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deficits in different cognitive domains. Dickinson et al.
{2004) reported that generalized cognitive deficits might
be a core feature of schizophrenia, in contrast to more
specific, independent cognitive deficits. Researchers have
attempted to determine whether or not there is a rela-
tionship between cognitive deficits and localized patho-
logical changes in patients with schizophrenia.
However, the biological basis of such generalized cogni-
tive deficits remains unclear.

Proton magnetic resonance spectroscopy (IH-MRS)
provides a noninvasive means of examining endogenous
brain metabolites, including N-acetylaspartate (NAA),
choline (Cho), and Creatine (Cr). NAA is one of the
most abundant free amino acids in the human brain,
and is synthesized and stored primarily in neurons (Ba-
slow, 2003). Since MRS can readily detect endogenous
NAA in the human brain, NAA has been used as an
intracellular marker of neuronal function (Jenkins et
al., 2000); indeed, NAA appears to be an indirect mea-
sure of neuronal integrity and synaptic abundance in
an expanding number of disorders (Tsai and Coyle,
1995). Cho is a precursor for the neurotransmitter ace-
tylcholine and for the membrane constituent phosphati-
dylcholine. Levels of Cho have been reported to
fluctuate when cellular membranes are degraded or rap-
idly synthesized (Miller, 1991). Cr reflects the total cre-
atine plus phosphocreatine pool. The working memory
function of patients with schizophrenia has been associ-
ated with NAA levels in the dorsolateral prefrontal cor-
tex (Bertolino et al., 2000). Low levels of NAA/creatine
(NAA/Cr) in the medial prefrontal cortex of schizophre-
nia patients subclassified as having a deficit syndrome
have also been detected (Delamillicure et al., 2000).
Although these and related studies have provided evi-
dence of a relationship between prefrontal dysfunction
and poor cognitive performance in patients with schizo-
phrenia, it remains unclear.whether pathological abnor-
malities in other brain regions are related to particular
cognitive functions.

The N-methyl-p-aspartate (NMDA) receptor is a li-
gand-gated ion channel that participates in a number
of neurophysiological processes, including learning and
memory (Nakanishi, 1992; Shimizu et al., 2000; Tang
ctal., 1999). The NMDA receptor antagonists, phencyc-
lidine (PCP) (Javitt and Zukin, 1991), MK-801, and ket-
amine (Newcomer et al., 1999; Umbricht et al., 2000),
are known to induce psychotic behavior and cognitive
deficits in both animals and humans. Therefore, hypo-
function of the NMDA receptors has been implicated
in the pathophysiology of schizophrenia (Hashimoto
and Iyo, 2002; Hashimoto et al., 2003; Olney and Far-
ber, 1995; Tsai and Coyle, 2002). Olney et al. (1989) re-
ported that NMDA receptor antagonists induce
transient neuropathological changes (neuronal vacuoli-
zation) in the posterior cingulate gyrus (PCG)/retrosple-
nial cortex of the rat brain (Fix et al., 1993). Such

findings suggest, based on the putative pathogenetic role
of NMDA in schizophrenia, that the effects of NMDA
are local rather than generalized, and that MRS could
be a candidate technique for the detection of NMDA -in-
duced damage. Furthermore, pathology of the PCG can
be suspected to be pathogenetically related to cognitive
deficits observed in patients with schizophrenia.

Based on the results of these previous studies, we
hypothesized that metabolic abnormalities in the PCG
play a pivotal role in the cognitive dysfunctions in pa-
tients with schizophrenia. However, to the best of our
knowledge, there have been no reports with a focus on
the relationship between metabolic changes in the
PCG and cognitive dysfunction in patients with schizo-
phrenia. To test our hypothesis regarding the putative
role played by PCG in the cognitive deficits observed
in patients with schizophrenia, we measured metabolic
ratios in three brain regions, namely, in the PCG, and
in the left and right medial temporal lobes (MTL) by
"H-MRS; and we also assessed neuropsychological cog-
nitive function in patients with chronic schizophrenia.

2. Methods
2.1. Subjects

The ethics committee of the Chiba University Grad-
uate School of Medicine approved the present study.
The procedure was fully explained to all of the subjects,
who then provided written informed consent prior to
participation in the study. Handedness was determined
using the Edinburgh Inventory (Oldfield, 1971), and
right-handed subjects underwent the procedure (Tuble
1). Nineteen patients with schizophrenia (11 men and
8 women) were recruited from Chiba University Hospi-
tal and Kimura Hospital, Chiba, Japan. Eighteen age-
and gender-matched healthy control subjects (12 men
and 6 women) also participated in this study. We se-
lected only healthy control subjects who had neither a
medical nor a psychiatric history or diagnosis according
to our clinical interview. All patients were diagnosed
according to the Diagnostic and Statistical Manual of
Mental Disorders, Fourth Edition (DSM-IV) criteria
(American Psychiatric Association, 1994). Patients with
any other mental or physical illnesses were excluded. At
the time of testing, the patients were taking antipsy-
chotic medication. Sixteen patients were receiving treat-
ment with atypical antipsychotic drugs including
risperidone and olanzapine, while the remaining patients
were being treated with conventional antipsychotic med-
ication. The mean daily chlorpromazine equivalent dose
was 650.5 mg (standard deviation = 536.3). Clinical
symptoms were assessed using the 18-item Brief Psychi-
atric Rating Scale (BPRS) (Kolakowska, 1976; Overall
and Gorham, 1962). The DSM-IV axis V Global Assess-
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Table 1
Characteristics of the patients with chronic schizophrenia and the healthy controls
Schizophrenia Healthy controls p value
Age, years 404 +£13.1 349+ 114 0.12°
Onset, years 241 £5.0
Duration, years 1634119
Subtype 10 Residual, 9 paranoid
BPRS 26.5+6.1
GAF 409 £+ 5.1

Normally distributed data are presented as mean = standard deviation (SD).
Abbreviations: BPRS, Brief Psychiatric Rating Scale; GAF, Global Assessment of Functioning.
* Not significant. The comparison between two groups was performed using r-test (two-tailed).

ment of Functioning (GAF) scores (American Psychiat-
ric Association, 1994) were also rated as part of the
examination.

2.2. Cognitive functioning

The subjects performed a battery of tests designed to
assess several domains of cognitive functioning. Verbal
memory was evaluated with the Japanese version
(Sugishita and Omura, 2001) of the Logical Memory 1
(immediate) and II (30-min delayed) subtests of the
Wechsler Memory Scale-Revised (WMS-R) (Wechsler,
1987). Visuospatial memory was evaluated with the Vi-
sual Reproduction I (immediate) and II (30-min de-
layed) tests of the WMS-R.

Verbal fluency was assessed with the letter fluency test
and the category fluency test. In the former test, the sub-
jects were instructed to generate as many words as pos-
sible beginning with a given letter in Japanese, “Ka”, in
60 s. For the latter test, the subjects were instructed to
name as many animals as they could, according to the
standard protocol (Spreen and Strauss, 1991).

The Trail Making Test (Reitan and Wolfson, 1985)
examines psychomotor speed, attention, and set alterna-
tion. Part A requires the subjects to draw lines to con-
nect 25 consecutively numbered circles on one
worksheet as quickly as possible. In Part B, the subjects

are asked to connect 25 consecutively numbered and let-
tered circles by alternating between the two sequences
(e.g. 1-A—2-B-3 etc.). The time taken to complete Parts
A and B of the Trail Making Test was recorded in
seconds.

2.3. MRS protocol

The subjects and controls were scanned using a 1.5-T
Signa MR scanner (General Electric Medical Systems,
Waukesha, WI) with a standard quadrature head coil
for MR imaging and 'H-MRS. Both the anatomic and
spectroscopic data were obtained within approximately

- 30 min. All MRI scans were reviewed in order to rule

out any clinically significant abnormalities. We per-
formed serial axial T1-weighted MR images with a slice
thickness of 10 mm to establish a region of interest
(ROI) for the proton MR spectroscopic studies. MRS
was performed with the automated Proton Brain Exam-
ination (PROBE-p) sequence, which consists of a Point
Resolved Spectroscopy (PRESS) sequence (TE = 144
ms, TR =2000 ms) with Chemical-Shift Selective
(CHESS) water suppression, to acquire localized spectra
in the PCG, and in the left and right MTL (including
hippocampal formation) (Fig. 1). The voxel size was
3.375mL (15 x 15 x 15 mm). Voxel placements were car-
ried out by a trained radiologist. All of the data were

Fig. 1. Voxel size and position in the posterior cingulate gyrus (PCG) (a) and left medial temporal lobe (MTL) (b).
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processed using the PROBE/single voxel quantification analysis of variances (MANOVAs), with region (the
tool (Webb et al., 1994). Peaks of NAA (2.0 ppm), Cr PCG, or the left or right MTL) as the within-group fac-

(3.0 ppm), and Cho (3.2 ppm) were identified. Cr is pres- tor, and diagnosis (patients, controls) as the between-
ent throughout various regions of the brain, and levels group factor. A post hoc analysis was performed by Tu-
of Cr do not appear to be affected by neuronal fluctua- key’s honest significant difference test. Interactions were
tions (Frahm et al., 1989). Therefore, the Cr peak was decomposed with a univariate analysis of variance
used as a reference for comparison with the peaks of (ANOVA).
the other substrates. The data reflecting the metabolite Multiple stepwise regression analyses were used to
profiles were described as ratios, i.e., NAA/Cr and determine the relative contribution of the metabolite ra-
Cho/Cr. : tios from the three brain regions as predictors of each
cognitive score or age. On the other hand, the parame-
2.4. Statistical analyses ters (clinical and cognitive variables) that predicted the
metabolite ratio were determined by multiple stepwise
Normally distributed data are presented as the regression analysis. When association between highly
mean =+ standard deviation (SD); data that were not significant and normally distributed measured variables
normally distributed are reported as medians, with inter- was investigated, Pearson’s correlation coefficient was
quartile ranges. Calculations were performed using the obtained.

statistical software package SPSS 12.0 base and ad-
vanced systems for Windows (SPSS Inc., Chicago, 1L).

Fisher’s exact test was used for categorical variables, 3. Results

and Student’s z-test was employed for the continuous

variables. As the scores on the cognitive tests were not 3.1. Cognitive performance measures

found to have normal distributions, the differences be-

tween the two groups (patients and controls) were exam- Compared to the healthy controls, the patients with

ined using the non-parametric Mann—Whitney U-test schizophrenia showed significant cognitive deficits on

with Bonferroni’s correction for multiple comparisons all neuropsychological tests, including the episodic

(Bland and Altman, 1995). A value of p <0.05 was ta- - memory tests (verbal memory, visuospatial memory)

ken as the standard for statistical significance. Eight and executive function tests (verbal fluency and the Trail

cognitive tests were conducted. Because of the multiple Making Test) (Fig. 2).

comparisons (the number of comparisons was §), Bon-

ferroni’s correction was applied. With this adjustment, 3.2. Metabolite ratios by ' H-MRS

the critical level for significance, p, was reduced from

the standard value of 0.05 to 0.00625 (i.e., 0.05/8). Analysis of the within-group effect revealed a signif-
Potential differences between patients and controls icant diagnosis-by-region interaction for NAA/Cr

were tested separately for each metabolite ratio (NAA/ (F(2,35) = 3.588, p =0.033). A significant main effect
Cr and Cho/Cr) by repeated-measures multivariate of region was found (F(2,35)=42.837, p <0.001).
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Fig. 2. Scores on cognitive tests of patients with chronic schizophrenia and healthy controls: Logical Memory and Visual Reproduction subtests
from the Wechsler Memory Scale-Revised (WMS-R) (I, immediate recall; and IT, 30-min delayed recall), verbal fluency (the letter fluency test and the
category fluency test), and the Trail Making Test (Parts A and B). The data are represented as median = interquartile range. The p values were
determined by Mann-Whitney U-test with Bonferroni’s correction on two groups. *Statistically significant difference for p < 0.00625 (corrected for
multiple comparisons).
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Fig. 3. "H-MRS metabolite ratios in the posterior cingulate gyrus
(PCG) and the left and right medial temporal lobes (MTL) of patients
with chronic schizophrenia and healthy controls. The horizontal bars
represent mean =+ standard deviation. *Statistically significant
between-group difference (F = 5.31, df = 1,35, p = 0.027).

Comparison of the main effect showed that the NAA/
Cr ratios of the patients with schizophrenia
(2.07 4- 0.28) were significantly (p = 0.027, Bonferroni)
lower than those (2.30 4 0.38) of the healthy controls
in the PCG (Fig. 3). MANOVA revealed a significantly
simple main effect in each group for NAA/Cr, respec-
tively. (patients: Wilks’s lambda 0.373, F(2,34)=
28.62, p<0.001; controls: Wilks’s lambda 0.618,
F(2,34)=10.509, p<0.001). Finally, follow-up
ANOVA was carried out to analyze the interactions
in terms of NAA/Cr; this analysis revealed a signifi-
cantly simple main effect of diagnosis in the PCG
(F(1,35) = 5.313, p =0.027).

Comparison of the main effect showed no significant
differences of the Cho/Cr ratios between the patients
and controls in any of the three regions studied (Fig.
3). Moreover, follow-up ANOVA for the analysis of
interactions in terms of Cho/Cr revealed that there
was no significantly simple main effect of diagnosis in
any of the regions studied.

3.3. Multivariate stepwise linear regression analyses

When the metabolite ratios were considered sepa-
rately as the PCG and the left and right MTL values
in a multivariate stepwise linear regression model, the
NAA/Cr ratio in the PCG alone reflected 18.0% of Log-
ical Memory I (= 0.425, p = 0.010), 20.3% of Logical
Memory II (f=0.451, P =0.006), and 16.3% of age
(B=-0.403, p=0.013) parameters in all subjects,
respectively. A multiple stepwise linear regression model
was designed with the NAA/Cr in the PCG as the inde-
pendent variables with respect to the dependent clinical
and cognitive valuables. Only Logical Memory 11 was
accepted by the model, and it significantly accounted

for 16.5% of the NAA/Cr ratio in the PCG (8 = 0.406,
P =10.015) in all subjects.

Due to the lack of a significant correlation between
the NAA/Cr in the PCC and Logical Memory II in
the controls (r = 1+0.195, p = 0.453) and in the patients
(r =+0.347, p = 0.148), a significant positive correlation
(r = +0.451, p = 0.006) in all subjects was interpreted as
a possible indicator of artificially stretched variance.
Age-associated memory impairment appeared likely to
be a phenomenon of normal aging. Therefore, the Log-
ical Memory scores were excluded from the following se-
lected correlation analysis. A significant negative
correlation was found between the NAA/Cr in the
PCG and age in all subjects (r = —0.403, p =0.013),
and also between the NAA/Cr in the PCG in the con-
trols (r = —0.470, p =0.049), whereas no correlation
was detected among the patients only (r=-0.217,
p=0.371) (Fig. 4).

All subjects (n = 37)
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Fig. 4. Scatterplot and least regression line illustrating the relationship
between the NAA/Cr ratio in the posterior cingulate gyrus (PCG) and
age in all of the subjects (a), in patients with schizophrenia (b), and in
healthy controls (c).
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4, Discussion

Our results revealed decreased NAA/Cr ratios in the
PCG of patients with chronic schizophrenia exhibiting
generalized cognitive deficits, as compared to the
healthy controls. Moreover, we found that the NAA/
Cr of the PCG in healthy controls exhibited age-related
decline, whereas corresponding value in patients with
schizophrenia were consistently low, regardless of age.
The lack of healthy, aging-related decline among the pa-
tients with schizophrenia suggested disease-associated
neuronal pathology in the PCG. These observations
suggested that a reduced NAA/Cr ratio in the PCG
might be associated with the pathophysiology of chronic
schizophrenia with generalized cognitive deficits.

Valenstein et al. (1987) reported a male case of retro-
splenial amnesia following hemorrhage from an arterio-
venous malformation. Using positron emission
tomography (PET), several researchers reported that
the use of the PCG was common to episodic memory
(Andreasen et al., 1995; Desgranges et al., 1998; Nyberg
et al., 1996; Shallice et al., 1994). Using PET, Mino-
shima et al. (1994, 1997) also demonstrated the func-
tional importance of the PCG in impairments of
learning and memory, which is a feature of very early
Alzheimer’s disease and mild cognitive impairment. In
addition, the NAA/Cr ratios in the PCG have been
shown to be decreased in cases of mild cognitive impair-
ment, Alzheimer’s disease (Kantarci et al., 2000), and
non-demented Parkinson’s disease (Camicioli et al.,
2004). Taken together, these results suggest that cogni-
tive decline is associated with hypofunction of the
PCG. Our regression analysis data, which revealed a
relationship between the NAA/Cr in the PCG and the
verbal memory of all subjects, suggested that the
NAA/Cr in the PCG might be related to episodic mem-
ory function,

NMDA receptor antagonists are known to induce
neuronal damage in the rodent PCG; these antagonists
are thought to be responsible for psychotomimetic activ-
ity in humans (Olney and Farber, 1995). Newcomer et
al. (1999} reported dose-dependent increases in ketamine
in healthy males exhibiting schizophrenia-like symp-
toms, as well as robust dose-dependent decreases in ver-
bal declarative memory performance. Our data
indicating PCG dysfunction in patients with chronic
schizophrenia with generalized cognitive deficits provide
support for the NMDA receptor hypofunction hypoth-
esis that suggests a link between cognitive impairments
and schizophrenia-like symptoms.

Several previous proton MRS studies have demon-
strated decreased NAA/Cr ratios in the MTL of chron-
ically medicated patients with schizophrenia (Bertolino
et al., 1996, 1998: Decicken et al., 1998; Fukuzako et
al., 1995; Maier et al., 1995; Nasrallah et al., 1994:
Yurgelun-Todd et al., 1996), while other researchers

have reported no such significant alterations (Buckley
et al., 1994; Delamillicure et al., 2002; Heimberg et al..
1998). Our results regarding the NAA/Cr in the MTL
were consistent with those of the latter group of studies.
On the other hand, the results of the present study show-
ing no significant changes in Cho/Cr in the MTL were
consistent with those of other studies (Bertolino et al.,
1996; Deicken et al., 1998; Delamillicure et al.. 2002:
Maier ct al., 1995; Yurgelun-Todd et al., 1996). One
possible explanation for the inconsistency regarding
NAA alterations among medicated patients with
chronic schizophrenia may be the differential effects
associated with atypical vs. typical antipsychotic medi-
cations (Bertolino et al., 2001; Fannon et al., 2003;
Heimberg et al.,, 1998). The longitudinal changes in
brain chemistry after long-term treatment with antipsy-
chotic agents remain undetermined at the present time.

A number of limitations merit further consideration
in this context. As our sample size may be regarded as
a weakness of the present study, these results will need
to be confirmed using a much larger sample. In addition,
because we focused on the relationship between cogni-
tive function and the PCG or the MTL, MRS of the pre-
frontal cortex and anterior cingulate gyrus was not
performed in the current study. Instead of the single-
voxel approach used here, further studies using the
MRS imaging technique should be conducted to clarify
the involvement of other brain regions in schizophrenic
patients with generalized cognitive deficits. An addi-
tional limitation of the present study was that we de-
rived our conclusions based on metabolite ratios,
instead of absolute concentrations. In our study, no sig-
nificant correlation was found between the NAA/Cr in
the PCG and the duration of illness. This finding, when
taken together with the finding of a lack of a physiolog-
ical age-related decline in patients with chronic schizo-
phrenia, suggests the possibility that the NAA/Cr in
the PCG might decrease during the initial years of ill-
ness, rather than reflect linear neurodegenerative pro-
cesses. Whether or not the reduced NAA/Cr in the
PCG reflects a basic underlying pathophysiological pro-
cess that is present at the onset of illness, and then pro-
gresses during the course of the illness remains unclear.
Follow-up MRS examinations for several years, not
only in patients with chronic schizophrenia, but also in
first-episode patients, will be necessary to clarify the role
of the PCG during the disease process in schizophrenia.

In the present study, patients with schizophrenia
exhibited not only memory deficits, but also executive
dysfunction. Schizophrenia appears to be an amalgama-
tion of many different disorders. For example, Wexlcr et
al. (1998) found a selective deficit in the working mem-
ory of a subgroup of patients with schizophrenia who
performed as well as healthy controls on a screening test
of attention and auditory perception. Moreover, the
existence of a subgroup of patients with schizophrenia

— 222 —



E. Shimizu et al. | Journal of Psychiatric Research xxx (2005) xxx—xxx 7

having a specific verbal memory deficit was reported
(Bruder et al., 2004). Further MRS studies on a sub-
group with only specific verbal memory deficits will be
necessary in order to confirm the relationship between
the NAA/Cr in the PCC and verbal memory in patients
with schizophrenia.

In conclusion, a significant disease-specific decrease
in the NAA/Cr ratio in the PCG, beyond a physiological
age-related decline, was revealed in the present study.
These findings are consistent with current speculation
focusing on neuronal dysfunction in the PCG based
on the NMDA hypofunction hypothesis regarding the
pathophysiology of chronic schizophrenia.
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Abstract

A certain type of personality is at risk for developing psychiatric diseases. Several lines of evidence support the interaction between brain
angjotensins and central catecholamine systems, and suggest that angiotensin I-converting enzyme (ACE) may be a reasonable candidate gene for
psychiatric disorders. The present study examined the possibility that ACE insertion (I)/deletion (D) functional polymorphism might be associated
with particular personality traits. Healthy Japanese subjects (N= 184) were administered the Temperament and Character Inventory (TCI) and the
NEO Personality Inventory Revised version (NEO-PI-R), and their ACE /D polymorphisms were determined. There was an ethnic difference in
the genetic distribution of ACE I/D between Japanese (D=34.5%) and Caucasians (D=>55.2%). We found that the scores of novelty seeking (NS)
in the Low-ACE group (II genotype) of healthy female subjects were significantly lower than those in the High-ACE group (ID or DD genotype)
(p=0.018). Our findings suggested that the ACE I/D polymorphism might be associated with the NS personality trait in females, but not males.
Taking into account the effects of multiple comparisons, this result should be interpreted with caution, and needs confirmation in a larger sample.
© 2005 Elsevier Inc. All rights reserved.

Keywords: Angiotensin I-converting enzyme; Character; Dopamine; Temperament

1. Introduction

Evidence for genetic influence has been found for most
behavioral disorders and personality traits (Cloninger et al..
1993). It has been demonstrated that common genetic poly-
morphisms, especially the dopamine D4 receptor and the
serotonin transporter promoter region, are associated with the
novelty seeking (NS) trait (Ebstein et al, 1996) and the
anxiety-related trait (Neuroticism) (Lesch et al. 1996),
respectively. A certain type of personality or temperament is
at high risk for developing psychiatric diseases, including drug
addiction (Spotts and Shontz, 1986), panic disorders (Martin et
al., 1988), depression (Akiskal et al.. 1983; Hirschfeld et al.,

Abbreviations: ACE, Angiotensin I-converting enzyme; D, deletion; I,
insertion; NEO-PI-R, NEO Personality Inventory Revised version; NS, novelty
seeking; RAS, renin—angiotensin system; TCI, Temperament and Character
Inventory.
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1989: Boyee etal., 1991), bipolar disorders (von Zerssen ¢t al.,
1994), and mood disorders (L.ozano and Johnson, 2001).

It is now firmly established that a complete renin—
angiotensin system (RAS) exists in the brain, and that the
brain RAS is distinct from the peripheral RAS (Von Bohlen
Und Halbach, 2003). The precursor angiotensiniogen is cleaved
by renin to form the inactive peptide angiotensin L. Angiotensin
I-converting enzyme (ACE) catalyzes the conversion of
angiotensin I to the physiologically active octapeptide angio-
tensin 1, which controls the fluid—electrolyte balance and
systemic blood pressure. The brain RAS has been implicated in
mental function because of the psychotropic effects of
angiotensin 1I and III (Braszko et al., 1987). Recent studies
have suggested that an active (3-8) fragment of angiotensin II,
named angiotensin IV, is involved in a broad range of brain
functions, including the modulation of exploratory behavior
and the processes attributed to learning and memory (Wright et
al., 2002). Furthermore, there are reports supporting the pivotal
roles of angiotensins in the central nervous system using
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angiotensinogen-deficient mice (Kakinuma et al., 1997, 1998).
The angiotensinogen-deficient mice have also displayed a
reduction in depressive-like behavior in forced swim tests, and
spontaneous locomotor activity has diminished (Okuyama et
al., 1999a). Moreover, angiotensin II type 2 receptor-deficient
mice display anxiety-like behavior in comparison with wild-
type mice (Okuyama et al.. 1999b; Ichiki et al., 1995). In
addition, the angiotensin II antagonist losartan has been shown
to possess antidepressant-like activity in the mouse forced
swim test (Gard et al., 1999). Antidepressant effects have also
been demonstrated for captopril, an ACE inhibitor (Vuckovic
et al., 1991).

ACE, a key enzyme in RAS, is encoded by the gene DCP1
(dipeptidyl carboxypeptidase 1), and consists of 26 exons
spaced over approximately 24 kb on chromosome 17q23
(Rieder et al.. 1999). Cloning of the ACE gene has revealed the
presence (insertion; I) or absence (deletion;. D) of a 291-bp Alu
repeat element in the 16th intron (Rigat et al., 1990, 1992), The
ACE 1/D polymorphism determines functional variants of the
ACE gene, which have a major impact on plasma ACE levels.
The polymorphism accounts for 47% of the total phenotypic
variance of plasma ACE (Rigat et al., 1990: Tiret et al., 1992).
The gene encoding ACE shows three genotypes: 11, 1D, and
DD. The plasma ACE activity in people with the DD genotype
is approximately double the values in those with I (Rigat ¢t al..
1990). The individuals homozygous for the II allele constitute
the low-activity ACE group (Low-ACE) and those individuals
with either the ID or DD genotype constitute the high-activity
ACE group (High-ACE). Researchers have investigated the
possible importance of this ACE polymorphism on skeletal
muscle performance (Montgomery et al.. 1998; Williams et al.,
2000), left ventricular hypertrophy (Kuznetsova et al., 2000),
carotid artery intima-media thickness (Sayed-Tabatabaci el al..
2003), and cerebrovascular disease (Sharma. 199R).

Moreover, researchers have focused on the potential influ-
ence of the ACE polymorphism on the psychopathology of
schizophrenia (Arinami et al.. 1996: Quyang et al, 2001:
Segman et al., 2002) or mood disorders (Arinami ef al., {996;
Pauls et al.. 2000 Furlong et al., 2000; Meira-Lima et al., 2000;
Baghai et al., 2001, 2002, 2003: Segman ot al.. 2002; Bondy et
al., 2002: Hong et al, 2002). However, they have shown
inconsistent results. It therefore remains unclear whether the
ACE gene influences the potential risk for these psychiatric
diseases.

Considering the role of ACE and personality traits in
psychiatric diseases, it may be of interest to examine the
relationship between the ACE I/D gene polymorphism and the
personality inventory score. In the present study, the authors
examined the association between personality traits and the
ACE genotype in 184 Japanese healthy subjects.

2. Methods
2.1. Subjects

One hundred and eighty-four Japanese healthy subjects
were recruited. The procedure was fully explained to all of the

subjects, who then provided written informed consent prior to
participation in the study. We selected only healthy control
subjects who were medical staffs and students, and had neither
a medical nor a psychiatric history or diagnosis according to
our clinical interview. There were 74 males (mean; 29.1 years
(S.D. 8.2), range; 22—62 years) and 110 females (mean; 28.9
years (S.D. 11.4), range; 20-58 years). This study was
approved by the ethics committee of the Chiba University
Graduate School of Medicine.

2.2. Personality inventory

All subjects were instructed to complete self-report inven-
tories using the Japanese version of the Revised NEQ
Personality Inventory (NEO-PI-R) and the Temperament and
Character Inventory (TCI). The NEO-PI-R consists of 30 facet
scales that define the broad domains of the. five-factor (N:
Neuroticism, E: Extraversion, O: Openness, A: Agreeableness,
C: Consciousness) model of personality (Costa and McCrac.
1997). The TCI is the extended version of the Tridimensional
Personality Questionnaire (TPQ). It evaluates four tempera-
ment dimensions (NS; Novelty Seeking, HA; Harm Avoidance,
RD; Reward Dependence, PS; Persisience) and three character
(SD: Self-Directedness, C: Cooperativeness, ST: Self-Tran-
scendence) dimensions based on a seven-factor psychobiolog-
ical model of personality proposed by Cloninger of al. (1993),

2.3. Genotyping

Genomic DNA was extracted from blood samples obtained
after obtained written informed consent. The ACE I/D
polymorphism was determined by polymerase chain reaction
(PCR) using constructed primers (forward: 5-CTGGAGAC-
CACTCCCATCCTTTCT-3 and reverse: 5-GGA,TGG,CTC,-
TCC,CCG,CCT,TGT,CTC3-3') that flank the polymorphic
region of intron 16. This primer pair produced the 534-bp
product (corresponding to the insertion, I) or a 243-bp fragment
(corresponding to the deletion, D). The reactions were carried
out according to the protocol described by 1.indpaintner of al.
{1995) with a minor modification (Shimizu ct al.. 2004). After
initial denaturation at 94 °C for 5 min, thermocycling consisted
of denaturation of 94 °C for 30 s, annealing at 56 °C for 45 s,
and extension at 72 °C, 2 min for 35 cycles, followed by a final
extension at 72 °C for 5 min. PCR products were separated on
2% agarose gel with ethidium bromide staining, visualized by
ultraviolet transillumination, and stored in digital form.
Possible mistyping of the ACE I/D genotype as DD was
controlled by the inclusion of dimethyl sulfoxide in the PCR
reaction (Shanmugam et al., {993: Fogarty ct al, 1994).

2.4. Statistical analysis

Statistical calculations were performed using the statistical
software package SPSS for Windows (SPSS Inc., Chicago, IL,
USA). The data are presented as the mean+standard deviation
(S.D.). Homogeneity of variance was assessed by F test. The
Chi-squared test was used for the categorical variables, and the
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Student’s t-test was employed for the continuous variables.
Potential differences of temperament between the two groups
were tested separately by repeated measures multivariate
analysis of variances (MANOVAs), with temperament score
(NS, HA, RD and PS) as the within-group factor, and genotype
(low-activity ACE and high-activity ACE group) as the
between-group factor. Interactions were decomposed with a
univariate analysis of variance (ANOVA). The p values <0.05
were considered statistically significant.

3. Results

We analyzed DNA samples from 184 healthy Japanese
subjects. An ethnic difference in the genetic distribution
between Japanese (D allele 34.5%) and Caucasians (D allele
55.5%) (Lindpaintner et al., 1995) were reconfirmed (Ishi-
gami et al. 1993). As there were remarkable differences in
personality scores between males and females (Table ), we
divided the subjects into males and females for further
analyses. According to the Hardy—Weinberg equilibrium, there
was no significant deviation in the ACE genotype distribution
for males (DD 9 (12.2%), ID 32 (43.2%), 1 33 (44.6%)), for
females (DD 15(13.6%), ID 47(42.7%), 11 48(43.6%)).

We compared the personality scores between the following
two groups; the individuals homozygous for the II allele as
the low-activity ACE group (Low-ACE), and those indivi-
duals who had either the ID or DD genotype as the high-
activity ACE group (High-ACE). In the repeated measures
MANOVA, the sphericity assumption was not valid, so we
used the Greenhouse—Geiser adjusted degrees of freedom for
the sphericity violation. In females, analysis of the within-
group effect revealed a significant genotype (low-activity
ACE and high-activity ACE group) by temperament (NS,
HA, RD and PS) interaction (F(2.107,227.515)=4.3,
p=0.013). A significant main effect of temperament was
found (F(2.107,227.515)=275.821, p<0.001), whereas no
main effect of genotype was found (F(1,108)=0.068,
p=0.794). Comparison of the main effect showed that the
novelty seeking (NS) of the Low-ACE group (II genotype)
were significantly (p=0.018, Bonferroni) lower than those of
the High-ACE group (ID or DD genotype). MANOVA
revealed a significantly simple main effect within group,

respectively (the High-ACE group (ID or DD genotype):
Wilks lambda 0.087, F(3,106)=368.853, p<0.001; the Low-
ACE group (II genotype): Wilks lambda 0.116,
F(3,106)=269.4, p<0.001). Finally, follow-up ANOVA for
analysis of the interactions revealed that there was a
significantly simple main effect of genotype in the novelty
seeking (NS) (F(1,108)=5.767, p=0.018). No significant
differences between the two groups in males were found in
each temperament score of the TCI (Table 1). There were no
significant differences between the two groups in males and
females in each character score of the TCI (SD: Self-
Directedness, C: Cooperativeness, ST: Self-Transcendence)
and personality score of the NEO-PI-R (N: Neuroticism, E:
Extraversion, O: Openness, A: Agrecableness, C: Conscious-
ness) (data not shown).

4, Discussion

Our findings indicate that female, but not male, subjects
with the Low-ACE genotype (II) have lower NS, as compared
to those with High-ACE genotype (DD or ID). NS is a
tendency to respond to novelty and cues for reward that lead
to exploratory activity. According to Cloninger’s hypothesis
(Cloninger et al., 1993), NS primarily utilizes dopaminergic
pathways; Harm Avoidance utilizes serotonin pathways; and
Reward Dependence utilizes norepinephrine pathways. It is

therefore of interest that the ACE genotype could be

associated with NS regulated by dopaminergic pathways.
Several lines of evidence support an interaction between brain
angiotensins and central catecholamine systems. Because
angiotensin 11 receptors have been identified on dopamine
containing cells in the substantia nigra and striatum of the
human brain (Jenkins et al. 1995), an influence of
angiotensin 11 on cerebral dopamine content is probable.
Moreover, locally administered angiotensin 11 stimulates
dopamine release from the striatum in the rat (Mendelsohn
et al., 1993). From those viewpoints, the High-ACE group
(DD or ID genotype) might have had high angiotensin II
levels, which stimulate the release of more dopamine,
resulting in high NS. These observations seem consistent
with our results, suggesting an association between the ACE
gene and NS thorough dopaminergic pathways.

Table |
TCI scores as a function of ACE genotype in female healthy subjects
Genotype [n] Age NS HA RD PS
Males {74]
Low-ACE II {33] 27.9 (6.93) 21.4 (5.20) 19.1 (5.50) 14.2 (3.70) 3.91 (2.10)
High-ACE DD/ID [41] 30.1 (9.10) 21.2 (5.66) 19.4 (7.38) 15.7 (4.14) 4.54 (1.78)
Genotype {n] Age NS* HA RD PS
Females [110]
Low-ACE II {48] 29.3 (12.1) 19.9 (5.23) 20.3 (5.63) 16.9 (3.38) 4.67 (2.10)
High-ACE DD/ID [62] 28.6 (10.8) 22.4 (5.38) 18.2 (6.26) 16.6 (3.28) 4.16 (2.02)

NS: Novelty Seeking, HA: Harm Avoidance, RD: Reward Dependernce, PS: Persistence, Low-ACE: the low-activity ACE group who had the insertion/insertion (1I)
genotype, High-ACE: the high-activity ACE group who had insertion/deletion (ID) or deletion/deletion (DD) genotype.

Data is shown as mean (SD; standard deviation); [n], number.

* Statistically significant between-group difference (F=5.767, df=1,108, p =0.018).
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NS is known to be a risk factor for substance abuse (Howard
et al.. 1997: Hale et al,, 2003). Our data regarding ACE and NS
suggest that the D allele (High-ACE) is a risk factor for drug
abuse as a NS-related behavior. From this perspective, our
hypothesis is consistent with the report regarding an associa-
tion between the ACE I/D polymorphism and alcohol abuse
(Garrib and Peters, 1998). In their study, higher frequencies of
the D alleles were observed in patients with alcoholism.
However, their results were never replicated and must be
interpreted with caution.

To our knowledge, our study is the first to suggest an
association between NS and the ACE I/D genotype in female
subjects. It is unclear why only females, but not males, show
an association between NS and the ACE I/D genotype. A
possible explanation is that the ACE gene is composed of two
homologous regions and codes for both a somatic and testis
isoenzyme (Bernstein et al., 1989; Rieder et al., 1999), The
testis-specific form of ACE has its own promoter within
intron 12 (Howard et al.. 1990), is encoded by the 3 region
of the gene, and is found only in postmeiotic spermatogenic
cells and sperm. Krege et al. (1993) have reported that ACE-
deficient mice show male—female differences in fertility and
blood pressure. Researchers have found that gender differ-
ences in cardiac ACE expression (Freshour et al., 2002) and
plasma ACE activity (Lim et al., 2002) are normalized in
androgen-deprived male mice. Gandhi et al. (1998) have

shown that the renal vasoconstrictor response to angiotensin I

and angiotensin II infusion is significantly increased in
women compared to that in men. These observations,
indicating gonadal effects on ACE activity, suggest that
females may be more influenced by the ACE gene than
males. However, the mechanisms of the possible gender
differences on the association between ACE I/D polymor-
phism and NS are still unclear. As our sample size may be
regarded as weakness of this study, these data needed to be
confirmed in a much larger sample.

5. Conclusions

In healthy Japanese females, the novelty seeking (NS) of the
Low-ACE group (II genotype) were significantly lower than
those of the High-ACE group (ID or DD genotype). Our
findings suggest that the ACE I/D polymorphism might be
associated with NS personality in females, but not males.
Taking into account the effects of multiple comparisons, this
result should be interpreted with caution, and needs confirma-
tion in a larger sample.
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Cemfext: In animals, methamphetamine is known to have
aneurotoxic effect onserotonin neurons, which have been
implicated in the regulation of mood, anxiety, and aggres-
sion. Itremains unknown whether methamphetamine dam-
ages serotonin neurons in humans.

Objective: Toinvestigate the status of brain serotonin neu-
rons and their possible relationship with clinical character-
istics in currently abstinent methamphetamine abusers.

Desigmn: Case-control analysis.
Setfing: A hospital research center.

Participants: Twelve currently abstinent former metham-
phetamine abusers (5 womenand 7 men) and 12 age-, sex-,
and education-matched control subjects recruited from the
community.

Interventions: The brain regional density of the seroto-
nin transporter, a structural component of serotonin neu-
rons, was estimated using positron emission tomography
and trans-1,2,3,5,6,10-beta-hexahydro-6-[4-(methylthio)
phenyl]pyrrolo-[2,1-alisoquinoline ([''C](+)McN-
5652). Estimates were derived from region-of-interest and
statistical parametric mapping methods, followed by within-
case analysis using the measures of clinical variables.

Main Outcome Measures: The duration of metham-
phetamine use, the magnitude of aggression and depressive
symptoms, and changes in serotonin transporter density rep-
resented by the [''C}(+)McN-5652 distribution volume.

Resulis: Methamphetamine abusers showed increased
levels of aggression compared with controls. Region-of-
interest and statistical parametric mapping analyses re-
vealed that the serotonin transporter density in global brain
regions (eg, the midbrain, thalamus, caudate, putamen, ce-
rebral cortex, and cerebellum) was significantly lower in
methamphetamine abusers than in control subjects, and
this reduction was significantly inversely correlated with
the duration of methamphetamine use. Furthermore, sta-
tistical parametric mapping analyses indicated that the den-
sity in the orbitofrontal, temporal, and anterior cingulate
areas was closely associated with the magnitude of aggres-
sion in methamphetamine abusers.

Conclusions: Protracted abuse of methamphetamine may
reduce the density of the serotonin transporterin the brain,
leading to elevated aggression, even in currently absti-
nent abusers.
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ETHAMPHETAMINE 1S A

powerfully addictive

drug, and the number

of its abusers has been

steadily increasing

worldwide.' Long-term methamphet-
amine abuse can produce various psychi-
atric symptoms, including psychosis, de-
pression, anxiety, and aggression, under
conditions of intoxication and with-
drawal.5" These psychiatric states are some-
times prolonged, in the form of residual
symptoms, and are easily exacerbated in
some long-term abusers by methamphet-
amine reuse or by psychological stress,*1
In animal studies, the biochemical ef-
fects of the neurotoxicity of methamphet-
amine on mature neurons, especially on
the dopaminergic and serotonergic axon

arbors, are well documented,'"'? al-
though neurotoxic methamphetamine may
also cause cell death through apoptosis or
necrosis.'*"* However, methamphetamine-
induced neuronal damage is thought to
vary across species.'*'> For example, in
contrast to the findings in rats," which in-
dicate that serotonergic neurons are more
sensitive to the methamphetamine-
induced toxicity than are dopaminergic
neurons, recent findings'® have sug-
gested that serotonergic neurons in non-
human primates seem to be less aflected
by methamphetamine administration than
are dopaminergic neurons.

In vivo studies using positron emis-
sion tomography (PET) are helpful for un-
derstanding the contribution of metham-
phetamine neurotoxicity and induced
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Tatle 1. Demographic and Clinical Characteristics of the 24 Study Participants
Control Subjects Methamphetamine Abusers
(n=12) (n=12)*

Igﬁean +SD Range IN!ean = SD Range]
Age, y 318:6.6 21-44 31468 21-44
Education, y H5+12 9-12 1121 9-12
Duration of methamphetamine use, y NA NA 6.7+3.2 1.5-11.0
Duration of methamphetamine abstinence, y NA NA 1613 0.5-5.0
BPRS positive symptoms subscale score NA NA 53+39 0-14
BPRS negative symptoms subscale score NA NA 0.0:£0.0 0.0
17-Item HAM-A score NA NA 38263 0-16
17-item HAM-D score NA NA 40+6.3 0-18
Scale for methamphetamine craving score NA NA 49+34 1-10
Aggression Questionnaire scoret 30217 29-34 75.0 £ 13.9% 46-97

Abbreviations: BPRS, Brief Psychiatric Rating Scale; HAM-A, Hamilton Rating Scale for Anxiety; HAM-D, Hamilton Rating Scale for Depression;

NA, not applicable.
*All the abusers took methamphetamine intravenously.
tHigher scores represent greater aggression.
Significantly difference from control subjects using the ttest (P<.001).

neural damage to the long-term withdrawal syndrome.
Recent PET studies have shown that long-term use of
methamphetamine decreases the density of DA trans-
porters, which are located on dopaminergic terminals in
the human brain'>'"!¥; moreover, long-term use of meth-
amphetamine may cause severe positive symptoms (eg,
delusions and hallucinations) and an increased reduc-
tion in DA transporter density.>'® However, to date, no
studies have addressed the alteration of serotonergic neu-
rons in methamphetamine abusers. In addition, it is not
known whether such changes, if found, could be related
to the psychiatric symptoms frequently observed in cur-
rently abstinent methamphetamine abusers.

We, therefore, examined the possibility of changes in
the density of the serotonin transporter, an index of sero-
tonin neuronal damage,'”* in methamphetamine abus-
ers by means of PET. This information was then consid-
ered as part of an evaluation of the potential associations
between serotonin transporter density and participant
clinical characteristics.

METHODS .

PARTICIPANTS

The ethics committees of the Hamamatsu University School of
Medicine and Hamamatsu Medical Center approved this study.
Written informed consent was obtained from each participant
after they were provided an explanation of the study proce-
dures. Twelve currently abstinent methamphetamine abusers
who had previously abused only methamphetamine (ie, mono-
drug abusers) and 12 age-, sex-, and education-matched con-
trol subjects participated in this study (Fable ). Potential par-
ticipants were recruited from the comnuunity by means of poster
advertisements and word of mouth in and around Hamamatsu
City, which is located in the middle of the mainland of Japan.
The participants in the methamphetamine group were re-
quired to attend a weekly meeting at the Drug Detoxification
and Rehabilitation Program Center of Hattori Mental Hospital
(Iwata, Japan) Lo maintain and ensure abstinence until the PET
study was conducted.

All the methamphetamine abusers had used the drug recreation-
ally and had no history of toxic or high-dose methamphetamine
use. None of the abusers had any history of hospitalization or treat-
mentat psychiatric hospitals. We assessed the participants regard-
ing the use of other illicit drugs, including (+)3,4-methylene-
dioxymethamphetamine, cocaine, cannabis, heroin, and toluene,
because these substances are known to cause psychiatric symp-
tomsand to affect neural transmission in the brain.'*** However,
none of the methamphetamine abusers recruited for the present
study were found to have a history of such illicit drug use. All the
methamphetamine abusers were naive to neuropsychiatric medi-
cations, such as antipsychotics and antidepressants. None of the
methamphetamine abusers had a history of psychiatric disorders,
including antisocial or intermittent explosive disorder, or a his-
tory of increased aggression before the use of methamphetamine.
The controls were healthy and had never used methamphetamine
orany other illicit drugs, and none of them met any of the relevant
criteria according to the Diagnostic and Statistical Manual of Men-
tal Disorders, Fourth Edition. The controland methamphetamine
groups showed similar habits of occasional drinking and smok-
ing, but none of the participants [ulfilled either the alcohol- or the
nicotine-related Diagnostic and Statistical Manual of Mental Disor-
ders, Fourth Edition criteria. These evaluations were determined
using the Structured Clinical Interview for the Diagnostic and Sta-
tistical Manual of Mental Disorders, Fourth Edition.” To increase
the accuracy of the abusers’ profiles, detailed information on the
duration of methamphetamine use and the history of psychiatric
symptoms was retrospectively obtained using Structured Clinical
Interview for the Diagnostic and Statistical Manual of Mental Dis-
orders, Fourth Edition-based interviews with the abusers and their
family members. The period of methamphetamine use was defined
as the duration between the first and last use. When intervals of
abstinence longer than 1 month occurred during the duration of
methamphetamine use as defined, these intervals were subtracted
from the total duration value. The methamphetamine abstinence
period was arbitrarily delined as the duration between the day of
the last use of methamphetamine and that of the PET examination.

DRUG SCREENING

During the weekly meeting at the Drug Detoxification and Re-
habilitation Program Center, the absence of recent methamphet-
amine and other dritg use was regularly confirmed using a rapid
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immunoassay for the qualitative detection of the metabolites of
the following 8 classes of drugs: amphetamines, including meth-
amphetamine and (+)3,4-methylenedioxymethamphetamine; bar-
biturates; benzodiazepines; cocaine; methadone; opiates; tetra-
hydrocannabinol; and tricyclic antidepressants (Triage8; Biosite
Diagnostics, San Diego, Calif). In addition, the participants were
tested for urinary hippuric acid, a biomarker of toluene use,
using high-performance liquid chromatography according to
the standard diagnostic methods.” These assessments were also
performed on the same day as the PET examination. When nec-
essary, we assessed hair samples using high-performance lig-
uid chromatography, which enabled us to verify long periods
of methamphetamine abstinence.™

CLINICAL EVALUATION

The severity of psychiatric symptoms in methamphetamine abus-
ers was evaluated using the Aggression Questionnaire (AQ)?*';
the scores can range from 29 to 145, with higher scores rep-
resenting greater aggression. In addition, the 17-item Hamil-
ton Rating Scale for Anxiety,” the 17-item Hamilton Rating Scale
for Depression,® and positive and negative symptom sub-
scores® on the Brief Psychiatric Rating Scale® were included
in the evaluation. The Subjective Drug Effect Rating Scale for
Cocaine® was modified and used for the assessment of crav-
ings for methamphetamine. The scores on this assessment can
range from 1 to 10, with higher scores representing more in-
tense craving sensations (Table 1). These evaluations were per-
formed on the day of the PET examination by a trained re-
search psychiatrist masked to the PET results.

MAGNETIC RESONANCE IMAGING
AND MAGNETIC RESONANCE IMAGING-TO-PET
COORDINATE PROCEDURES

Three-dimensional magnetic resonance imaging (MR1) was per-

formed just before the PET examination using a 0.3-T MRI unit
(MRP7000AD; Hitachi Medical Corp, Tokyo, Japan) and the
following acquisition parameters: repetition time, 200 milli-
seconds; echo time, 23 milliseconds; flip angle, 75°; slice thick-
ness, 2 mm with no gap; and matrix, 256 X 256. In reference
to the measurements of the tilt angle and spatial coordinates
obtained in the procedure for determining the anterior-
posterior intercommissural line on each participant’s sagittal
MRIs, a PET gantry was set parallel to the anterior-posterior
intercommissural line by tilting and moving the gantry for each
participant, which permitted reconstruction of the PET im-
ages parallel to the anterior-posterior intercommissural line with-
out reslicing; using this approach, we allocated regions of in-
terest (ROIs) on the target areas of the original PET images.*

PET PROCEDURES

We used a high-resolution brain PET scanner (model SHR12000;
Hamamatsu Photonics KK, Hamamatsu, Japan), which was ca-
pable of yielding 47 PET images simultaneously.®® Before dy-
namic scanning, a 20-minute transmission scan was per-
formed for attenuation correction using a germanium Ge 68/
gallium Ga 68 source with the participant’s head fixed by means
of a radiosurgery-purpose thermoplastic face mask. Then, af-
ter a bolus intravenous injection of a 370-MBq dose of trans-
1,2,3,5,6,10-beta-hexahydro-6-[4-(methylthio)phenyl] pyrrolo-
[2,1-alisoquinoline (["'C](+)McN-5652), a ligand with high
specificity to serotonin transporter,’* 38 serial PET scans (time
frames: 4 X 60, 20 X 120, and 14 X 300 seconds) were per-
formed for 92 minutes. A total of 23 arterial blood samples were
collected at intervals of 10 seconds to 15 minutes after the tracer

injection. The blood samples were analyzed using thin-layer
chromatography (Whatman AL SIL G/UV 20 X 20 cmn; What-
man Japan KK, Tokyo) and a storage phosphorscreen bioim-
aging analyzer (model BAS-1500; Fuji Photo Film Co, Tokyo)
to determine the levels of unmetabolized tracer.

IMAGE ANALYSIS AND KINETIC MODELING

At the beginning of the study, the MR1 voxel size was adjusted
to the PET voxel size 3-dimensionally using image processing
software (DrView; Asahi Kasei Co, Tokyo) on a Sun worksta-
tion (HyperSPARC ss-20; Sun Microsystems, Santa Clara, Calif).
These reformatted MRIs with 3-dimensional scales and coor-
dinates identical to those of the PET images were used as ana-
tomic landmarks for the ROI setting, which allowed for mini-
mization of the partial volume effects.>'®*# An investigator
masked to the participant’s condition placed 10 ROIs bilater-
ally over the midbrain, thalamus, caudate nucleus, putamen,
amygdala, anterior cingulate cortex, dorsolateral prefrontal cor-.
tex, orbitofrontal cortex, temporal cortex, and cerebellar cor-
tex on the MRIs, as previously described. ™+ After delinea-
tion of the ROIs was completed on the reformatted MRIs, the
PET images were displayed side-by-side with the MRIs. Then,
the determined ROIs were placed on the same area on the MRIs
and the corresponding PET images.

To assess the brain serotonin transporter density, we ana-
lyzed the [V'C](+)McN-5652 binding data on the basis of a model
that described the radioligand kinetics using a single-tissue com-
partment and 3 parameters—uptake of radioligand in brain tis-
sue (K;), release of radioligand from brain tissue (k,), and blood
volume—Dbecause the regional brain ["'C](+)McN-5652 distri-
bution volume (DV) (ie, the ratio of K,/k,) estimated by this model
is known to correlate with the known regional brain serotonin
transporter density®'** and has been reported to be suitable for
evaluating amphetamine-induced serotonergic neurotoxicity.?' Ce-
rebral radioactivity was corrected for the contribution of plasma
radioactivity, assuming a 5% blood volume in the ROIs. The K,
and k; values were estimated by fitting the metabolite-corrected
plasma time-radioactivity curves and the blood volume-
corrected brain time-radioactivity curves using a nonlinear least
squares algorithm 3184

STATISTICAL ANALYSIS

In addition to the ROI method described in the “Methods” sec-
tion, we also performed a voxel-based whole-brain analysis using
statistical parametric mapping (SPM) software (SPM99; Well-
come Department of Cognitive Neurology, Institute of Neu-
rology, London). Based on the same kinetic model as that used
for the ROI method, absolute parametric [''C](+)McN-5652
DV images were generated for each participant using biomedi-
cal image quantification and kinetic modeling software (PMOD
version 2.5; PMOD Technologies Ltd, Zurich, Switzerland)
(Figure 1).Y* To normalize the absolute DV image to the stan-
dard stereotaxic brain atlas,*” we used transformation param-
eters for early integrated images of [''C](+)McN-5652 (0-20
minutes after injection).”* Subsequently, t statistics were per-
formed on a voxel-by-voxel basis (voxel size: 2.0 X2.0X 2.0
mm), resulting in ¢ statistic maps. Then, the results were trans-
formed to the unit normal distribution. For the SPM analysis,
we assessed both group differences in the regional {''C](+)
McN-5652 DVs and the possible relationship between the re-
gional changes in [''C](+)McN-5652 DVs and the severity of
clinical symptoms in methamphetamine abusers. Age and sex
were treated as covariates, and the scores on the clinical mea-
sures (AQ, Hamilton Rating Scale for Anxiety, Hamilton Rat-
ing Scale for Depression, positive and negative symptoms on
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the Brief Psychiatric Rating Scale, and the scale for metham-
phetamine craving) were considered to be variables of inter-
est. To test hypotheses about the regional specific effects of these
variables, the estimates were compared using 2 linear con-
trasts (positive or negative correlation). According to recently
published PET studies® of methamphetamine abusers, the level
of signilicance was determined using a voxel height threshold
of P=.05 (corrected). The cluster significance threshold was
also set at P=.05 (corrected).

To compare the mean values of the demographic and clini-
cal variables in control subjects and methamphctamine abus-
ers, an unpaired ¢ test was used. We tested the main effect of
methamphetamine use on [''C}(+)McN-5652 DVs derived from
10 brain regions using multivariate analysis of variance. Sta-
tistical signilicance was set at P<<.05. To investigate the corre-
lation between the [M'C](+)McN-5652 DV and the clinical vari-
ables in methamphetamine abusers, including the duration of
methamphetamine use and abstinence, the Pearson correla-
tion coefficient was computed, with age and sex adjusted for;
after applying the Bonferroni correction, the level of statistical
significance was set at P=.005 (SPSS version 11.0]; SPSS Japan
Inc, Tokyo).

PSYCHIATRIC STATES OF ABSTINENT
METHAMPHETAMINE ABUSERS

Methamphetamine abusers showed no apparent
negative symptoms as demonstrated by Brief Psychiat-
ric Rating Scale assessment (Table 1). All methamphet-
amine abusers had previously experienced psychosis
during methamphetamine use. Two methamphetamine
abusers had persistent psychotic symptoms, such as
persecutory delusions and auditory hallucinations; 5 had
a depressed mood; 4 had anxiety; 4 showed severe ag-
gression; and 4 had no psychiatric symptoms except for
aggressive behavior. The mean AQ score was signifi-
cantly higher in methamphetamine abusers than in con-
trols (t=—11.1; P<<.001).

ROI ANALYSIS

The traditional ROI-based analysis showed that meth-
amphetamine abusers had significantly decreased [''C]
(+)McN-5652 DVs in their global brain regions com-
pared with control subjects (Wilks A=0.001; P=.003)
(Figure 2). Subsequent univariate analysis of variance
revealed that methamphetamine abusers had signifi-
cantly lower [''C](+)McN-5652 DVs than control sub-
jects in all 10 ROIs studied (P<.001 for all). There was
no group X sex interaction effect in the ["'C](+)McN-
5652 DV, indicating no sex-specific effect in ["'C](+)
McN-35652 DVs (Wilks A=0.47; P=.37).

Figure 3 shows the correlations between [''C](+)
McN-5652 DVs and clinical variables in methamphet-
amine abusers. The [1!C}(+)McN-5652 DVs in 5 of the 10
ROIs (ie, the midbrain, thalamus, caudate nucleus, puta-
men, and orbitofrontal cortex) significantly correlated nega-
tively with the duration of methamphetamine use (P<<.005
for all by Pearson correlation coefficient) (Figure 3A). There
was no correlation in any of the 10 ROIs between [''C]
(+)McN-5652 DVs and the duration of methamphet-
amine abstinence, which lasted 6 months to 5 years in our

_ conwl S@hjent

 Methamphetomine Abuser

Figure 1. Voxel-based trans-1,2,3,5,6,10-beta-hexahydro-6-[4-(methylthio)
phenyl]pyrrolo-[2,1-alisoquinoline ([''C](+)McN-5652) distribution volume
images from a control subject and a methamphetamine abuser. These
absolute parametric images were normalized to the standard stereotaxic
brain atlas using transformation parameters for early integrated images of
[1C)(+)MCN-5652 (0-20 minutes after injection). The ["1C}(+)McN-5652
distribution volumes in broad areas of the brain of the methamphetamine
abuser were lower than those of the control subject.

participants (Figure 3B). The magnitude of aggression, as -
assessed using the AQ, increased significantly with de-
creasing |''C] (+)McN-5652 DVs in 8 of the 10 ROIs (ie,
the thalamus, caudate nucleus, putamen, anterior cingu-
late cortex, temporal cortex, orbitofrontal cortex, dorso-
lateral prefrontal cortex, and cerebellar cortex) (P<.005
for all by Pearson correlation coefficient) (Figure 3C). Other
clinical variables, including craving, were not statistically
significantly correlated with changes in [''C](+) McN-
5652 DVs (data not shown).

SPM ANALYSIS

Figure 4 illustrates the results of the whole-brain voxel-
based SPM analysis of {*'C](+)McN-5652 DVs. Figure 4A
shows that the methamphetamine group had widely dis-
tributed reductions in [''C}(+)McN-5652 DVs com-
pared with the control group (P<.05, corrected)
(Table 2). In accord with the {indings derived from the
ROl analysis, the SPM analysis revealed an extensive clus-
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Figure 2. Mean regional brain frans-1,2,3,5,6,10-beta-hexahydro-6-[4-(methylthio)phenyl]pyrrolo-[2,1-alisoquinoline (["'C]( +)McN-5652) distribution volumes
(DVs) in control subjects and methamphetamine abusers. Methamphetamine abusers had significantly decreased ["'C}{+ )McN-5652 DVs in the global regions
compared with controls (Wilks A=0.001; P=.003, by multivariate analysis of variance). Univariate analysis of variance revealed that methamphetamine users had
significantly lower ["'C}(+)McN-5652 DVs than controls in all regions studied (P<.001 for alt). Error bars represent SE.

ter of voxels with reduced [''C](+)McN-5652 DVs oc-
cupying the right insular area and extending out into the
bilateral putamen, caudate, thalamus, hypothalamus, mid-
brain, temporal, parietal, frontal, occipital, cerebellar, an-
terior cingulate, and posterior cingulate areas. This clus-
ter consisted of 45 315 voxels (363 mL). Figure 4B shows
clusters in which the magnitude of aggression increased
significantly with decreasing [''C](+)McN-5652 DVs.
These clusters were located on the bilateral orbito-
frontal areas (P=.001), left inferior temporal area
(P<.001), and right anterior cingulate gyrus area
(P<.001) (Table 3). The other clinical variables did not
reach statistical significance (data not shown).

__ COMMENT

In the present study, methamphetamine abusers had sta-
tistically significantly decreased ["'CJ(+)McN-5652 DVs,
a representative measure of serotonin transporter den-

sity,”** in their global brain regions compared with con-

trol subjects. The {inding of significantly reduced [''C]
(+)McN-5652 DVs in a several brain regions in meth-
amphetamine abusers, as revealed using the ROl ap-

proach, was in accord with the results of voxel-based SPM
analysis. In addition, there was no group X sex interac-
tion effect in terms of the ["'C}(+)McN-5652 DV, indi-
cating thatabnormal [''C](+)McN-5652 DVs in the brains
of methamphetamine abusers are observed in both sexes.
These findings suggest that the ingestion of metham-
phetamine leads to a global and severe reduction in the
density of human brain serotonin transporters.

The values of the density of serotonin transporters in
widely distributed brain regions, including the midbrain,
hypothalamus, thalamus, caudate, putamen, amygdala, tem-
poral cortex, and occipital cortex, were found to negatively
correlate with the duration of methamphetamine use. This
result implies that the longer methamphetamine is used,
the more severe the decrease in serotonin transporter den-
sity will be. Although the duration of methamphetamine
use is viewed as a proxy measure for the actual amount
ofintake of the drug, such arelationship ina dose-response
manner strongly suggests alink between the use of meth-
amphetamine and damage to serotonin neurons. This is
compatible with the results of animal experiments®' dem-
onstrating dose-dependent methamphetamine-induced
serotonin transporter reduction.
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Figure 3. Correlations between trans-1,2,3.5,6,10-beta-hexahydro-6-[4-(methylthio)phenyi]pyrrolo-[2,1-alisoquinoline (["'C](+)McN-5652) distribution volumes
(DVs) in a representative brain region (the thalamus) and clinical variables in methamphetamine (METH) abusers. A, Significant negative correlation between
["C)(+)McN-5652 DVs and the duration of METH use (r=-0.84; P=.001 by Pearson correlation coefficient). B, Correlation between [''C}(+)McN-5652 DVs and
the duration of METH abstinence (r=0.16; P=.61). C, Correlation between Aggression Questionnaire scores and ["'C}{+)McN-5652 DVs (r=-0.82; P=.001).

Although the present study was not designed to di-
rectly assess recovery from brain damage induced by meth-
amphetamine use, there was no correlation between the
["'C](+)McN-5652 DVs and the duration of methamphet-
amine abstinence. Along with this finding, the result show-
ing that even individuals who had been abstinent for more
than 1 year (n=9) had a substantial decrease in serotonin
transporter density (approximately a 30% decrease com-
pared with controls) (Figure 3B) suggests that reductions
in the density of the serotonin transporter in the brain as-
sociated with habitual methamphetamine abuse could per-
sist long after methamphetamine use ceases.

The magnitude of aggression in methamphetamine abus-
ers increased significantly with decreasing serotonin trans-
porter densities in some brain regions. Detoxification from
methamphetamine in all the abusers in this study was con-
firmed by regular urine drug screening as described in the
“Drug Screening” subsection, including a test on the day
of PET examination; these tests were conducted to estab-
lish that the psychiatric symptoms, such as aggression, were
residual rather than acute symptoms induced by metham-
phetamine use. As a result, the relationship between the
degree of aggressiveness and the density of serotonin trans-
porter found in this study was not ascribed to the process
of detoxilication from methamphetamine use. Thus, the
present findings indicate that methamphetamine-
induced serotonergic disturbances are responsible for the
elevated aggressiveness that is frequently observed, as are-
sidual symptom, in abstinent methamphetamine abusers.
This contention is consistent with a variety of studies™?
that have documented associations between decreased se-
rotonergic function and increased aggression. For ex-

ample, cerebrospinal fluid 5-hydroxyindoleacetic acid,
which is known to reflect presynaptic serotonergic activ-
ity in the brain, has been found to be reduced in aggres-
sive psychiatric patients,”** impulsive violent men,*>”" and
impulsive violent offenders.’®

In the correlational region analysis using SPM in the
methamphetamine group, the magnitude of aggression
was substantially associated with a decrease in seroto-
nin transporter density in the clusters located in the or-
bitofrontal cortex, anterior cingulate, and temporal cor-
tex, although the clusters were localized to small areas
and did not fully occupy the anatomic brain regions. This
result suggests that the potential methamphetamine-
induced decrease in serotonergic function around these
3 areas may play an important role in the pathogenesis
of elevated aggression in methamphetamine abusers. This
is supported by several lines of evidence. For example,
studies of brain injuries suggest that damage to the or-
bitofrontal and anterior cingulate areas produces syn-
dromes characterized by aggression and impulsiv-
ity.>>% Furthermore, recent PET and postmortem
clinicopathologic correlation studies have indicated that
low levels ol serotonin,, receptors in the orbitofrontal,
anterior cingulate gyrus, and temporal areas are related
to aggressive behavior.®*¢!

However, we cannot rule out the possibility that the
increased aggression observed in methamphetamine abus-
ers could reflect a preexisting condition, for example, an
“addictive personality,” which might often involve a ten-
dency toward aggression.®? Nevertheless, in the present
study, we selected methamphetamine abusers who had
no history of abnormal aggression before the use of meth-
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Figure 4. Results of the whole-brain voxel-based statistical parametric mapping analysis of the trans-1,2,3,5,6,10-beta-hexahydro-6-[4-(methylthio)
phenyl]pyrrolo-[2,1-ajisoquincline {['C){+)McN-5652) distribution volumes (DVs). A, Locations of methamphetamine abuser and control differences in
{"C](+)McN-5652 DVs. Areas with significantly reduced [""C}(+)McN-5652 DVs in methamphetamine abusers compared with those in controls (P<.001,
corrected for cluster level) are given in Table 2. B, Locations of clusters with significant negative correlations between Aggression Questionnaire scores and
["'C](+)McN-5652 DVs in methamphetamine abusers (P<.05, corrected for voxel level) (Table 3). Each top row shows 3-dimensional glass brain views; each
bottom row, detected area superimposed onto normal tempiate magnetic resonance images.

amphetamine, and their histories were retrospectively con- detailed Structured Clinical Interview for Diagnostic and
firmed by the abusers and their family members through Statistical Manual of Mental Disorders, Fourth Edition—
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Abusers Compared With 12 Control Subjects™

Table 2. Voxel-Based Analysis of Regional Brain {"'C](+)MgN-5652 Distribution Volume Reductions in 12 Methamphetamine

Cluster-Level Analysis

I 1
Corrected Voxels,

Voxel-Level Analysis

Talairach Coordinates

I
Corrected z

1 I 1

Location P Value No. P Value Score X y Z
Right insular cortex <.001 45315 .009 5.33 34 13 -4
Left caudate nucleus NA NA .02 512 -10 19 -4
Right claustrum NA NA .03 5.02 32 0 -3

Abbreviations: [V'C}{+)McN-5652, trans-1,2,3,5,6,10-beta-hexahydro-6-[4-(methylthio)phenyflpyrrolo-[2,1-ajisoquinoline; NA, not available.
*The significance threshold was P<.05 at the corrected voxel level and P<:.05 at the corrected cluster level. Coordinates are given in millimeters from the origin

at the midpoint of the anterior commissure for voxels of peak significance.

Questionnaire Scores in 12 Methamphetamine Abusers*

Table 3. Voxel-Based Analysis of Regional Brain [V'C]{+)McN-5652 Distribution Volumes Negatively Associated With Aggression

Cluster-Level Analysis

T 1
Corrected Voxels,

Voxel-Level Analysis Talairach Coordinates

1 [ . 1

I
Corrected z

Location P Value No. P Value Scare X y z

Right orbitofrontal cortex <.001 20 .007 5.49 6 26 -21
Left inferior temporal cortex <.001 38 007 5.48 -57 -30 -19
Left orbitofrontal cortex .001 10 02 5.17 -10 34 -24
Right anterior cingulate cortex <.001 12 03 513 10 49 10

Abbreviation: ["'C}(+)McN-5652, trans-1,2,3,5,6,10-beta-hexahydro-6-[4-(methylthio)phenyl]pyrrolo-[2.1-a]isoguinoline.
*The significance threshold was P<.05 at the corrected voxel level and P<.05 at the corrected cluster level. Coordinates are given in millimeters from the origin

at the midpoint of the anterior commissure for voxels of peak significance.

based interviews. Furthermore, in this study, the sever-
ity of aggression clearly paralleled the decreases in sero-
tonin transporter density in the brain, which in turn were
found to be associated with the duration of methamphet-
amine use. Therelore, it seems unlikely that the in-
creased aggression observed in these methamphet-
amine abusers reflected a preexisting disposition or
personality trait.

Except for the scores on the AQ, none of the scores
on the clinical rating scales for psychiatric symptoms were
correlated with the decrease in serotonin transporter den-
sity. Methamphetamine has been reported to affect not
only serotonergic neurons but also several other types
of neurons, such as the dopaminergic, glutamatergic, and
v-aminobutyric acid (GABA)-ergic neurons, all of which
have been implicated in the presence of a variety of psy-
chiatric symptormns (eg, delusions, hallucinations, and anxi-
ety).% It is possible that changes in various types of neu-
rons might have affected or modified the clinical
symptoms evaluated herein. Another plausible interpre-
tation for the negative results is that, as seen in Table 1,
the severity of most of the residual symptoms assessed
in this study ranged from mild to moderate, and the vari-
ances of their distributions were relatively small; to-
gether, these factors may have biased the results toward
the null hypothesis.

Herein, we recruited methamphetamine abusers from
the community; they were recreational abusers of meth-
amphetamine only, and none of them had used other il-
licit drugs or had taken toxic or high doses of metham-
phetamine. Although our strategy allowed us to evaluate

the pure effects of methamphetamine on the human brain,
the findings may not be generalized to the broad popu-
lation of methamphetamine abusers. However, the com-
bined use of methamphetamine with other illicit drugs
is infrequent in Japan, as indicated by Japanese National
Police Agency records in 2002.%* One reason for this is
that cannabis, cocaine, and major illicit drugs other than
methamphetamine are not widely distributed in Ja-
pan.** Furthermore, a national survey of 233 metham-
phetamine abusers reported that only 2.6% of the abus-
ers had undergone methamphetamine intoxication,*
suggesting that abusers of an overdose of methamphet-
amine are rare in Japan. Consequently, our findings are
considered to be faitly generalizable to the population
of methamphetamine abusers, at least in Japan.

In this study, all the methamphetamine abusers ex-
hibited some psychopathologic symptoms, even in an ab-
stinent state. To our knowledge, no previous studies have
examined the incidence of psychopathologic abnormali-
ties in abstinent methamphetamine abusers recruited from
the general community. In a study by Wada and Fukui,*
who investigated the psychopathologic characteristics of
233 abstinent methamphetamine abusers recruited from
hospitals in Japan (the period of abstinence exceeded 1
month; the mean = SD duration of methamphetamine use
was 11.1:£7.9 years), almost all the abusers exhibited some
psychopathologic symptoms, such as auditory halluci-
nations, delusions of reference/persecution, mood dis-
turbances, anxiety, insomnia, irritability, impulsivity, and
personality changes, including the antisocial personal-
ity type. Such observations cannot be applied to absti-
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