologies, Zurich, Switzer-
land). The individual MR image was spatially normal-
ized to the Montreal Neurological Institute (MNI) ste-
reotaxic brain, and subsequently, the transformation pa-
rameters were applied to the coregistered PET dynamic
images. Thus, the PET and MR images of all subjects
were anatomically standardized to the MNI template.
Volumes of interest (VOIs) were manually delineated by
a rater (H.T.) in the cerebellar cortex, dorsal raphe
nuclei, thalamus, and striatum for [**CJDASB, and in
the cerebellar cortex and hippocampal area for
[MCIWAY100635, on the averaged and standardized
PET summation and MR images by using the PMOD
fusion tool. Circular VOIs with a diameter of 8 mm in
the transaxial planes were set for the dorsal raphe nu-
cleus from z = —38 to z = —30 in the coordinate of the
MNI template. To obtain regional time-activity curves,
regional radioactivity was calculated for each time
frame, corrected for decay and plotted versus time.

Calculation of binding potentials and genera-
tion of parametric images for both tracers

For the PET study with [**CJWAY100635, the bind-
ing potential (BP) for nondisplaceable radioligand in
tissue (BPxp) (Innis et al., 2007) was calculated using
a reference tissue model on a voxel-by-voxel basis
(Lammertsma and Hume, 1996).

Cr(t)=R1Cr(t)+ (kz - T_%.%%) Cr(t)exp (1-!-—312%?\11)) !

where Cf{¢) is the radioactivity concentration in a brain
region, and Cg(#) is the radioactivity concentration in
the reference region. Ry is the ratio of Ky/K; (K, influx
rate constant for the brain region, K/, influx rate con-
stant for the reference region), &, is the efflux rate con-
stant for the brain region, and % denotes the convolu-
tion integral. In this analysis, three parameters (BPnp,
R,, and k,) were estimated by the basis function
method (Gunn et al.,, 1997, 1998). The cerebellum was
used as reference region because a postmortem study
indicated that the cerebellum cortex is almost devoid of
5-HTa receptors (Varnas et al., 2004).

For the PET study with [“'CIDASB, BPyp was cal-
culated by using a multi-linear reference tissue model
2 (MRTM2) (Ichise et al., 2003),

v (T T
Cr(T) = —ghe ( g Cr(t)dt +7€1;CR(t)) +3 b/ Cr(t)dt

where C{T) is the radioactivity concentration in a brain
region, and Cg(¢) is the radioactivity concentration in
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the reference region. V and V' are the corresponding
total distribution volumes (i.e., V = Ky/ks, V' = Ki'lky;
ks , the efflux rate constant from the reference tissue to
plasma). b is the intercept term, which becomes con-
stant for T > #*. The ko value was estimated by the
MRTM method (Ichise et al., 2002) and, to minimize the
variability of ko estimation, a weighted mean ko value
according to the VOI size over the raphe nucleus, thala-
mus, and striatum was calculated with the cerebellum
as reference region, because postmortem studies indi-
cated that the cerebellum cortex is almost devoid of 5-
HTT (Kish et al., 2005; Varnas et al., 2004). BPyp is
then calculated from the two regression coefficients as,

BPap = —(vi/v2 + 1).

where vy, = —V/AV'6) and v = 1/, respectively.

Image data analysis

VOIs were placed on the standardized BPyyp images
for the bilateral putamen; caudate nucleus; globus pal-
lidus; thalamus and its subregions (pulvinar, medio-
dorsal, and anteriodorsal); hippocampal regions includ-
ing the parahippocampus, uncus, and hippocampus;
anterior and posterior cingulate; and the lateral tem-
poral cortex, basal side as well as the convex side of
the frontal cortex, parietal cortex, and occipital cortex
(Fig. 1, Table I). The same VOI set was applied for
both [M'CIWAY 100635 and ["'CIDASB in all subjects.

Statistical analysis

Data are presented as mean = SD. Pearson’s correla-
tion coefficient was calculated for the evaluation of cor-
relation. Correction for multiple comparisons was not
performed during the analysis because of the large
number of correlations performed, and these results
were considered exploratory. Laterality of the hemi-
spheres was tested by performing a paired #-test for
each region. SPSS package version 16 (SPSS, Chicago,
IL) was used for statistical analysis.

RESULTS

For both radiotracers, parametric BPyp images
with anatomic standardization were obtained from 17
participants. The averaged images for all subjects are
presented in Figures 2 and 3; mean and SD values of
BPyp are shown in Table II and Figure 4.

Distribution patterns of the 5-HTT and 5-HT;,
receptors in the human brain were measured with
radioligands [**CIDASB and [M'C]WAY 100635, respec-
tively, and they were observed to be quite different.
The highest binding to 5-HTT was observed in the
dorsal raphe nuclei, thalamus, and striatum. Moder-
ate binding was observed in the insula, hippocampal
area, and the anterior and posterior cingulate; very
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-38 mm -28 mm

4mm 8mm

Fig. 1. VOIs drawn on the anatomically standardized MR
images averaged for all subjects. Z = —38, —-28, —18, —10, 0, 4, 8,
20, 40, 60 mm parallel to the anterior commissure and posterior
commissure (AC-PC) line in the MNI template brain. L denotes left
side of the brain; R denotes right side; 1, cerebellar cortex; 2, lateral

-13mm

20mm
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~-10 mm 0Omm

60 mm

40 mm

temporal cortex; 3, uncus (amygdala); 4, hippocampus; 5, parahip-
pocampal gyrus; 6, dorsal raphe nucleus; 7, insula; 8, globus pal-
lidus; 9, base of frontal cortex; 10, putamen; 11, anterior cingulate;
12, head of caudate nucleus; 13, thalamus; 14, occipital cortex; 15,
frontal convexity; 16, posterior cingulate; 17, parietal cortex.

TABLE I. Representative MNI coordinates and volumes in VOIs drawn on the MNI template image

Right Left
Region X Y VA Volume (ecm?®) X Y z Volume (cm?®) Total volume (cm®)
Cerebellum 25 -70 —-38 4.20 -31 -89 -38 4.30 8.50
Dorsal raphe nucleus 0 -31 ~14 1.13
Striatum 1.69 1.99 3.68
Putamen 26 -1 4 1.34 —28 -2 4 1.54 2.88
Caudate head 14 14 8 0.35 -15 12 8 0.45 0.80
Globus Pallidus 20 -8 0 0.89 -18 -6 0 0.95 1.84
Thalamus 10 -23 8 1.67 -12 ~22 8 1.60 3.27
Hippocampal complex 1.62 1.73 3.34
Uncus 21 -7 -18 0.70 -27 ~24 —-18 0.80 1.50
Hippocampus 29 -16 -18 0.19 ~28 -13 ~18 0.22 0.41
Parahippocampus 26 ~24 -18 0.70 —-27 ~24 -18 0.80 1.50
Insula 38 4 -2 1.74 ~38 3 -2 1.46 3.20
Anterior cingulate 5 43 8 0.53 ~7 43 8 0.58 1.10
Posterior cingulate 6 -47 40 0.91 -9 -47 40 0.72 1.63
Base side of frontal cortex 34 45 4 4.58 ~36 45 4 4.66 9.24
Frontal convexity 31 29 40 3.23 -35 24 40 3.25 6.51
Lateral temporal 53 ~17 -18 5.58 -55 -17 -18 5.26 10.84
Occipital cuneus 13 -81 8 2.47 -9 -81 8 2.54 5.02
Parietal 49 -56 40 3.17 ~51 -57 40 3.30 6.46

low binding was observed in the neocortical regions.
In contrast, the highest binding to 5-HT,, receptors
was observed in the medial temporal regions includ-
ing the hippocampus, uncus (amygdala), parahippo-
campus, and insula. Then, slightly lower binding was
observed in the cingulate cortex and other cortical
regions in descending order, with very low binding
being seen in the basal ganglia and thalamus. As
shown in Figure 4, when we divide brain regions into
5-HTT transporter rich regions and 5-HT;, receptor

rich regions, the relationships between mean values
of BPnp in 5-HTT and 5-HT.4 receptors were quite
different. No linear correlation was found in 5-HTT
transporter-rich regions between the mean values of
BPyp in 5-HTT and 5-HT 4 receptors, while a positive
linear correlation, except the occipital cortex (r
0.862, P = 0.006), was found between them in the 5-
HT4 receptor-rich regions.

There was no significant difference between the
two sides of the brain with either of the radiotracers,
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BPp

Ant Post R

Fig. 2. Averaged images of MRI, ["CIDASB image fused with  brain are displayed. X = 0 mm, ¥ = —32 mm, and Z = 4 mm indi-
MRI, and [*CIWAY 100635 image fused with MRI for all subjects. In  cate the coordinates of the three planes in the MNI template brain.
left to right columns, transaxial, saggital, and coronal planes of the R represents right; L, left. Ant indicates anterior; Post, posterior.

[MCIDASB

4mm

Fig. 3. Averaged BPyp images with anatomical standardization  [“'CIDASB and MRI, only ['CIDASB. In left to right columns: from
of both radiotracers (axial planes). From the top row to the bottom: ventral to dorsal planes of transverse images. L denotes left side of
fused [*CIWAY100635 and MRI, only [MCIWAY100635, fused  the brain; R denotes right side. Color bar indicates the value of BPyp.
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TABLE II. BPND values for each VOI

["'CIDASB [MCIWAY 100635
Region Total Right Left Total Right Left r P
Dorsal raphe nucleus 3.10 = 0.97 2.17 = 0.54 =0.191  0.464
Striatum 142 =028 140 =027 143030 142039 123=038 158 =053 -0.333  0.192
Putamen 1.46 = 0.29 1.45 = 0.28 147 = 0.30 1.72 = 0.47 1.48 = 0.48 1.94 = 0.66 -0.368 0.146
Caudate head 1.25 = 0.30 1.20 = 0.28 1.29 + 0.35 0.32 = 0.23 0.29 = 0.24 0.34 = 0.25 0.208 0.423
Globus Pallidus 115 =036 114 =048 115=x031 035+020 030+022 040 =x0.24 -0.446  0.073
Thalamus 1.88 = 0.48 1.89 = 0.53 1.87 = 0.44 0.95 = 0.27 1.03 + 0.33 0.87 = 0.26 -0.210 0.420
Anterior nucleus 193 £048 201 =057 184+=041 138=041 137=060 1.38=*0.34 -0.407  0.105
Dorsomedial nucleus 2.01 = 0.51 2.08 = 0.55 1.93 = 0.50 1.23 = 045 1.30 = 0.55 1.16 = 0.51 ~0.328 0.199
Pulvinar 218 =073 203=071 231x079 089041 1.02=*043 0.77 £ 051 -0.079  0.762
Hippocampal complex 083=0.18 083x018 082=019 630=097 627=103 6.33=*095 -0.306  0.232
Uncus 1.20 = 0.27 1.18 = 0.26 1.23 = 0.29 5.78 = 1.05 5.0 = 1.10 5.66 = 1.06 —0.268 0.297
Hippocampus 0.61 = 0.18 0.58 = 0.22 0.65 = 0.17 7.01 = 1.34 7.34 = 1.55 6.71 = 1.36 —0.226 0.383
Parahippocampus 0.52 = 0.12 0.54 = 0.13 0.51 = 0.13 6.61 = 1.03 6.36 = 1.10 6.82 = 111 x(—0.322 0.208
Insula 0.70 = 0.17 0.75 = 0.19 0.65 = 0.15 6.65 = 1.13 6.64 = 1.14 6.67 = 1.20 *—0‘506 0.038
Anterior cingulate 045009 042=011 047010 539=083 546=093 533=x090 '—0539 0.026
Posterior cingulate 0.35 = 0.07 0.37 = 0.07 0.33 = 0.10 4.76 = 0.69 491 = 0.73 4.57 = 0.81 :-0.484 0.049
Base side of frontal cortex  0.21 = 0.07 0.22 = 0.08 0.20 = 0.06 445 = 0.76 4.54 = 0.80 4.36 = 0.75 —0.539  0.026
Frontal convexity 020 =006 020=x008 019=*006 455=082 453*0.78 456087 0464 0.061
Lateral temporal 0.25 = 0.05 0.26 = 0.06 0.23 = 0.05 5.73 = 0.86 5.70 = 0.86 5.76 = 0.87 -0.603 0.010
QOccipital cuneus 039=010 038=x011 040=0.11 259=051 255=056 262=051 —0433 0.083
Parietal 0.12 = 0.04 0.13 = 0.04 0.12 = 0.04 4.54 = 0.71 4.61 = 0.73 4.46 = 0.74 "—0.718 0.001

r indicates Pearson’s correlation coefficients between total BPND of {"'CJDASB and that of [ "'CIWAY100635 for each VOL

“Indicates P < 0.05.
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Fig. 4. Relationships between mean BPyp values of [*'C]DASB

and those of [“'CIWAY100635. The error bars indicate standard
deviation.

indicating no apparent laterality in the distribution of
5-HTT and 5-HT;s (paired t-test, data not shown).
Moreover, no significant correlation between age and
the binding of 5-HTT and 5-HT;4 was found in any of
the brain regions within the age range (2040 yr) of our
sample (Pearson’s correlation coefficient, P > 0.05, data
not shown). In addition, with regard to the intraindivid-
ual relationship between the binding of both [M'C]DASB
and ['CIWAY100635 in the same region of the brain,
significant negative correlations were observed in the
anterior and posterior cingulate, insula, basal side of
the frontal cortex, lateral temporal cortex, and parietal

cortex (Table II and Fig. 5), whereas no significant posi-
tive correlation was observed.

DISCUSSION

We constructed a database of 5-HTT and 5-HT;4
serotonergic function by using parametric images gen-
erated by the anatomic standardization of the brains of
17 healthy young men. Anatomical standardization
enables visualization of the entire neuroanatomy along
the same coordinates with the help of multiple radio-
tracers that permit inter- and intrasubject compari-
sons. In the current study, the distributions of the two
serotonergic markers differed. In addition, an explora-
tory study revealed significant inverse linear correla-
tions between BPyp of presynaptic 5-HTT and that of
postsynaptic 5-HTys receptor binding in certain areas
of the brain, such as the frontal, temporal, and parietal
cortices; insula; and anterior and posterior cingulate.

Overall, the distribution patterns of 5-HTT and 5-
HT; 4 binding in the human brain were in accordance
with those observed in previous human PET and post-
mortem studies (Brust et al.,, 2006; Drevets et al.,
2007; Hall et al., 1997; Hoyer et al., 1986; Ito et al.,
1999; Kish et al., 2005; Laruelle et al., 1988; Pazos
et al., 1987; Rabiner et al., 2002; Savitz et al., 2009;
Stockmeier, 2003; Varnas et al., 2004).

Localization of 5-HTT and 5-HT,, in respective
regions of the brain

In general, distributions in 5-HTT and 5-HTy,

receptors are quite different, and can be categorized

into two groups, 5-HTT-rich regions and 5-HT;4 re-

ceptor-rich regions (Fig. 4). In 5-HT;, receptor-rich

regions such as the cerebral cortex and limbic
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regions, they tend to positively correlate with each 5-HTT-rich region
other except the occipital cortex. This finding could
reflect innervation of serotomergic fibers in those Brain stem. High binding to 5-HTT was observed
regions. in large areas of the midbrain, and it continuously
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extended to the thalamus; this finding indicated rich
distribution in these regions. In contrast, moderate
binding to 5-HT4 receptors was observed only in the
dorsal and medial raphe, with this distribution indi-
cating that 5-HT;s receptor exists only in these
regions of the midbrain (the sagittal section, middle
column in the bottom row in Figure 2; the transverse
sections, the first to fourth columns in the second row
from the bottom; further, refer to the volume of inter-
est 6 in Figure 1, which represents the raphe nuclei).
These distribution patterns of 5-HTT and 5-HT,
were consistent with those observed in previous
human postmortem autoradiography studies (Hall
et al., 1997; Varnas et al., 2004). In the present study,
however, 5-HT14 binding was not very high as com-
pared with that in other areas (Table II). For exam-
ple, the mean BPyp value in the dorsal raphe was
approximately one-third of that in the hippocampus,
which exhibited the highest value of all regions exam-
ined. Further, in a detailed human autoradiography
study with [PHIWAY100635, binding to the dorsal
raphe was highest (140 pmol/g tissue), followed by
the hippocampus (123 pmol/g tissue). However, this
discrepancy may be a result of the limited spatial re-
solution of the PET scanner, resulting in excessive
spillover from the raphe and other small structures.

Subcortical regions. In the striatum (putamen
and caudate) and globus pallidus, relatively high lev-
els of binding to 5-HTT were observed. In contrast, 5-
HT;4 receptor binding was very low or absent in the
caudate nucleus and globus pallidus, while a low level
of binding was found in the putamen. However, post-
mortem autoradiography studies showed very low lev-
els of binding in the putamen, similar to those in the
caudate and globus pallidus (Hall et al., 1997; Varnas
et al., 2004); the high BPyp values in the putamen
may be attributed to spillover from the insula, which
exhibits a very high level of 5-HT 4 binding.

The level of 5-HTT binding in the thalamus was
the second highest among all brain regions, after the
dorsal raphe nucleus; further, there was no marked
difference in 5-HTT distribution among the subre-
gions of the thalamus. These findings were similar to
those of a previous human postmortem study (Varnas
et al., 2004). On the other hand, the level of binding
to the 5-HT14 receptor was very low in the thalamus,
although a little binding was observed in its medial
parts regions (Table II and Figs. 2-4); this finding
was similar to those of previous autoradiography
studies showing much less or no binding in these
regions (Hall et al., 1997; Varnas et al., 2004).

5-HT, 4 receptor-rich region

Cerebral neocortex. Relatively high binding to 5-
HT;4 and low binding to 5-HTT were observed in the
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neocortical regions. The 5-HT;4 receptor was widely
distributed in the cerebral cortex but sparsely in the
occipital cortex. The distribution of 5-HTT was very
low in the neocortical regions as compared with other
brain regions, but was found to be homogeneous
among the cortical regions (Figs. 24, Table II). These
findings were consistent with those of previous post-
mortem autoradiography studies (Hall et al., 1997,
Laruelle et al., 1988; Varnas et al., 2004).

Limbic regions. In the hippocampal regions that
include the parahippocampus, hippocampus, and
uncus (amygdala), highest binding to 5-HT;4 and
moderate binding to 5-HTT were observed (Figs. 2-4,
Table II). Postmortem autoradiography studies in
humans revealed that the highest binding to 5-HTy,
was observed particularly over the CAl field in the
hippocampus (Hall et al., 1997; Varnas et al., 2004).
In contrast, binding to 5-HTT was higher in the
uncus as compared to other hippocampal regions, a
finding in agreement with a previous postmortem
study (Varnas et al., 2004).

Within the cingulate cortex, both 5-HTT and 5-
HT 5 binding can be described in descending order as
follows: ventral (subcallosal) cingulate > anterior cin-
gulate > posterior cingulate (Table II and Figs 2 and
3). In particular, the ventral cingulate is thought to
be involved in the regulation of emotions and has
been repeatedly reported to be associated with
depression (Drevets et al., 2008; Seminowicz et al.,
2004).

Very high 5-HT;4 binding and intermediate 5-HTT
binding were observed in the insula. These distribu-
tions are in accordance with those found in previous
human postmortem autoradiography studies (Varnas
et al., 2004), although BPyp values in the insula can
be affected by spillover from the striatum, which
exhibits high levels of 5-HTT binding.

Our findings together suggest that the limbic
regions, including the hippocampal area, cingulate
cortex, and insula, are relatively rich in serotonergic
innervation. Thus, serotonergic transmission in these
regions might play a pivotal role in modulating emo-
tion and cognition.

Intraindividual relationship between the
binding of both ["'"C]DASB and [''C]WAY100635
in the same region of the brain

With respect to the intraindividual relationship
between regional 5-HTT and 5-HT,, distribution, we
found significant negative linear correlations between
the binding of ["*C]DASB and [M'CIWAY 100635 in the
insula; anterior and posterior cingulate; and lateral
temporal, frontal base, and parietal cortices. This
result suggests that serotonergic transmission might
be modulated by a cooperative relationship between
5-HTT and 5-HTa.
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There have been only a few reports on pre- and
postsynaptic serotonergic functions in individuals. In
a study of 12 men, Lundberg et al. (2007) showed a
positive linear correlation between 5-HTT and 5-HT4
binding in the raphe nuclei and hippocampal complex
using [Y'CIMADAM and [*'C]WAY100635, respec-
tively; however, a positive linear correlation was not
observed in the frontal cortex. Another study that
examined gender differences in binding using
[MCIMADAM and [Y'CIWAY100635 also reported an
interrelationship between 5-HTT and 5-HT;as recep-
tors (Jovanovic et al., 2008). They found a significant
positive correlation between BPyp of 5-HTT and 5-
HT,4 receptors in the hippocampus of eight women,
whereas no significant correlation was observed in
seven men. The discrepancy between their results
and ours could be attributed to the use of different 5-
HTT radiotracers, sample size, and subjects’ back-
ground. In particular, the age range of subjects in the
study by Lundberg et al. was wider than ours, and
different degrees of atrophy can cause positive corre-
lation in BPyp between 5-HTT and 5-HT; s receptor.
This is because older subjects are likely to have more
brain atrophy, because of which both BPyp values are
lower than those of young subjects. Our results sug-
gest that subjects exhibiting higher 5-HTT binding
are likely to have less 5-HTys receptor binding and
vice versa. One possible interpretation of this inter-
subject difference is that individuals with higher 5-
HT synthesis and release show a decrease in the 5-
HT;a receptor function to dampen the transmission
at the postsynaptic site and an increase in 5-HTT
function in order to reuptake more 5-HT at the pre-
synaptic site, whereas individuals with lower 5-HT
synthesis and release show an increase in the 5-HT;,
receptor function and a decrease in 5-HTT function to
reuptake less 5-HT; that is, pre- and postsynaptic 5-
HT functions are modulated cooperatively to compen-
sate the overall 5-HT transmission. However, these
studies were done under resting condition, and there-
fore challenge study designs using drugs or stress
may help to better understand the relationship
between pre- and postsynaptic functions.

Limitation

There are several limitations to the current study.
First, the two PET studies were not always performed
on the same day. Good reproducibility for both ligands
(Kim et al., 2006; Rabiner et al., 2002), however, has
been demonstrated, and it has been shown that the
endogenous 5-HT level has no direct effect on binding
(Rabiner et al., 2002; Talbot et al., 2005); hence, it is
unlikely that the endogenous level affected the
results. Second, the sample size was small, especially
for a correlation study between pre- and postsynaptic
functions, and our study should necessarily be
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regarded as a preliminary one. Third, we focused only
on 5-HTT and 5-HT;4 receptors because they report-
edly play pivotal roles in serotonergic functions. How-
ever, there are more than 10 receptor systems in the
brain that affect serotonergic transmission. In addi-
tion, monoamine oxidase as well as 5-HTT are known
to control the 5-HT concentration in the synapse (Nes-
tler et al., 2008). Finally, the current study includes
only young men, and we should expand it to women
and individuals of a wider range of ages. Such a data-
base will be helpful even for clinical studies on
depression and anxiety disorders, since these disor-
ders are known to show different prevalence and clin-
ical features depending on gender and age (Fer-
nandez et al., 1995; Gorman, 2006; Pigott, 1999). The
physiological differences in the 5-HT system based on
gender and age might explain the characteristics of
depression and anxiety disorders.

In summary, we constructed a normal database to
elucidate regional distributions of 5-HT;, and 5-HTT
binding. The neuroanatomy of the 5-HT;4 and 5-HTT
serotonergic systems was discussed mostly by compar-
ing our findings with those of previous postmortem
studies. Furthermore, we explored the linear negative
correlation between pre- and postsynaptic functions
in certain parts of the brain. The results obtained
indicate the involvement of a cooperative or comple-
mentary process in serotonergic transmission. Fur-
ther studies are required to elucidate the modulation
of 5-HT transmission in neuropsychiatric disorders
and to clarify the various serotonergic systems involv-
ing pre- and postsynaptic functions in different
regions of the brain.
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potentials (ERPs); employed to evoke MMN. MMN at frontocentral sites was enhanced in TLE patients relative
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Pre-attentive memory MMP were significantly delayed in the TLE group. These findings demonstrate that TLE patients

have impaired pre-attentive processing of pure-tone sounds. Enhanced frontocentral MMN may
reflect hyperexcitability of the frontal lobes in compensation for dysfunction of the temporal
lobes. Larger positivity at the mastoids in response to standard stimuli may be attributed to poor
neuronal adaptation in the temporal lobe. Taken together, results suggest that evaluation of
MMN/P is a useful physiological tool for identifying pre-attentive auditory memory dysfunction
in TLE.
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Introduction

Temporal lobe epilepsy (TLE) is often associated with mem-
ory impairment due to damage in the hippocampus and
surrounding structures (Dietl et al., 2008; McCagh et al.,
2009). It has been repeatedly shown that both short-term
and long-term memory are impaired in TLE (Butler and
Zeman, 2008; McCagh et al., 2009). However, little is known
concerning dysfunction in initial sensory memory encoding
in TLE.

Mismatch negativity (MMN) is an early auditory
event-related potential (ERP) elicited when infrequent
(""deviant’’) sounds occur in a sequence of repetitive
(“‘standard’’) sounds (N&&tanen et al., 1978). It has been
proposed that MMN automatically arises if there is mismatch
between the physical features of a deviant stimulus and
a neuronal sensory-memory trace produced by repetitive
standard stimuli (Nadtanen et al., 1989). MMN is believed to
reflect the earliest cortical event in the cognitive processing
of auditory information (Pfefferbaum et al., 1995) and thus
to be a part of auditory pre-attentive memory (Cowan
et al., 1993). MMN can be elicited even in the absence of
attention, and effects of motivation are minimal (Naaténen,
2000). MMN has therefore received considerable interest
because of its potential application to clinical research,
and has been studied in various populations including
newborns (Stefanics et al., 2009) and children (Milovanov
et al., 2009) as well as in disorders such as schizophrenia
(Kasai et al., 2002; Salisbury et al., 2007) and Alzheimer’s
disease (Pekkonen et al., 2001). Focusing on pre-attentive
processes may be the only means of assessing cognitive
function in patients with advanced cognitive decay who are
unable to perform traditional cognitive tasks.

To date, the extant literature evaluating MMN response
in epilepsy patients is limited and discrepant, with some
studies pointing to attenuated or delayed MMN, whereas
others report enhanced MMN. For example, Lin et al.
(2007) investigated the magnetic equivalent of mismatch
negativity (MMNm) in intractable TLE patients using mag-
netoencephalography (MEG). Longer MMNm latencies were
observed in patients than in healthy controls. The authors
also evaluated inter-trial phase coherence as indexed by
phase-locking factors using wavelet-based analyses. For
patients who became seizure-free after removal of right
temporal epileptic foci, phase-locking in response to deviant
stimuli was enhanced and more strongly distributed in fron-
totemporal regions. Such findings suggest that successful
surgery may improve auditory change detection. Borghetti
et al. (2007) demonstrated similar improvements in drug-
resistant epilepsy patients who underwent vagus nerve
stimulation (VNS). Prior to VNS implantation, MMN latencies
in some patients were abnormally late and attenuated rela-
tive to controls. After implantation, however, these patients
exhibited a major reduction in MMN latency and increase
in amplitude, suggesting a positive effect of VNS on pre-
attentive processes.

In the pediatric field, MMN has been shown to be absent or
prolonged for speech (but not tones) in patients with benign
childhood epilepsy with centro-temporal spikes (BCECTS)
(Boatman et al., 2008; Duman et al., 2008). Patients with
BCECTS with atypical features and learning difficulties have

also been shown to exhibit attenuated MMN amplitudes
(Metz-Lutz and Fitippini, 2006). Furthermore, Honbolygd
et al. (2006) found that in Landau—Kleffner syndrome, MMN
was obtained for phoneme differences but was absent for
stress pattern differences.

In contrast to findings of attenuated MMN amplitudes
and delayed latencies, Usui et al. (2009) observed dis-
tinctively large N100m signals, the magnetic counterpart
of N1/N100, in autosomal-dominant lateral temporal lobe
epilepsy with seizures provoked by auditory stimuli. Simi-
larly, Gene-Cos et al. (2005) reported that MMN amplitudes
tended to be larger in patients with epilepsy than in healthy
controls. Furthermore, work from our own laboratory has
shown extremely large MMN amplitudes in response to high-
frequency deviants in a patient with frontal lobe epilepsy
with seizures provoked by high-frequency auditory stimuli
(Miyajima et al., 2009). One could hypothesize that the
higher amplitudes observed in epileptic patients indicate
increased activation of the same neuronal population as in
controls, or that extra neuronal circuits are activated in
epileptic patients (Myatchin et al., 2009).

Taken together, the existing literature provides dis-
crepant accounts of how MMN is affected in epilepsy
patients. Furthermore, most studies in adult epileptics have
not focused on patients with specific types of epileptic syn-
dromes or epileptogenic regions. To this end, the broad
aim of the current study was to better characterize poten-
tial differences in cortical activation patterns between TLE
patients and controls during pre-attentive auditory process-
ing. Specifically, we employed a passive oddball task and
evaluated whether frontal and mastoid mismatch compo-
nents were equally affected by TLE. If a single auditory
cortex generator is responsible for any potential abnormal-
ities in TLE, we hypothesized that similar MMN changes
should be expected across electrode locations, given that
frontal and mastoid electrodes are approximately equidis-
tant from Heschl’s gyrus (Baldeweg et al., 2002).

In addition to characterizing MMN differences between
TLE patients and controls, a secondary objective was to
investigate whether MMN abnormalities, if present in TLE
patients, were associated with epileptic seizures. Specifi-
cally, we evaluated whether mismatch components differed
between patients who experienced at least one seizure in
the months leading up to the experiment and patients who
were seizure-free during the same time period.

Methods

Subjects

Twenty TLE patients (8 females and 12 males; mean age 33.9 +10.0
(SD) years) and 20 comparable healthy control subjects (10 females
and 10 males; mean age 34.0+7.8 years) participated in this study
as volunteers.

Epilepsy patients were recruited from Tokyo Medical and Den-
tal University Hospital and Hara Clinic, a specialized epilepsy clinic
certified as a training facility by The Japan Epilepsy Society. All
patients had partial seizures with features strongly suggestive of
a TLE diagnosis, including simple partial seizures characterized by
autonomic and/or psychic symptoms, certain phenomena such as
olfactory and auditory sensations, and complex partial seizures
beginning with motor arrest followed by oroalimentary automatism
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Table 1 Clinical information for healthy controls and TLE patients.
Variables Controls (n=20) TLE patients (n=20)
Mean (SD) Range Mean (SD) Range

Age (years) 34.0 (7.8) 23-50  33.9 (10.0) - 20-50 NS
Education (years) 16.6 (3.3) 12-22 14.5 1.7) 12—16 " NS
Gender {male/female) 10/10 12/8 : [
Duration of epilepsy (years) NA 13.7 (9.8) 3-33
Age of onset (years) NA 20.1 (11.4) 0—45
Side of epileptic focus NA 9/4/7

(left/right/bilateral or

undetermined) =~
Seizure status (intractable/remission) NA 12/8 e
Number of AED - o NA 1.8 (1.0

AED, antiepileptic drug;k NA, not applicable; NS, no significant difference.

(Commission on Classification and Terminology of the International
League Against Epilepsy, 1989). Diagnoses were based on a combi-
nation of clinical symptoms, EEG, and structural/functional imaging
data. Exclusion criteria for both groups included comorbid psy-
chiatric disease, substance abuse or dependence, and reports of
hearing or vision problems at the time of the experiment. Addi-
tional exclusion criteria for the control group included a history of
psychiatric disease, history of traumatic brain injury with any known
cognitive consequences or loss of consciousness, history of convul-
sions other than simple febrile seizures, and psychiatric disease or
epileptic disorder in first-degree relatives.

Table 1 summarizes the subjects’ clinical characteristics.
Patients were divided into two subgroups, an intractable subgroup
and a remission subgroup. The intractable subgroup experienced at
least one seizure within a 20-month period prior to the experiment,
while the remission subgroup was completely seizure-free during
this time. All patients were treated with at least one anti-epileptic
drug (AED), e.g., carbamazepine or phenytoin, for seizure control.

The study was approved by the Ethics Committee at Tokyo Med-
ical and Dental University. Written informed consent was obtained
from each participant after thoroughly describing the experiment.

Procedure

Subjects were presented with auditory stimulus sequences consist-
ing of 600 standard stimuli and 150 deviant stimuli delivered in
random order. Fifty deviant stimuli were presented to each subject
in a single block, and each subject completed three blocks. The
experimental conditions were designed to elicit MMN in response to
changes in frequency of pure tones. To this end, stimuli consisted of
pure tones presented for 100 ms each, with a rise/fall time of 5ms
and a stimulus onset asynchrony (SOA) of 500 ms. Standard stimuli
(1000 Hz) comprised 80% of all trials, while deviant stimuli (1050 Hz)
comprised 20%. The standard pure tone frequency of 1000 Hz is com-
monly used in psychoacoustic and electrophysiological studies, and
was chosen because it does not directly correspond to the funda-
mental of any musical note. Stimuli were delivered binaurally via
earphones at 90dB as subjects watched a silent film while seated
and were instructed to ignore auditory stimuli.

ERP recording

EEG was recorded using a portable bio-amplifier recording device
(Polymate AP-1532 with silver/silver chloride electrodes, or Poly-
mate AP-216 with active electrodes, TEAC Corporation, Japan) from
the midline (Fz, Cz, Pz, and Oz) and bilateral mastoids. The tip of
the nose served as the reference for all electrodes. Two electrodes

were placed above the left eye and below the right eye to monitor
the electrooculogram (EOG). Impedance between the electrodes
and skin did not exceed 5kQ. The sampling rate was 1000 Hz for
each channel and the recording bandwidth was between 0.05Hz
and 300 Hz.

Data analysis

Data analysis focused on a 600 ms time window ranging from 100 ms
pre-stimulus to 500 ms post-stimulus onset. The pre-stimulus base-
line was corrected separately for each channel according to the
mean EEG amplitude over the 100 ms period. Averaging and artifact
rejection were performed off-line. Trials with excessive movement
activity or with EOG activity exceeding 100 wV peak-to-peak were
excluded from analysis. Average waveforms were obtained sepa-
rately for deviant and standard stimuli, with a minimum of 100
deviant trials for each subject.

Because MMN is known to show inverted polarity at mastoid
locations, the term ‘mismatch positivity’ (MMP) has been adopted
to describe the mismatch component at this location (Baldeweg
et al., 1999). For this reason, we use the term MMP when describ-
ing mastoid findings, and MMN for findings at all other electrode
locations.

Statistical analyses

The mean amplitudes of standard and deviant waveforms were
defined as the average amplitude for each waveform 100—-250ms
post-stimulus onset (the range in which MMN/P is typically found).
MMN/P peak latency was defined as the latency of the peak show-
ing maximal negativity/positivity 100—250ms post-stimulus onset
for the deviant — standard difference waveform.

Mean amplitudes for standard and deviant waveforms were first
analyzed using three-way repeated-measures analyses of variance
(ANOVA), with separate ANOVAs conducted for sites with nega-
tive and positive polarity. For both ANOVAs, factors included the
between-subjects factor GROUP (TLE and control), and two within-
subject factors STIMULUS (standard and deviant) and SITE (for sites
with negative polarity: Fz and Cz; for sites with positive polar-
ity: left and right mastoid). Additional two-way ANOVAs with one
between-subject factor GROUP (TLE and control), and one within-
subject factor SITE (for sites with negative polarity: Fz and Cz;
for sites with positive polarity: left and right mastoid) followed
separately for standard and deviant waveforms.

MMN/P peak latencies based on the difference waveform were
examined using two-way repeated-measures ANOVAs with one
between-subject factor GROUP (TLE and control), and one within-
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Table 2 Mean amplitudes of standard, deviant and difference (MMN) waveforms as well as MMN peak latencies in controls and

TLE patients.
Variables Site Controls (n=20) TLE patients (n=20)
Mean (SD) Mean (SD)
Mean amplitude (uV) .
Standard Frontocentral Fz 0.17 (0.70) 0.17 (1.31)
Cz 0.15 (0.69) 0.07 (1.12)
Mastoid ’ L -0.22 (0.66) 0.43 (0.56)
R —0.31 (0.67) 0.42 (0.59)
Deviant Frontocentral Fz 0.1 (0.73) —0.56 (1.59)
Cz 0.24 (1.07) —0.55 (1.39)
Mastoid L 0.13 (0.60) 0.49 (0.98)
R 0.16 (0.56) 0.45 (1.20)
MMN Frontocentral Fz —0.05 (0.73) - =0.75 - (0.84)
Cz -0.10 (1.19) ~0.64 (0.93)
Mastoid L 0.35 (0.51) 0.06 {0.91)
R 0.47 (0.58) 0.02 (0.63)
Peak latency (ms)
MMN Frontocentral Fz 133 (28) 179 (36)
Cz 141 (42) 171 (41)
Mastoid L 145 31) 157 ©(93) S
R 150 (33) IEREEEEI £ - BT 39
subject factor SITE (for sites with negative polarity: Fz and Cz; for
sites with positive polarity: left and right mastoid).
Finally, to explore whether potential abnormalities in TLE Standard Deviant
patients were associated with epileptic seizures, the TLE group was
divided into two subgroups, an intractable subgroup and a remission 7
subgroup. Mean amplitudes for standard and deviant waveforms 7

were first analyzed using three-way ANOVAs with one between-
subjects factor SUBGROUP (intractable and remission), and two
within-subject factors STIMULUS (standard and deviant) and SITE
(for sites with negative polarity: Fz and Cz; for sites with posi-
tive polarity: left and right mastoid). When a three-way ANOVA
yielded a significant interaction or trend for an interaction between
factors, a two-way ANOVA was performed for the relevant fac-
tors. MMN/P peak latencies based on the difference waveform
were examined using two-way repeated-measures ANOVAs with
one between-subjects factor SUBGROUP (intractable and remis-
sion), and one within-subject factor SITE (for sites with negative
polarity: Fz and Cz; for sites with positive polarity: left and right
mastoid).

With respect to all analyses, statistics for sites showing a nega-
tive mismatch component were limited to Fz and Cz because MMN
typically is largest at midline frontocentral sites. As anticipated,
visual inspection of difference waveforms at Pz and Oz revealed
small and obscure mismatch signals such that it was difficult to
determine individual peaks. MMN typically reverses polarity at nose-
referenced mastoid sites. To this end, evaluation of waveforms at
mastoid sites enabled comparison of polarity with waveforms at Fz
and Cz, providing additional assurance that the observed negativity
at these sites was a ‘"true’’ mismatch response (Nddtanen et al.,
2007).

Results

Fig. 1 presents grand-averaged ERP waveforms for standard
and deviant stimuli in TLE patients and controls at Fz, Cz,
and left and right mastoids, with associated mean ampli-
tudes presented in Table 2. Although statistical analyses

Fz e/
RN

” i
N ); % A e )
I N o L Y S e
NN N N
A :
2 " g T £ ::\, e
. \\ T ST LMo %\/f ‘3'\:“,:://
- o
SN
T . s, . ;
i ,\. /~ - !\i‘w:,j RM < J \\/'\:%;;p/:’
< <
uV microvolt
-1.5
—————————— Controls . .
—————— TLE patients -100 0 500ms
LM, Left mastoid; RM. Right mastoid 15

Figure 1  Comparison between grand-averaged ERPs for stan-
dard and deviant stimuli in controls and TLE patients. Solid line,
control group; striped line, epilepsy group.

— 144 —



Abnormal mismatch negativity for pure-tone sounds in temporal lobe epilepsy 5

Table3 Mean amplitudes of standard deviant and difference (MMN) waveforms as well as MMN peak latencies in TLE intractable

and remission subgroups.

Remission (n=8)

Variables Site Intractable (n=12)
Mean (SD) ‘Mean - (SD) -
Mean amplitude (V)
Standard Frontocentral Fz 0.23 (0.64) 0.08 (0.61)
Cz 0.12 {1.46) —0.01 (0.53)
Mastoid L 0.45 (0:68) 0.40 (0.36)
R 0.43 {0.70) 0:43 . (0:39)
Deviant Frontocentral Fz ~0.60 (1.91) ~=0.51 - {1.06) -
Cz —0.66 (1.50) ~0.38 (1.29)
Mastoid L 0.36 (1.09) 0.70 (0.82)
o R 0.36 (1.06) 057 (0.53)
MMN ‘Frontocentral Fz ~0.82 (0.84) - (0.87)
‘ Cz -0.78 (0.85) o (1.03)
Mastoid L —0.10 (0.96) - ©(0.90)
, ‘ R —~0.06 (0.73) (0.58)
Peak latency (ms) - .. : : : SR
MMN Frontocentral Fz 183 (34) 149 7
Cz 172 43) 148 T3y
Mastoid L 165 (64). 126 (59
R 193 45) 147 ©4

for mean amplitude were performed based upon standard
and deviant waveforms, we also present grand-averaged
MMN/P waveforms (i.e., difference waveforms) in Fig. 2 for
ease of comparing mismatch signals across groups. For the

Difference
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Figure 2 Deviant minus standard difference waveforms in

controls and TLE patients. Solid line, control group; striped line,
epilepsy group.

same reason, MMN/P mean amplitudes also are presented
in Table 2, with mean amplitude defined as the average
amplitude of the deviant —standard difference waveform
100—250 ms post-stimulus onset. Peak latencies for the dif-
ference waveform are also reported in Table 2. Finally,
Table 3 presents data relevant to the TLE subgroup analysis,
including mean amplitudes of standard, deviant and differ-
ence (MMN/P) waveforms, as well as peak latencies of the
MMN/P waveform.

Frontocentral sites

A 2 (GROUP: TLE vs. control) x 2 (STIMULUS: standard vs.
deviant) x 2 (SITE: Fz vs. Cz) repeated-measures ANOVA
examining mean amplitudes for standard and deviant stimuli
in the range of 100—250 ms revealed a significant main effect
of STIMULUS [F(1, 38)=5.05, p<0.05], such that deviant
amplitudes were greater than standard amplitudes. A sig-
nificant interaction between STIMULUS and GROUP was also
found [F(1, 38)=5.74, p<0.05], indicating that the dif-
ference between deviant and standard amplitudes in TLE
patients was greater than that in controls. Stated another
way, MMN was enhanced in TLE patients relative to con-
trols (see Figs. 1 and 2 and Table 2). Separate 2 (SITE:
Fz vs. Cz) x 2 (GROUP: TLE vs. control) repeated-measures
ANOVAs for deviant and standard mean amplitudes showed
no significant main effects or interactions. Additionally,
visual inspection of waveforms revealed that deviant wave-
forms in TLE patients were still negative at a latency of
200 ms, whereas in controls deviant waveforms shifted from
negative to positive around 150ms, effectively leading to
prolonged MMN duration in TLE patients (see Fig. 1 and
Table 2).
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With respect to MMN peak latency (based on the
deviant —standard difference waveform), a two-way
repeated measures ANOVA revealed a significant main
effect of GROUP [F(1, 38)=12.45, p<0.01], such that
MMN peak latency was delayed in patients compared with
controls. No significant main effect of SITE or interaction
between GROUP and SITE was observed.

Mastoid sites

A three-way repeated-measures ANOVA examining mean
amplitudes for standard and deviant stimuli revealed signif-
icant main effects of both GROUP [F(1, 38)=7.14, p<0.05]
and STIMULUS [F(1, 38)=5.08, p<0.05]. Collapsed across
stimulus type and site, mean amplitudes were greater in
TLE patients than controls; collapsed across group and site,
deviant amplitudes were greater than standard amplitudes.
No significant interaction between factors was observed.
In addition, separate two-way repeated-measures ANOVAs
were performed for deviant and standard mean amplitudes.
No significant main effects of GROUP or SITE or an inter-
action between factors were found for deviant stimuli.
Conversely, for standard stimuli a main effect of GROUP was
found [F(1, 38)=13.65, p<0.001], with TLE patients show-
ing greater mean amplitudes than controls (see Fig. 1 and
Table 2). No main effect of SITE or an interaction between
GROUP and SITE was found for standard stimuli.

A two-way repeated measures ANOVA for MMP peak
latency based on the difference waveform revealed a signifi-
cant main effect of GROUP (F(1, 38) =4.39, p<0.05) and SITE
(F(1, 38)=7.65, p<0.01), indicating that MMP peak latency
was delayed in TLE patients relative to controls, and that
both groups displayed delayed MMP peak latencies in the
right relative to left mastoid (see Fig. 2 and Table 2). There
was a trend toward a significant interaction between GROUP
and SITE [F(1, 38)=3.88, p=0.056], although the difference
did not reach a significant level.

MMN/P and epileptic seizures

At frontocentral sites, a 2 (STIMULUS: standard vs.
deviant) x 2 (SITE: Fz vs. Cz) x2 (SUBGROUP: intractable
vs. remission) repeated-measures ANOVA for mean ampli-
tudes of standard and deviant waveforms in the range of
100—250 ms revealed a significant main effect of STIMULUS
[F(1, 38)=9.44, p<0.01], such that deviant amplitudes were
greater than standard amplitudes (see Table 3). No main
effect of GROUP or interaction between STIMULUS and SUB-
GROUP was observed. For MMN peak latency, a 2 (SITE: Fz
vs. Cz) x 2 (SUBGROUP: intractable vs. remission) repeated
measures ANOVA revealed no significant main effects or
interactions.

At mastoid sites, a three-way repeated measures ANOVA
for mean amplitudes of standard and deviant stimuli
revealed no significant main effects or interactions between
factors. With respect to MMP peak latency, a two-way
repeated measures ANOVA revealed a significant main effect
of SITE [F(1, 18)=7.06, p <0.05], reflecting longer latencies
in both groups for right than left mastoid (see Table 3). No
main effect of SUBGROUP or interaction between SITE and
SUBGROUP was observed.

Discussion

In response to a passive auditory oddball task, patients with
TLE exhibited patterns of cortical activity that differed from
control subjects in several ways. First, at frontocentral sites,
MMN was enhanced in TLE patients relative to controls, as
revealed by a significant GROUP by STIMULUS interaction for
mean amplitude. Secondly, at mastoid sites, TLE patients
showed greater standard waveform amplitudes than con-
trols. Finally, in addition to amplitude differences between
groups, analyses revealed longer MMN/P peak latencies in
TLE patients relative to controls at both frontocentral and
mastoid sites.

A number of researchers have noted that mismatch
potentials recorded from mastoid electrodes may exhibit
characteristics different from those of MMN recorded from
frontal electrodes (Baldeweg et al., 2002; Sato et al., 2002).
Early studies of MMN identified a single dipole generator
within the bilateral superior temporal gyri (STG) in the
vicinity of Heschl’s gyri (Scherg et al., 1989). Toward the
mastoids, an inversion of polarity is typically observed and
has been considered evidence for the generation of MMN
in the temporal lobe (Sams et al., 1985). However, more
recently it has been suggested that the single dipole model
may not account for all the data, and that more than one
source may contribute to the scalp MMN (Giard et al., 1994).
To this end, multichannel MEG and EEG studies (Rinne et al.,
2000) as well as intracranial recordings (Rosburg et al., 2005)
have identified additional generators in the frontal cortex.
In the latter study, MMN was observed in two patients at
electrode contacts over lateral inferior frontal cortex and
in one patient in a frontal interhemispheric electrode strip,
providing evidence for the participation of frontal gyri in
MMN generation. Recent observations have led to the view
that temporal electrodes mainly detect mismatch sources
in the superior temporal lobe, including perhaps its lateral
surface, while electrodes over the frontal scalp may detect
signals from putative frontal generators (Escera et al., 2003;
Naaténen et al., 2007).

In addition to debate surrounding the number of MMN
generators, the specific neural mechanisms underlying MMN
generation also remain controversial. Two major compet-
ing hypotheses, the model adjustment hypothesis and the
adaptation hypothesis, are considered below in relation to
the current findings.

To date, the most commonly suggested mechanism under-
lying MMN generation is a pre-attentive sensory memory
mechanism (Tiitinen et al., 1994) posited to automatically
compare present auditory input and memory traces of pre-
vious sounds (Nadtanen et al., 2007). More specifically, it
has been suggested that MMN may reflect on-line modifica-
tions of a perceptual model that is updated when auditory
input does not match its predictions (Nadtanen and Winkler,
1999), a hypothesis known as the model-adjustment hypoth-
esis. Based on this model, MMN is thought to result from two
underlying functional processes: a sensory memory mech-
anism arising from temporal generators and an automatic
attention-switching process arising from frontal generators
(Giard et al., 1990). Providing support for this model, Escera
et al. (2003) demonstrated evidence for prefrontal cortex
involvement in providing top-down modulation of a deviance
detection system in the temporal cortex. With respect to

— 146 —



Abnormal mismatch negativity for pure-tone sounds in temporal lobe epilepsy 7

the current study, findings of enhanced MMN at frontocen-
tral sites in TLE patients might thus be interpreted as frontal
lobe hyperexcitability to compensate for temporal lobe dys-
function. That is, a larger number of synchronously activated
frontal neurons may be required for successful automatic
attention-switching in TLE patients than in controls, due to
impairment of a initial sensory memory mechanism in the
temporal lobe.

An alternative mechanism recently proposed by
Jaaskelainen et al. (2004) suggests that MMN results from
a much simpler mechanism of local neuronal adaptation in
the auditory cortex. According to the adaptation hypoth-
esis, reduced responsiveness in the auditory cortex during
continuous stimulation is sufficient to explain the gener-
ation of an apparent MMN. In the current study, although
deviant — standard differences (i.e., MMP) at mastoid sites
did not significantly differ between the two groups, greater
standard waveform amplitudes were observed in patients
than in controls. With respect to the adaptation hypothesis,
such findings may reflect poor neuronal adaptation in the
temporal lobe such that repeated presentation of standard
stimuli does not lead to reduced responses. In other words,
processing resources may continue to be allocated in TLE
patients despite the repetitive nature of the standard
stimuli (Myatchin et al., 2009). TLE may be characterized
by excitability of the temporal lobe despite stimulus
repetition, which might be related to epileptogenesis of
the temporal cortex. The current results suggest that
adaptation mechanism of the temporal cortex for stimuli
that are subsequently repeated may be impaired in TLE.

It also bears noting that longer latency components such
as P3a may have affected the pre-stimulus baseline period,
in turn affecting MMN/P amplitudes given that epochs were
baseline-corrected. Specifically, because we chose a short
SOA (500ms), standard trials preceded by a deviant trial
may have had different pre-stimulus baseline periods than
those preceded by another standard trial. Although P300
abnormalities in TLE are controversial, studies in chronic
TLE patients typically report trends toward lower P300
amplitudes relative to controls (e.g., Drake et al., 1986;
Tuunainen et al., 1995; Abubakr and Wambacq, 2003). To
avoid potential confounds related to P3a, future studies
should exclude standard trials preceded by deviant trials
from averaging.

In addition to amplitude differences between TLE
patients and controls, a second key difference was an
increase in MMN/P latency in TLE patients, consistent with
previous reports (Lin et al., 2007; though see Duncan et al.,
2009, for reports of normal auditory P300 latencies in
patients with complex partial seizures). Because ERPs pro-
vide a chronological measure of brain function and ERP
latencies are thought to indicate timing of covert neu-
ronal events in which certain subroutines in the brain are
activated (Kok, 1997), increased MMN/P latencies in TLE
patients in the current study may be the result of an early
but not later slowing in auditory information processing
speed.

Furthermore, in TLE patients the MMN component
persisted longer at frontocentral sites than in controls, con-
sistent with previous findings by Gene-Cos et al. (2005).
The authors argue that prolonged MMN duration might point
to difficulty mainly in *‘the closure mechanism of the MMN

process’’. They suggest that this information processing dys-
function could be related to concentration and memory
difficulties observed in TLE patients, given that patients may
spend more time evaluating stimulus novelty than controls
and may experience difficulty switching attention from one
stimulus to another difficult (Piazzini et al., 2006). Such
findings in epilepsy patients are in agreement with pre-
vious studies in which barely discriminable tones elicited
delayed MMN peaks (N&atanen and Atho, 1995; Inouchi et al.,
2004) with delays increasing as the magnitude of deviation
decreased (Yabe et al., 2001; Inouchi et al., 2004).

Interestingly, collapsed across subject groups, MMP was
delayed in the right mastoid compared with the left.
Because of the small number of patients whose epilep-
tic focus was clearly lateralized, statistical analyses could
not be conducted to evaluate the relationship between
MMP latency and laterality of epileptic focus. Furthermore,
given that laterality effects have not been reported previ-
ously with respect to MMP latency in healthy adults, further
investigation is warranted before drawing strong conclusions
about this finding.

Finally, our patient subgroup analysis investigating the
relationship between seizures and MMN/P did not reveal any
significant differences between groups, suggesting that the
occurrence or absence of seizures in the months leading up
to the experiment did not significantly affect MMN/P.

Because all patients were being treated with AEDs at the
time of data collection, it bears noting that use of AEDs
may have affected MMN/P amplitudes and latencies. It has
been shown, for example, that anti-epileptic medication can
have an effect on motor reaction times and on latencies in
ERP studies (Lagae, 2006; Myatchin et al., 2009), as well as
an overall dampening effect on amplitudes (Rosburg et al.,
2005). Benzodiazepines, which are also used as AEDs, have
been found to reduce MMN amplitude (Rosburg et al., 2004).
To this end, the current finding of enhanced MMN amplitudes
in TLE patients cannot be explained as a simple dampening
effect of AEDs, though further studies will be required to
better address the effects of AEDs on MMN. Finally, although
all patients reported normal hearing levels, it is possible that
MMN/P was affected by subclinical differences in auditory
discriminative abilities between patients and controls.

Taken together, results from the present study reveal
clear cortical abnormalities in TLE patients that have not
been well-characterized previously by conventional EEG.
In TLE patients, enhanced MMN at frontocentral sites and
greater positivity at mastoid sites of standard waveforms
may be interpreted in terms of increased activation of the
same neuronal population as in controls, or activation of
extra neuronal circuits. In conclusion, the current study
extends previous findings of impaired short and long-term
memory in TLE patients (Butler and Zeman, 2008; McCagh
et al., 2009) by revealing that initial sensory memory is
impaired in TLE as well. Our findings indicate that MMN/P
can be useful as a physiological probe of pre-attentitve sen-
sory memory for tones in TLE.
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