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Serotonergic Dysfunction in Patients with Bipolar Disorder
Assessed by the Loudness Dependence
of the Auditory Evoked Potential
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Objective The loudness dependence of the auditory evoked potential (LDAEP) is suggested to be a marker of serotonin system func-
tion. This study explored the LDAEP of multiple mood statuses (depression, mania, and euthymia) and its clinical implication in bipolar
disorder patients.

Methods A total of 89 subjects, comprising 35 patients with bipolar disorder, 32 patients with schizophrenia, and 22 healthy controls
were evaluated. The bipolar disorder cases comprised 10 depressed patients, 15 patients with mania, and 10 euthymic patients. The N1/
P2 peak-to-peak amplitudes were measured at 5 stimulus intensities, and the LDAEP was calculated as the slope of the linear regression.
Both cortical and source LDAEP values were calculated.

Results LDAEP varied according to mood statuses, and was significantly stronger in cases of euthymia, depression, and mania. Corti-
cal LDAEP was significantly stronger in patients with bipolar euthymia compared with schizophrenia, stronger in bipolar depression
than in schizophrenia, stronger in healthy controls than in schizophrenia patients, and stronger in healthy controls than in patients with
bipolar mania. Source LDAEP was significantly stronger in patients with bipolar euthymia, bipolar depression, and bipolar mania com-
pared with schizophrenia, stronger in bipolar euthymia than in bipolar mania. Psychotic features weakened the source LDAEP relative
to nonpsychotic features. The severity of the depressive symptom was negatively correlated with source LDAEP.

Conclusion These findings suggest that the serotonin activity of patients with bipolar disorder may vary according to mood status. A
longitudinal follow-up study should be pursued using drug-naive subjects. Psychiatry Investig 2012;9:298-306

Key Words LDAERP, Bipolar disorder, Mood status, Serotonin.

INTRODUCTION

The loudness dependence of the auditory evoked potential
(LDAEP) has been proposed as a reliable indicator of the cen-
tral serotonin (5-HT) system in humans."” It is measure of ac-
tivity in the cerebral cortex that is reflected by a change in the
amplitude of the N1/P2 component of the auditory evoked
potential with increasing auditory tone loudness.' The sero-
tonergic neurons that innervate the auditory cortex, particu-
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larly the primary auditory cortex, are thought to modulate this
relation-whereby greater increases in amplitude represent di-
minished serotonin function, and smaller increases in ampli-
tude represent increased serotonin function.'

The affective switch, which may occur upon treating bipolar
patients with serotonergic drugs, implies that the serotonin
system contributes to the pathology of bipolar disorder.** An-
tidepressants that target the serotonergic system have been as-
sociated with varying degrees of propensity to induce a treat-
ment-emergent affective switch, providing valuable evidence
that mood-switch processes are related to central serotoner-
gic function.! Lee et al.* have reported 2 patients who exhib-
ited aberrantly high LDAEP, who also exhibited mood eleva-
tion and side effects in response to selective serotonin reuptake
inhibitor (SSRI) antidepressants. Park et al.® reported a patient
with major depressive disorder who exhibited a low baseline
LDAEP value and experienced severe adverse effects (e.g.,



nausea and vomiting, generalized weakness, headache, akathi-
sia, and anxiety) after the administration of SSRIs, without im-
provement of his depressive symptoms. There are several re-
ports that strong LDAEP is associated with a positive treat-
ment response in patients with bipolar disorder who have ta-
ken lithium.”® A strong LDAEP is thus associated with a de-
ficit in serotonergic neurotransmission.'’

The contribution of the serotonin system to bipolar disorder
is supported by genetic evidence.'"* Mundo and colleagues''
found that the short-allele polymorphism of the serotonin tr-
ansporter gene (5-HTTLPR) promoter was overrepresented
in patients who developed treatment-emergent hypomania or
mania after receiving SSRIs. There is some controversy regard-
ing the levels of the serotonin reuptake transporter (SERT) in
the prefrontal cortex of patients with bipolar disorder."”” Some
studies indicate no change in the density of SERT in the post-
mortem prefrontal cortex of patients with bipolar disorder."
Using a serial analysis of gene expression, another study reports
elevated SERT expression in the frontal cortex of patients with
bipolar disorder."

Mahmood and Silverstone' have reviewed evidence that
suggests that serotonin is likely to play a pivotal role in the pa-
thophysiology of bipolar disorder. However, patients with bi-
polar disorder have exhibited mixed findings of serotonin ac-
tivity or availability according to their mood status. Absolute
levels of the 5-HT metabolite 5-hydroxyindoleacetic acid (5-
HIAA), are reduced in the CSF during bipolar depression'
and increased during mania."” Significantly reduced hypoth-
alamopituitary axis response to 5-HT agonists (D-fenfluramine)
is found in bipolar mania." Diminished cortisol response to a
tryptophan challenge has been reported in bipolar euthymia."

To our knowledge, few studies have specifically addressed
the LDAEP of patients with bipolar disorder. In this study, we
compared LDAEP strength among bipolar disorder, schizo-
phrenia, and healthy controls. The current study also addresses
the question of whether serotonergic activity differs among bi-
polar disorder with different mood statuses (depression, mania,
and euthymia).

METHODS

Subjects

A total of 97 subjects were recruited, of whom 89 partici-
pants remained after the exclusion of 8 individuals (bipolar
disorder: 5, healthy controls: 3) whose LDAEP measurements
were greater than 2 standard deviations outside the entire
LDAEP dataset.

A total of 89 subjects between the ages of 18 and 61 years
participated in this study. Of these, 35 were patients with bi-
polar disorder, 32 were patients with schizophrenia, and the
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remainder (n=22) were healthy controls. Psychiatric diagno-
ses were made on the basis of the Structured Clinical Interview
for DSM-1V Axis I Disorders (SCID-I)* and Axis II Disorders
(SCID-II).”! The interviews were conducted face-to-face by
psychiatrists and psychiatric residents who had received train-
ing in the use of the instrument. Healthy controls were recr-
uited from the local community through newspaper adver-
tisement and fliers. After initial screening, subjects were ex-
cluded if they had a family history of psychiatric disorders.
Potential healthy controls were interviewed using the SCID-
IT and were excluded if they have had any of the disorders be-
ing studied. Subjects with any severe medical illness, high sui-
cidal risk, auditory impairment, or with a history of neurolo-
gical disorder, substance abuse, mental retardation, or brain
trauma, as well as pregnant women, were excluded. The Kore-
an version of the Beck Depression Inventory (BDI),* the Yo-
ung Mania Rating Scale (YMRS),” and the Hamilton Depres-
sion Rating Scale (HDRS)-21** were used. Subjects were clas-
sified as euthymic if they had a BDI score of 10 points or un-
der, an HDRS score of 13 points or under, and a YMRS score
of 12 points or fewer, for at least 2 months before the LDAEP
was measured. Subjects were classified as mania if they had a
YMRS of 14 points or more before the LDAEP was measured.
Subjects were classified as depression if they had a BDI of 17
points or more, and an HDRS score of 18 points or more, for
at least 1 week before the LDAEP was measured. Inter-rater
reliabilities were maintained high (kappa >0.8) in the mea-
surements using the YMRS and HDRS by using a regular
symptom rating training program. Written informed consent
was obtained from all of the subjects, and the study protocol
was approved by the ethics committee of the Inje University
Ilsanpaik Hospital.

Patients with bipolar disorder were taking mood-stabiliz-
ing agents (valproic acid, 100-1,500 mg, n=21; lithium, 300-
900 mg, n=12; carbamazepine, 300 mg, n=1) with or without
atypical antipsychotics (quetiapine, n=21; risperidone, n=5;
olanzapine, n=3; aripiprazole, n=3; amisulpride, n=1; blonan-
serin, n=1). Patients with schizophrenia were taking 1 of the
atypical antipsychotics (risperidone, n=14; quetiapine, n=10;
paliperidone, n=5; olanzapine, n=4; amisulpride, n=4; aripip-
razole, n=2; blonanserin, n=2; clozapine, n=2). When convert-
ed to an equivalent dose of chlorpromazine, the average dose
of antipsychotics in schizophrenia patients was 513 mg.

Among the bipolar subgroups, the number of patients who
were taking antipsychotics in bipolar depression was 5; in ma-
nia, 15; and in euthymia, 10. The number of patients taking
antidepressants in bipolar depression was 6; in mania, 0; and
in euthymia, 1. Mood stabilizers were taken by 6 patients in bi-
polar depression; in mania, 15; and in euthymia, 10. When con-
verted to an equivalent dose of chlorpromazine, the average
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dose of antipsychotics in bipolar depression was 293 mg; in
mania, 497 mg; and in euthymia, 253 mg.

Electrophysiological assessment and data preparation

All of the subjects were seated in a comfortable chair in a
sound-attenuated room. Auditory stimulation comprised 1,000
stimuli with an interstimulus interval that was randomized
between 500 and 900 ms. Tones of 1,000 Hz and 80-ms dura-
tion (10-ms rise and 10-ms fall) were presented at 5 intensities:
55, 65, 75, 85, and 95 dB SPL through MDR-D777 headph-
ones (Sony, Tokyo, Japan). These stimuli were generated by E-
Prime software (Psychology Software Tools, Pittsburgh, USA).
Electroencephalogram (EEG) data were recorded and ampli-
fied using a Neuroscan SynAmp amplifier (Compumedics
USA, El Paso, TX, USA) with 64 Ag-AgCl electrodes (FP1,
FPZ, FP2, AF3, AF4, F7, F5, F3, F1, FZ, F2, F4, Fé6, F8, F17,
FC5, FC3, FC1, FCZ, FC2, FC4, FCe, FT8, T7, C5, C3, C1,
Cz, C2, C4, C6, T8, TP7, CP5, CP3, CP1, CPZ, CP2, CP4,
CPe6, TPS, P7, P5, P3, P1, PZ, P2, P4, P6, P8, PO7, PO5, PO3,
POZ, PO4, PO6, POS, CB1, O1, OZ, 02, CB2, M1, and M2)
mounted in a Quick Cap using a modified 10-20 placement
scheme (impedance <10 kQ). The vertical electro-oculogram
(EOQG) was recorded using 2 electrodes, one located above,
and one below, the right eye. The horizontal EOG was record-
ed at the outer canthi of each eye. The ground electrode was
placed on the forehead, and the reference was located at elec-
trode Cz. EEG data were recorded with a 0.1-100-Hz band-
pass filter and a 1,000-Hz sampling rate. EEG data were ini-
tially processed using Scan 4.3, and re-referenced offline to an
average reference. Eye blinks were removed from the data us-
ing standard blink correction algorithms 25. Trials were reject-
ed if they included significant physiological artifacts (e.g., am-
plitude exceeding £70 V) at all 62 electrode sites, except for
M1 and M2. After artifact removal, baseline correction was
conducted by subtracting the mean of 100 ms of prestimulus
data from the post-stimulus data for each trial.

Cortical LDAEP analysis

Data were band-pass filtered at 0.1-30 Hz and then epoched
to 100 ms prestimulus and 600 ms post-stimulus. For 5 sound
intensities, and for each subject, the N1 peak (most negative
amplitude between 80 and 130 ms from the stimulus) and P2
peak (most positive peak between 130 and 230 ms from the
stimulus) were then determined at the Cz electrode. The Cz
electrode was chosen on the basis of a previous study 26 that
reported the LDAEP values from Fz, Cz, and Pz in different
stages of schizophrenia, as well as healthy controls. In their
results, the Cz electrode produced the most prominent LDAEP
value, compared with the Fz and Pz electrodes, in every sub-
ject. The peak-to-peak N1/P2 amplitudes were calculated for
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the 5 stimulus intensities, and the LDAEP was calculated as
the slope of the linear regression.

Source LDAEP analysis

On the basis of the averaged, scalp-recorded electric poten-
tial, standardized low-resolution brain electromagnetic tomo-
graphy (SLORETA) was used to estimate current density.”” The
sLORETA technique estimates the standardized source cur-
rent density by using the realistic 3-shell head model, on the
basis of the Montreal Neurological Institute (MNI) 152 tem-
plate provided by the Brain Imaging Center of the MNI, under
the assumption that the activity at any single neuron should be
highly synchronized to the activity of its closest neighbors.?®
The solution space is restricted to the cortical gray matter and
hippocampus of the head model and partitioned into 6239 vo-
xels at a spatial resolution of 5 mm. Anatomical labels, such as
Brodmann areas (BAs), are provided by the use of an appro-
priate transformation from MNI to Talairach space.”” The lo-
udness dependence of the source activity (source LDAEP) was
determined by calculating current source densities for each
subject and each sound pressure level. Two electrodes (M1,
M2) were not used in the SLORETA analysis because these
electrode locations are not supported by the SLORETA soft-
ware. The calculated standardized current density was aver-
aged between 60 and 240 ms post-stimulus from the primary
auditory cortex (BA41), in accordance with a previous study.>*
We calculated the 3 values of current density for the left, right,
and averaged data-1 from both hemispheres over the voxels
that fall under the primary auditory cortex. The source LD-
AEP was calculated as the slope of the linear regression of cur-
rent density of BA41 for the 5 stimulus intensities.

Statistical analysis

Diagnosis was classified in 3 different ways: 3 groups (bipo-
lar disorder, schizophrenia, healthy controls), 5 groups (bipolar
mania, bipolar depression, bipolar euthymia, schizophrenia,
and healthy controls), and as 3 bipolar subgroups (bipolar ma-
nia, bipolar depression, bipolar euthymia). Group differences
were assessed by one-way ANOVA with diagnostic groups as
independent factors and LDAEP as the dependent variable.
There is compelling evidence to indicate gender differences
in serotonergic function among depressed patients.” > Gen-
der could therefore be a serious influencing factor on LDAEP.
If the gender distribution showed a significant difference am-
ong groups, univariate ANOVA would be performed with di-
agnostic groups as independent factors, LDAEP as dependent
variable, and gender as a covariate. Post hoc comparison was
performed using the least significant difference method. Un-
corrected values of means and standard deviations were pre-
sented.



Furthermore, bipolar disorder patients were divided into th-
ose who presented psychotic features during the current mood
episode and those who did not, or those having a history of
psychotic features and those who do not. An independent t-
test was performed for 2 bipolar patient groups. For correla-
tion analysis between symptom severity and bipolar subgr-
oups, Spearman analysis was conducted.

RESULTS

Demographic characteristics

Table 1 presents the distribution of demographic character-
istics and the mean score of the symptoms scales for each men-
tal disorder. There was a significant gender difference among
the 3 groups (p=0.033), but not among 5 groups (p=0.070) or
the 3 bipolar subgroups (p=0.366).

Cortical LDAEP

In 3 group analysis, after controlling for gender effects, there
were no significant differences among groups (F=12.027, df=
2, p=0.077). LDAEP exhibited a tendency of decreasing streng-
th in the order of healthy controls, bipolar disorder patients,
and schizophrenia patients.

In 5 group analysis, there was a significant difference in LD-
AEP among groups (F=6.217, df=4, p=0.000; Figure 1). Anal-
ysis of LDAEP revealed a tendency of decreasing strength in

Table 1. Demographic data of the subjects
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the patients in the following order: healthy controls, patients
with bipolar euthymia, patients with bipolar depression, pa-
tients with bipolar mania and those with schizophrenia. A post
hoc analysis revealed that LDAEP was significantly stronger
in patients with bipolar depression than in those with schizo-
phrenia (0.86£0.69 vs. 0.4610.38 uV/10 dB, p=0.027), stron-
ger in bipolar euthymia than in schizophrenia (1.06£0.54 vs.
0.4610.38 uV/10 dB, p=0.001), stronger in healthy controls re-
lative to patients with schizophrenia (1.07+0.51 vs. 0.4610.38
uV/10 dB, p=0.000), and stronger in healthy controls relative
to patients with bipolar mania (1.07+0.51 vs. 0.74+0.47 uV/10
dB, p=0.046).

In bipolar subgroups analysis, patients with bipolar depres-
sion, bipolar mania, and bipolar euthymia were compared;
there were no significant differences (F=0.999, df=2, p=0.379).

Among patients with bipolar disorder, patients were divid-
ed into those presenting psychotic features during the cur-
rent mood episode and those who did not, as well as into
those with a history of psychotic features and those without.
A t-test for independent samples indicated that the strength
of the LDAEP did not differ significantly between the 2
groups in either case (t=0.326, p=0.746; and t=0.98, p=0.334).
Among the subgroups of bipolar disorder, the BDI and HDRS
scores of bipolar depression and euthymia did not significantly
correlate with LDAEP. Similarly, the YMRS score of bipolar
mania did not significantly correlate with LDAEP.

- BI? - SPR HC p value
Depression ~ Mania Euthymia

Number of subjects (N) 10 15 10 32 22
Gender (male/female) 2/8 7/8 3/7 19/13 6/16 0.033,* 0.070t, 0366*
Age (years) 33.119.3 35.919.6 389+t114 33.619.3 30.1t124 0.2218%
Duration of illness (years) 5.615.4 7.81+6.7 6.91+4.1 6.416.2 0.8038
Total episodes (N) 1.5+1.3 39432 2.7+2.1 0.2238
Depressed episodes (N) 1.2+0.9 0.73+1.2 1+0.9 0.5418
Manic episodes (N) 0.3+0.5 3+2.8 1.8+1.7 0.0588
Number of subjects using antipsychotics (%) 5(50) 15 (100) 10 (100) 32(100)
CPZ-equivalent dose for 1 patient (mg) 293 497 253 513
Number of subjects using antidepressants (%) 6 (60) 0(0) 1(10) 1(3)
Number of subjects using mood stabilizer (%) 6 (60) 15 (100) 10 (100) 6(19)
HDRS score 232457 8.613.1 0.0007
BDI score 22+52 6.3+2.3 0.000f
YMRS score 24.2%6.1
PANSS score 98+21.8

*chi-square tests for 3 groups (BD, SPR, HC), fchi-square tests for 5 groups (depression, mania, euthymia, SPR, HC), *chi-square tests for 3
bipolar subgroups (depression, mania, euthymia), SANOVA, fit-test. BD: bipolar disorder, SPR: schizophrenia, HC: healthy controls, PANSS:
Positive and Negative Syndrome Scale, YMRS: Young Mania Rating Scale, HDRS: Hamilton Depression Rating Scale, BDI: Beck Depression

Inventory, CPZ: chlorpromazine

www.psychiatryinvestigation.org 301



LDAEP of Bipolar Disorder

Mania  Depression  Euthymia HC
(n=32) (n=15) (n=10) (n=10) (n=22)

Figure 1. Comparison of loudness dependence of the auditory
evoked potential (LDAEP) among schizophrenia (SPR), bipolar
mania (Mania), bipolar depression (Depression), bipolar euthymia
(Euthymia), and healthy controls (HC). Mean values were pre-
sented as horizontal bars. There was a strong trend of significant
effect of the diagnostic groups. *represents a statistically signifi-
cant difference between 2 groups (p<0.05).

Source LDAEP

In 3 group analysis, after controlling for gender effects, there
were no significant group differences in the left hemisphere
(F=1.534, df=2, p=0.395), right hemisphere (F=3.661, df=2,
p=0.215), or average (F=2.518, df=2, p=0.284).

In 5 group analysis, there was a significant group difference
in the averaged source LDAEP in both hemispheres (F=3.448,
df=4, p=0.012; Figure 2). A post hoc analysis revealed that
the averaged source LDAEP was significantly stronger in pa-
tients with bipolar depression than in those with schizophre-
nia (0.0471+0.060 vs. 0.009+0.057 current value/10 dB, p=
0.050), stronger in bipolar euthymia than in schizophrenia
(0.073£0.054 vs. 0.009+0.057 current value/10 dB, p=0.001),
stronger in healthy controls than in patients with schizophre-
nia (0.0401£0.049 vs. 0.009£0.057 current value/10 dB, p=
0.035), and stronger in bipolar euthymia than in bipolar ma-
nia (0.073+0.054 vs. 0.024+0.032 current value/10 dB, p=
0.025). However, there was no significant primary effect of
group differences in the left hemisphere (F=2.179, df=4,
p=0.078) or right hemisphere (F=2.359, df=4, p=0.060).

In the analysis of the 3 bipolar subgroups, there were no
significant group differences in left hemisphere (F 1.578, df=
2, p=0.222), right hemisphere (F=2.676, df=2, p=0.084), or
averaged (F=3.028, df=2, p=0.062).

There was a significant difference in the averaged source
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statistically significant difference between 2 groups (p<0.05).

LDAEP of both hemispheres between bipolar disorder with
psychotic features and bipolar disorder without psychotic
features in the current mood episode (0.0171+0.034 vs. 0.056+
0.053, p=0.038; Figure 3). However, when comparing a his-
tory of psychotic features, there was no significant difference.

In the bipolar disorder depression and euthymia groups,
the BDI score showed significant correlations with the aver-
aged source LDAEP (rho=-0.445, p=0.049; Figure 4). The
HDRS score also showed a trend of significant correlation
with the averaged source LDAEP (rho=-0.437, p=0.054; Fig-
ure 4). However, the YMRS score of bipolar mania did not
significantly correlate with source LDAEPs.

DISCUSSION

Our results revealed that the strength of LDAEP varied ac-
cording to current mood status, and was strongest in descend-
ing order of euthymia, depression, and mania. Patients with
bipolar disorder who exhibited psychotic features in their
current mood episode demonstrated weaker source LDAEP
compared with that of bipolar disorder without psychotic
features. Furthermore, the BDI and HDRS scores were nega-
tively correlated with source LDAEP strength in bipolar eu-
thymia and depression.

The LDAEP of patients with bipolar disorder varied accord-
ing to current mood status. Bipolar mania showed the weakest
LDAEP-values as low as those of schizophrenia patients. Me-



anwhile, bipolar euthymia exhibited comparable LDAEP st-
rength to healthy controls. Previous results from our labora-
tory revealed that the LDAEP in bipolar disorder is as low as
that of schizophrenia patients.* However, the present results
revealed that this is not true in all cases. This discrepancy may
be explained by the different distribution of bipolar disorder
subgroups between the 2 studies. In the study by Park et al.**
the number of patients with bipolar mania was 28 (75.6%),
while patients with bipolar depression was just 9 (24.4%). In
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Figure 3. Comparison of averaged source loudness dependence
of the auditory evoked potential (LDAEP) of both hemispheres be-
tween bipolar disorder with psychotic features and without psy-
chotic features in the current episode. Mean values were presented
as horizontal bars. *represents a statistically significant difference
between 2 groups (p<0.05).
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the current study, the proportions of bipolar mood statuses
were as follows: mania, 15 (42.8%); depression, 10 (28.5%);
and euthymia, 10 (28.5%). Bipolar depression and euthymia
exhibited stronger LDAEP relative to bipolar mania. A high-
er proportion of bipolar depression and euthymia in the cur-
rent study, compared with the cohort in Park et al.** would
contribute to strengthen the overall LDAEP in the bipolar
group. The current results suggest that different bipolar sub-
groups have different LDAEP properties, and reflect different
pathophysiological backgrounds among bipolar subgroups.
Our results revealed that bipolar mania and bipolar disor-
der with psychotic features produced weaker LDAEP com-
pared with bipolar euthymia/depression and bipolar disorder
without psychotic features. It can be assumed that weaker
LDAEP may reflect symptom severity or psychotic tenden-
cies in bipolar disorder. The weak LDAEP observed in schizo-
phrenia patients has been reported in several studies. Park et
al* reported that LDAEP was significantly lower in schizo-
phrenia patients compared with healthy controls. Gudlowski
1% reported a significantly weaker LDAEP found in pro-
dromal, first-episode, and chronic patients with schizophre-
nia compared with healthy controls. Juckel et al.** reported
that patients with schizophrenia exhibited significantly weaker
LDAEP than healthy controls. These results support the hy-
pothesis that psychotic symptoms may correlate with reduced
LDAEP. With respect to neurocognitive function, some stud-
ies report no difference between bipolar mania and the schi-
zophrenia group.®*® Bipolar manic patients are found to per-
form as poorly as schizophrenia patients on the perceptual
span.* However, there are a number of studies that show that
the cognitive function of euthymic patients is largely intact.**
Some fMRI studies have directly compared activation pat-
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terns across mood states.*** Hulvershorn et al.* identified dif-
ferent activation patterns in different phases of bipolar disor-
der using a facial emotion matching task. The bipolar mania
group exhibited decreased left lateral orbitofrontal cortex ac-
tivation compared with both bipolar euthymia and healthy
controls.* Generally, manic patients demonstrated a greater
deficit in activating brain regions to emotional and cognitive
stimuli compared with depressive and euthymic patients.*>*
These results highlight that manic patients have deficits in
neuropsychological function and emotion processing com-
pared with euthymic patients, and these distinctive cognitive
deficits may reflect the weak LDAEP in bipolar mania.

Our source LDAEP results are consistent with previous evid-
ence regarding serotonergic function in bipolar disorder. As-
berg et al.'’ reported that the absolute levels of 5-HIAA are re-
duced in the CSF during bipolar depression (89.5+38.6 nmol/
L) compared with controls (104.1+38.3 nmol/L)." In the diag-
nostic subcategory, bipolar I disorder patients tended to have
lower 5-HIAA concentrations than unipolar patients and bi-
polar II disorder patients.'* Swann et al.” demonstrated higher
5-HIAA levels in bipolar mania (9 male and 5 female subjects)
compared with healthy control subjects (30 male and 32 fe-
male subjects). The manic female subjects had significantly
higher 5-HIAA concentrations (161.0£41.2 nmol/L) than did
the control female subjects (114.0+37.1 nmol/L)."” Because
CSF 5-HIAA levels may reflect the serotonergic activity of
the brain, increased 5-HIAA in bipolar mania would produce
weaker LDAEP, and reduced 5-HIAA levels in bipolar depres-
sion would produce stronger LDAEP. The averaged source
LDAEP values and left hemisphere source LDAEP values are
consistent with those reported in previous studies. However,
with respect to cortical LDAEP, patients with bipolar depres-
sion tended to have lower LDAEP values than the healthy
controls. This difference can be explained as follows. First,
since the SLORETA technique estimates the standardized
source current density, source LDAEP could more appropri-
ately reflect the serotonergic activity of the brain than corti-
cal LDAEP does.”” Second, unlike in previous CSF studies on
drug-naive bipolar patients,'*"” in our study, the effects of me-
dication on LDAEP in the patients could not be excluded. Six
out of 10 bipolar depression patients had been chronically
treated with antidepressants (bupropion, n=3; tianeptine, n=1;
paroxetine, n=1; and escitalopram, n=1) before LDAEP was
estimated. Simmons et al.’ reported that chronic administra-
tion of SSRI may induce a decrease in LDAEP. Therefore, the
LDAEP values may have been underestimated in our study.

From an anatomical perspective, the dorsal raphe nucleus is
the origin of most forebrain serotonin innervation.* Matthews
and Harrison®” used morphometric, immunohistochemical,
and molecular methods to compare the dorsal raphe nucleus
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in postmortem tissue from 50 subjects. The subjects compr-
ised 13 bipolar disorder, 14 major depressive disorder (MDD),
and 10 schizophrenia patients, as well as 13 healthy control
subjects. In bipolar disorder, the size of serotonergic neurons
was decreased in the dorsal raphe nucleus. In MDD, the dor-
sal raphe nucleus area was decreased, with no difference in cell
density or size. However, in schizophrenia, no changes were
observed.* Suicide was associated with an increased dorsal ra-
phe nucleus area, and with an increased density and decreas-
ed size of serotonergic neurons.” In this study, there was no
classification of bipolar patients. However, from this anatom-
ical study, we can assume that schizophrenia patients have
relatively preserved serotonergic function (weaker LDAEP)
compared with bipolar and MDD patients (stronger LDAEP).
These findings are consistent with our current LDAEP re-
sults.

Interestingly, our results showed that BDI and HDRS sc-
ores were negatively correlated with source LDAEP strength
in bipolar euthymia and depression. These findings imply that
as depressive symptoms worsen in bipolar disorder patients,
the strength of source weakens. The significant correlation
between LDAEP and symptom severity was found in source-
level LDAEP, but not cortical LDAEP. Furthermore, the cor-
tical LDAEP of healthy controls was the strongest among the
5 groups; however, the source LDAEPs of healthy controls
were ranked among the top third. These findings support the
conclusion that cortical LDAEP may differ from source LD-
AEP. Further studies are needed to address this issue.

This study has several limitations. First, we did not control
for the use of drugs. Studies on the influence of psychotrophic
drugs on LDAEP values report inconsistent results. O’Neill
et al.*’ reported that when healthy participants were tested un-
der 3 acute treatment conditions (placebo, bromocriptine, and
pergolide), acute stimulation of the dopamine receptor did
not modulate LDAEP. Hitz et al.”! reported that acute admin-
istration of levodopa did not lead to any significant LDAEP
alterations from the baseline measurement values in healthy
subjects. Guille et al.”* reported that when healthy subjects
were tested under 4 acute treatment conditions (placebo, esci-
talopram, citalopram, and sertraline), the LDAEP values were
not altered in any way. Oliva et al.” reported that when healthy
subjects were tested after acute administration of citalopram,
reboxetine, and placebo, neither citalopram nor reboxetine
modulated the LDAEP values.” These findings suggest that
LDAEDP is not sensitive to acute changes in dopaminergic or
serotonergic neurotransmission.”* In contrast, Juckel et al.”
reported that after chronic administration (4 weeks) of clozap-
ine or olanzapine, LDAEP values tended to increase from the
baseline measurements in patients with schizophrenia. Sim-
mons et al.”” reported that chronic administration (about 24



days) of sertraline led to significant reduction in the LDAEP
values from the baseline measurements. LDAEP may be more
sensitive to chronic changes than to acute or short-term ch-
anges in serotonergic neurotransmission.” However, we can-
not exclude the effects of medication in this study because
the subjects were taking medication chronically to control
their symptoms. Second, in the longitudinal process of the ill-
ness, bipolar disorder patients experience various episodes al-
ternately, such as mania, depression, or euthymia. Thus, LD-
AEP changes throughout a long-term period in the same pa-
tient cohort would be an interesting avenue to pursue in the
future.

Conclusion

In conclusion, the present study revealed that serotonin
function, reflected by LDAEP, varied with current mood sta-
tus; it was strongest in descending order of euthymia, depres-
sion, and mania. Concurrent psychotic features also weaken
the LDAEP in bipolar disorder. Furthermore, the severity of
the depressive symptom was negatively correlated with source
LDAEDP strength in bipolar euthymia and depression.
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