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positive PHF were seen. Scale bar = 500 nm.

Figure 3 Immunoelectron microscopy of TPD brain with AT8 and immunogold labeling. A: in the Acb, the immunogold labeling in
neurons was mostly localized to the granular structures (indicated by circles). Paired-helical filaments (PHF) were rare. Scale bar = 1.0 um. B: sparse
bundles of PHF were scattered in the neuronal cytoplasm. Scale bar = 200 nm. C: in the hippocampal CA1 region, prominent bundles of AT8

but not all, AD patients and non-demented, aged subjects
(Additional file 2: Figure S1A). In these groups, however,
only a limited number of cases showed tau pathology
which was similarly abundant to that in TPD (Figure 4). In
AD patients with heavy tau accumulation in the Acb, the
caudate nucleus was also affected, a feature which distin-
guished AD from TPD. In TPD, the caudate tau lesions
were either absent or, if present, very mild in all cases. In
addition, senile plaques with tau positive dystrophic neur-
ites were scattered in the Acb of such AD cases (Additional
file 2: Figure S1B). In AD cases with mild tau pathology in
the Acb, large neurons preferentially contained tauy, a find-
ing which was similar to the caudate nucleus in AD. In AD
cases with heavy tau pathology in the Acb, such large
neuron predominance became unclear and many tau
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Figure 4 A graph of the density of neuronal tau accumulation
in the Acb. The density of tau accumulation was graded as being 0
for absent, 1 for low, 2 for intermediate and 3 for high. Statistically
significant differences were seen between TPD cases and
non-demented, aged subjects (P = 0.0031) as well as AD cases in
NFT stage IV (P =0.0192) and V (P = 0.0022). The points encircled by
a broken line in the non-demented, aged group indicate that the
cases were over age 90.
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positive, medium-sized neurons were seen. In both AD
and non-demented, aged subjects, neuropil threads were
also present in those with tau positive neurons in the Acb
(Additional file 2: Figure S1C). The form of tau accumula-
tion in AD patients and non-demented, aged subjects was
similar to that in TPD, being predominantly pre-tangle
like, diffuse accumulation in the cytoplasm.

The density of neuronal tau accumulation was graded to
be 0 (absent) through 3(high) in AT8 immunostained tissue
sections. Figure 4 illustrates the results in the Acb. Tau
density in the Acb in the AD group was highly variable, ex-
cept that the cases in Braak and Braak's NFT stage VI were
either grade 2 or 3. Statistically significant differences were
seen between the TPD cases and the non-demented, aged
subjects (P =0.0031) as well as the AD cases with NFT
stage IV (P =0.0192) and those with NFT stage V (P =
0.0022). Two non-demented, aged subjects with tau accu-
mulation in the Acb were both over age 90. These 2 cases,
similarly to TPD, lacked tau accumulation in the caudate
nucleus and showed more NFT in the subiculum than in
the entorhinal cortex. The results of semiquantitative ana-
lyses confirmed our observation that tau accumulation in
the Acb was a remarkable finding in TPD. We performed
similar analyses for a number of brain regions. The results
are summarized in Table 3 as the averages of the graded
scores for tau accumulation in each group. The concentra-
tion of tau pathology in the limbic structures, including the
Acb and septal nuclei, in TPD contrasted with the broad
distribution over the neocortex in AD.

Immunoblot analyses

The results of immunoblot analyses of samples from TPD
and AD patients are shown in Figure 5. The tau band pat-
terns in the sarkosyl insoluble fraction appeared to be es-
sentially the same between TPD and AD, while the amount
of insoluble tau was far smaller in the Acb than in the para-
hippocampal cortex in AD. It has to be noted that, because
of the very high concentrations of insoluble tau in the para-
hippocampal cortex samples, the amounts of samples
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Table 3 Summary of the semiquantitative grading of tau accumulation

Braak stage No. of cases Acb Caudate nucleus Septal nucleus CA1 Ent TemAp
TRD -1V 7 26 0.7 22 3 257 04
Non-demented I-I1 3 0 0 0 067 1 0
I 8 1.13 0.25 063 1.38 2 1
AD \% 10 12 0.6 14 267 3 14
v 8 09 0B 1.3 2.89 29 25
Vi 4 13 1.3 14 3 3 3

The numbers indicate averages of the scores in each group. The degree of tau pathology was qualitatively scored as 0: absent 1: low 2: intermediate 3: high.
TPD, Tangle predominant dementia; AD, Alzheimer’s disease; NFT, Neurofibrillary tangles; Acb, nucl. Accumbens; CA7, Hippocampal CA1 region; Ent, Entorhinal

cortex; Tmep, Temporal neocortex.

applied to the gels had to be reduced in AD cases. This
resulted in the relatively weak signals for the Acb samples
in AD cases. The dephosphorylated samples of the Acb and
parahippocampal cortex showed the 3R + 4R isoform pat-
tern in both TPD and AD.

The Acb tau pathology and the presence/absence of
clinical history of delusion

Finally, we examined if the degree of the Acb tau path-
ology was different between the subjects groups with
and without the history of delusion in the clinical re-
cords (Additional file 3: Figure S2). In the group of sub-
jects with Braaks” NFT stages III and IV, which included
NFT stage III non-demented aged subjects, all TPD
cases and NFT stage IV AD cases, the Acb tau score was
higher in those with clinical history of delusion than those
without it (p =0.033). Similarly, the less conspicuous but

still significant difference was seen in the group of all NFT
stage AD cases (p = 0.049).

Discussions
There is significant overlap in the distribution of NFT
between TPD and AD. However, an early genetic study of
TPD cases indicated a paucity of the apolipoprotein E e4
allele, which currently is the most powerful risk factor for
AD [30]. More recently, a report has been made on the
significant associations of TPD with the MAPT H1 haplo-
type as well as with some polymorphisms within the re-
gion of MAPT encoding the 3" UTR [31]. Thus, together
with the striking paucity of AP deposition, it seems that
TPD is a unique neuropathological entity that has to be
studied separately from AD.

The clinical and neuropathological features of the TPD
patients we used in the present study generally agreed
with those described in preceding articles [3,32]. In
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Figure 5 Immunoblot analyses of the sarkosyl insoluble tau. The sarkosyl insoluble fractions of the Acb (A) and the parahippocampal cortex
(T) from TPD (A) and AD (B) were analyzed by immunoblot. A pan-tau antibedy, HT7, was used. The Acb samples show the 3R + 4R isoform
pattern similar to that in the parahippocampal cortices in both TPD and AD.
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addition to the already well-known distribution of tau
pathology, we found a considerable number of tau posi-
tive neurons and neuropil threads in the Ach. The Acb
consists of the predominant medium-sized neurons and
the occasional large neurons. Both cell types were af-
fected by tau pathology in TPD. This contrasted AD
with mild Acb tau pathology, in which large neurons
were affected preferentially. Such a result is consistent
with the previous reports which described that large
neurons are more vulnerable in AD [33] and prone to
tau accumulation [34], In AD cases with the heavy Acb
tau pathology, many medium-sized neurons were also
tau positive. In the absence of TPD cases with the mild
Ach tau pathology, it remains to be determined whether
the difference is attributable to the distinct pathome-
chanisms between AD and TPD or to the variable
vulnerability of different neuronal cell types.

The Acb may not be a region which is routinely sam-
pled in a number of laboratories. Further, tau pathology
in the Acb is not well stained by the Gallyas-Braak
method. These facts together might explain the absence
of previous reports on the occurrence of tau lesions in
the Acb. The mechanism by which the Gallyas-Braak
staining labels NFT remains to be determined. In TPD,
insoluble tau consists of a mixture of the 3R and 4R iso-
forms in both the Acb and hippocampus, but NFT are
intensely labeled by Gallyas-Braak staining in the latter.
It may be noteworthy that, in the Acb, tau pathology
occurs in a form of diffuse or granular cytoplasmic accu-
mulations in the majority of tau positive neurons and
that, ultrastructurally, PHF were rare. These contrasted
with the hippocampal lesions where dense bundles of
PHF were frequently seen. Obviously, factors that affect
the reactivity of abnormal tau deposits to Gallyas-Braak
staining need further clarification.

Tau pathology is considered to propagate in the brain
from an affected region to another along the fiber connec-
tions, by spreading through the neuropil, or by both. A
proposed mechanism for such propagation is a prion-like,
seed-dependent conformational change and subsequent
aggregation of the molecule, with a breakdown of the
aggregate that generates the next seeds. In such a manner,
the tau isoform pattern in the initial aggregates may be
maintained in the later aggregate formations [35]. In the
present study, we found that the Acb lesion in TPD was
3R+ 4R tauopathy, a result which suggests the common
origin of the tau pathology in the Acb with that in the
hippocampus. The prevalence of diffuse cytoplasmic accu-
mulations suggests that tau pathology in the Acb occurs
later in the disease progression. In the hippocampus in
TPD, many ghost tangles are seen, suggesting that the
hippocampal lesions precede the Acb lesions.

Occurrence of NFT in the Acb in AD was reported
previously [36,37]. In the present study, however, we have

55

Page 8 of 11

found that tau accumulation in TPD is more frequent and
consistent than AD, The Acb receives direct and massive
projections from the hippocampal CAl and subiculum
[14,38,39]. It has been repeatedly reported in TPD that the
density of NFT is higher in the hippocampal CA1 and
subiculum than in the entorhinal cortex [1,2,7,28]. Thus,
the heavy tau pathology in the subiculum and CAI,
through neural circuit-mediated propagation to the Acb,
may result in the more pronounced fau accumulation in
the Acb in TPD than in AD. Such an idea may be consist-
ent with our finding that the difference in Acb tau path-
ology was statistically significant between TPD and AD in
NFT stages IV and V but not in AD at stage VI, In AD
with Acb lesions, tau accumulation was also found more
frequently in the caudate nucleus than was the case in
TPD. The caudate nucleus receives massive innervations
from the cerebral cortex where, unlike TPD, tau pathology
is severe in AD. On the other hand, the septal nuclei, like
the Acb, receive direct projections from the subiculum
and CA1 [14,38]. Again, we found, in the present study,
heavier tau accumulation in these areas in TPD than in
AD at NFT stages IV and V.

TPD is primarily an amnestic disease with relatively
mild non-amnestic symptoms of dementia. In 6 of 7 TPD
cases used in this study, however, delusion was a consist-
ent clinical feature. This may be partly attributable to the
fact that our brain tissue archive is principally based on
the psychiatric hospital autopsies. However, occurrence of
psychiatric symptoms has also been described in a number
of previous reports on TPD. As an example, Jellinger et al.
reported depression in 17.5% and paranoid ideas in 15% of
TPD cases [3]. The Acb is part of the mesolimbic system
in which the Acb receives dopaminergic input from the
VTA. Recent evidence suggests that, in schizophrenia,
functional abnormality in the Acb causes excessive release
of dopamine from the VTA, which then results in the
psychiatric symptoms [19,40-43]. While neuronal loss was
not apparent in the Acb in TPD, it may be noteworthy
that association of intraneuronal tau aggregation with
clinical symptoms has been suggested in early stage AD
lesions [44]. In AD, cases with more neocortical NFT were
reported to be associated with more psychosis [45]. Thus,
tau accumulation in the Acb could be related to the
frequent delusion in TPD. Delusion and other psychotic
symptoms may occur by multiple mechanisms in demen-
tia patients. We have to note that 2 of the 7 TPD cases
had argyrophilic grain pathology and that psychotic
symptoms are known to be common in the patients with
argyrophilic grain disease [46]. Whether the Acb tau
accumulation is related to the psychiatric symptoms in
TPD may be an issue for further investigation.

In the present study, we found that tau pathology
occurred unevenly in the Ach in TPD (Figures 1 and 2E).
The striatum is not uniform and has distinct neurochemical
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compositions and connections that are referred to as matrix
and striosomes. The similar but more complex compart-
mentation was reported in the human Acb [47]. We have
performed additional immunohistochemistry for tyrosine
hydroxylase (TH) and tau in serially-cut, free-floating
sections in two TPD cases, in which the remnants of Ach
blocks were available after the initial sectioning for the
main body of this study. Comparison of the adjacent
sections stained for TH and tau indicates that tau pathology
preferentially occurs in areas where the fine, mesh-like TH
staining is relatively light (Additional file 4: Figure S3). Such
a result suggests the relationship between the uneven distri-
bution of tau pathology and neurochemical heterogeneity
in the Acb. However, because of the limited number of
currently available samples and of the more complex neuro-
chemical architecture in the Acb than the simple matrix-
striosome structure in the caudate nucleus [47], future,
extensive studies should be needed for further exploration.

Conclusions

We have found frequent fau accumulation in the Acb in
patients with TPD. Both the medium-sized and large
neurons are affected. While similar tau accumulation was
seen in a small number of all AD patients, it was far more
frequent and consistent in TPD than AD. The tau isoforms
abnormally accumulated in the Acb were 3R and 4R, which
suggests a common origin with the hippocampal tau path-
ology. The Acb receives direct and massive projections
from the hippocampal CA1 and subiculum where tau path-
ology is extremely severe in TPD. Such a result may sup-
port the idea that abnormal tau aggregation propagates via
neural circuits. Tau accumulation in TPD should be a sub-
ject of further investigations to approach the long-lasting
issue of the simultaneous deposition of AB and tau in AD.
In addition, the relationship between the tau pathology in
the Acb and such psychiatric symptoms as delusion in TPD
needs further exploration.

Additional files

Additional file 1: Table S1. The primary antibedies used in this study.

Additional file 2: Figure $1. Tau accuimulation in the Ach in AD and
non-demented, aged subjects. Immunohistochemistry with ATS. A:
absence of tau positive neurons in an AD case in Braak and Braak's NFT
stage V. Scale bar = 100 pm in A-C. B: a diffuse cytoplasmic staining,
neuropil threads and duystrophic neurite in a senile plaque in an AD case
in NFT stage VI. C: 3 tau positive neuron and neuropil threads in a
won-demented, aged subject.
Additional file 3: Figure $2. A graph of the density of neuronal tau
accumulation in the Ach. The left plots: the group of Braaks’ NFT stages ill
and IV, which includes non-demented aged subjects, TPD cases and AD
cases with Braaks’' NFT stage V. Cases with delusion in the clinical history
show higher tau score than those without delusion in the Acb. The right
plots: the group of AD cases with Braaks' NFT stages IV through VI. Again,
ases with delusion show higher tau score than those without delusion.
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Additional file 4: Figure 53. The serial section immunohistochernistry
for tau and tyrosine hydroxylase (TH). Forty micrometer thick, free
floating sections were cut serially from two tangle predominant
dernentia (TPD) cases, in which the remnants of Acb blacks were
available after the initial sectioning for the main body of the study. A set
of every other section was stained for TH and the other set for tau with
AT8. A and C: AT8 staining in a TPD case 1. B: TH staining of the section
between A and C. In B, two types of areas are distinguished based on
the modest difference in the density of fine, mesh-like TH staining, There
is a propensity that tau pathology preferentially occurs in areas where the
fine, mesh-like TH staining is relatively light (A, C). Scale bar =2 mm in A

(A, B and C are at the same magnification). B: higher power phetomicro-
graphs of the boxed areas in B and C. The left half is the staining with AT3
and the right half staining for TH. Scale bar = 400 micro-m (D).
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Abstract

We have identified idiopathic carbonyl stress in a subpopulation of schizophrenic patients. We first identified
a patient with a mutation in G107 (glyoxalase 1) who showed increased AGE (advanced glycation end-
product) levels and decreased vitamin B, levels. By applying the observations from this rare case to the
general schizophrenic population, we were able to identify a subset of patients (20%) for whom carbonyl
stress may represent a causative pathophysiological process. Genetic defects in GLOT increase the risk of
carbonyl stress 5-fold, and the resulting increased AGE levels correlate significantly with PANSS (Positive
and Negative Syndrome Scale) scored negative symptoms. Pyridoxamine, an active form of vitamin B and
scavenger for carbonyl stress, could represent a novel and efficacious therapeutic agent for these treatment-
resistant symptoms. in the present article, we describe a unique research approach to identify the causative
process in the pathophysiology of a subset of schizophrenia. Our findings could form the basis of a
schizophrenia subtype classification within this very heterogeneous disease and ultimately lead to better

targeted therapy.

Introduction
Schizophrenia is a debilitating and complex mental disorder
with a worldwide prevalence of approximately 1%. Despite
extensive research, the full pathophysiology of this disease
remains unclear [1,2]. Current therapies focus on treating
symptoms using anti-psychotic agents which are unfortu-
nately highly prone to inducing significant side effects. This
has led to intensive research into the identification of new
disease mechanisms, with the aim of developing novel classes
of therapeutic agents, which are both efficacious and free of
debilitating adverse effects. There is a strong body of evidence
from biochemical and pharmacological studies, using human
samples and animal models, which suggests that oxidative
or carbonyl stress contributes to the pathophysiology of
schizophrenia [3-6]. Oxidative stress is a central mediator
of AGE (advanced glycation end-product) formation, and
pyridoxamine, an active form of vitamin Bg, detoxifies
RCOs (reactive carbonyl compounds) via carbonyl-amine
chemistry. The cellular removal of AGEs is largely dependent
upon activity of the zinc metalloenzyme Glo1 (glyoxalase
I) [7]. The glyoxalase detoxification system is ubiquitous in
human tissues, including the brain. This cascade interacts
with other metabolizing cascades, including putative gene
products involved in the aetiology of schizophrenia, such as
glutathione, homocysteine and folic acid metabolites [8-15].
Recent studies have revealed that Glol dysfunction is
involved not only in systemic diseases such as diabetes
mellitus [16] and vascular injury [17], but also in neuropsy-
chiatric illnesses, such as mood disorders [18], autism [19,20],

Key words: advanced glycation end-product (AGE), carbonyl stress, glyoxalase |, pyridoxamine,
schizophrenia, vitamin B,.

Abbreviations: AGE, advanced glycation end-product; Glo1, glyoxalase 1; PANSS, Positive and
Negative Syndrome Scale. :
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anxiety disorders [21] and alcoholism [22]. In mice, altered
levels of Glol expression are associated with anxiety-like
behavioural phenotypes [23-25]. Interestingly, GLOI maps
to chromosome 6p21, a linkage region for schizophrenia [26—
28]. Lending further support to this association is the report
of a missense Glu!""/Ala""! polymorphism, in two multiplex
Caucasian pedigrees with schizophrenia spectrum disorders
[29].

The present article focuses on idiopathic carbonyl stress in
a subpopulation of schizophrenic patients with no history of
diabetes mellitus or renal dysfunction. In the patients studied
who showed high plasma AGE levels, a proportion of them
also harboured a genetic defect in the GLO{ gene, suggesting
that, in these schizophrenics, carbonyl stress may be the result
of dysfunctional Glo1 detoxification.

GLO1T mutation associated with a
schizophrenia pedigree

In this section, we discuss an interesting report from our
laboratory, of a schizophrenic with a deficiency in Glol
[30]. The case was a 60-year-old male who suffered from
severe schizophrenia. Within his family were two affected
brothers, one of whom committed suicide and the other
who was long-term hospitalized due to his illness. He also
had two maternal uncles with schizophrenia. Both the case
and his brother exhibited treatment-resistant disease, despite
intensive therapy. DNA from the case showed a novel
mutation, consisting of an adenine insertion at nucleotide
79 in exon 1, introducing a frameshift at codon 27 and
a premature termination codon, after aberrant translation
of 15 amino acid residues (T27NfsX15) [30]. In addition,
expression of GLOI mRNA and protein was decreased by
50% in the lymphocytes of our patient (Figures 1a and 1b).
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Figure 1| GLO7 and a frameshift mutation

(a) MRNA expression. (b) Results of Western blotting. (¢) Enzymatic activity of Glo1. GAPDH, glyceraldehyde-3-phosphate

dehydrogenase; RBC, red blood cell.
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In the red blood cells of our case, enzymatic activity levels
of Glo! were approximately half that of wild-type controls
(Figure 1c). We postulated that this loss-of-function mutation
accompanied by AGE accumulation would be shared by
affected individuals in this family, although we were unable
to access the genetic material to test our theory.

Mutations of GLOT and increased levels of
plasma AGEs in schizophrenics

In a new study, we resequenced the GLOT gene from 1761
schizophrenics and 1921 control subjects, and identified
another novel frameshift mutation [30] Individuals carrying
frameshift mutations also showed a 40-50% reduction in
Glo1 activity from red blood cells, a result that supports the
finding that genetic mutations in the GLOI gene typically
occur in one allele. As we predicted, schizophrenic carriers
of the GLO? frameshift mutations displayed significantly
increased levels of plasma AGEs. Since these patients
had no history of diabetes mellitus or renal failure, it is
most likely that these increased levels of plasma AGEs
are due to reduced Glol function. In addition, patients
with elevated AGE levels showed a clear concomitant
decrease in vitamin By levels. In the two GLOZ frameshift
mutation carriers, we found markedly reduced vitamin By
levels. This is probably a reflection of increased vitamin By
consumption In the detoxification of a-oxoaldehydes, by-
products of carbonyl stress. Additionally, in this study, we
detected a single nucleotide polymorphism which resulted
in an amino acid residue change from the wild-type Glu'"!
to alanine. Schizophrenics homozygous for the Ala
variant displayed a 16% reduction in enzymatic activity,
accompanied by a significant increase in plasma AGEs [30].
This reduced Glol enzymatic activity in Ala'*! variants

111
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was determined by comparing GFP-fused Glo1 constructs
carrying Ala!"! and Glu!"?, using in vitro assays. Interestingly,
Glo1 variations were not confined to patients. We found
non-psychiatric controls carrying frameshift mutations or
homozygous Ala'"! alleles, all of whom exhibited normal
plasma AGEs and vitamin By levels, in contrast with mutation
carrying schizophrenics. This is all highly suggestive of
active compensatory mechanisms in non-schizophrenics. In
addition, plasma glutathione and zinc levels were significantly
higher in non-psychiatric individuals carrying the mutation
compared with schizophrenics with a frameshift mutation
(glutathione, P = 0.03; zinc, P = 0.002). These results imply
that, in non-psychotic subjects, additional environmental
factors compensate for defects in Glol activity, possibly
involving zinc and glutathione, as both are necessary for
Glol-mediated detoxification of carbonyl compounds.

In support of our hypothesis for idiopathic carbonyl stress
being a causative state in schizophrenia, we expanded our
study from a small population carrying genetic defects in
GLO1, to 178 schizophrenia and 76 control subjects, with
no evidence of diabetes mellitus or renal dysfunction, and
measured plasma AGEs and vitamin B levels. We found
significantly higher concentrations of AGEs in patients
compared with controls (P<0.0001), whereas vitamin B,
levels were significantly lower in schizophrenics relative
to control subjects (P<0.0001) (Figure 2). If we defined
high circulating AGEs as plasma levels greater than the
mean+2S.D. of controls, 66 of the patients (37.5%) and
three of the controls (3.9%) showed high circulating plasma
AGEs (distributions were significantly different between
schizophrenia and control subjects: x? = 30.05, P<0.00001,
odds ratio = 14.6, 95% confidential interval = 4.42-48.21).
For vitamin Bg levels, 39.9% of schizophrenics showed
low levels of plasma vitamin B, compared with 7.4% of
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Figure 2| Plasma AGE and vitamin Bg levels in schizophrenics and controls

(a) AGE levels, (b) Vitamin B¢ levels,
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control subjects (x? = 20.9, P<0.0001, odds ratio = 5.99,
95% confidential interval = 2.59-13.83). Low levels were
described as being under 6 ng/ml in males and 4 ng/ml in
females. As these patients had received anti-psychotic therapy
previously, we could not rule out an effect of medication on
the induction of carbonyl stress in this cohort. To address
this issue, we recently examined a drug-naive patient with
prodromal phase schizophrenia, who exhibited enhanced
carbonyl stress with high plasma pentosidine levels [31].
Plasma pentosidine levels are typically used as a marker
for carbonyl stress. Biochemical analysis demonstrated no
abnormalities indicative of disease, such as diabetes mellitus
or chronic kidney diseases. Crucially, this case suggests that
the idiopathic carbonyl stress seen in schizophrenics may not
be a result of anti-psychotic medication.

In order to examine the genetic contribution of GLOI! to
carbonyl stress in schizophrenia, we tested the correlation
between genotypes and plasma AGE levels, by performing
x* tests (Table 1). The frameshift mutations and homozygous
Ala"" variants are significantly associated with high carbonyl
stress (x> = 7.72, P = 0.005, odds ratio = 5.63, 95%
confidential interval = 1.46-21.64).

Schizophrenia has long been considered a heterogeneous
syndrome, with Kraepelin establishing the conceptual disease
category as dementia precox, at the end of the 19th
Century. Although current studies suggest that carbonyl
stress is not applicable to the pathophysiology of all
schizophrenia, approximately 37% of schizophrenics studied
showed increased AGEs, suggesting a link between stress
and subtypes of the disease. Twin and adoption studies led
the way in defining schizophrenia as a disease with a large
heritable component. On 23 December 2011, the SchizGene
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Table 1| Association between the GLO7 genotype and carbony!
stress

x? = 7.727; degrees of freedom = 1; P = 0.0054; 0dds ratio = 5.632;
95% confidence interval = 1.466-2164.

AGEs
GLOT genotype High Normal
Frameshift, Ala/Ala 9 (4.5%) 3 (1.5%)

Glu/Ala, Glu/Glu 57 (28.5%) 107 (53.5%)

database listed 1727 studies identifying 8788 polymorphisms
from 1008 genes thought to be associated with schizophrenia
(http://www.szgene.org/). Yet, no causal gene with a large
effect has been identified, despite this huge genetic research
effort. Indeed, many studies conflict with each other. This
lack of consensus is unsurprising considering the known
heterogeneity of the disease. Recent genome-wide association
studies have been expanding in sample size, in some cases
to over 10000 case and control samples [32-36], yet only
genetic variations with a small effect size have been identified.
It is plausible that, in schizophrenia, expanding cohort
sizes dilutes the aetiological effect of multiple individual
variations. In our studies, we were able to identify a relatively
a small subgroup of schizophrenics for which idiopathic
carbonyl stress is a probable causative factor, from the
heterogeneous schizophrenia population. This was achieved
by applying our findings from a prototypic case carrying a
frameshift mutation of GLOZ and showing extremely high
plasma AGEs, along with markedly low serum vitamin By
levels, to general patients. Within our hypothesis, elevated

<The Authors Journal compilation ©2014 Biochemical Society
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plasma AGEs and concomitant low vitamin By levels could
represent the most cogent and easily measurable ‘biomarkers’
in schizophrenia, and ultimately form the basis for the
classification of heterogeneous types of schizophrenia based
on biological causes.

As an individual marker, depleted vitamin B might reflect
elevated carbonyl stress induced by Glo1 defects and other as
yet unknown cascades in schizophrenics. If carbonyl stress
induces the development of schizophrenia and its symptoms,
it is logical to assume that agents able to inhibit AGEs
formation or entrap carbonyl compounds could provide
therapeutic benefit to this subset of patients. There are
currently a number of AGE-inhibitory compounds available
for clinical use, such as angiotensin receptor blockers. In
addition, compounds such as pyridoxamine and TM2002
possess potent ability to entrap toxic carbonyl compounds
and prevent toxicity. In particular, schizophrenic patients
with markedly lowered vitamin Bs and high pentosidine
levels may well benefit from treatment with pyridoxamine,
a non-toxic water-soluble form of vitamin B¢. As mentioned
above, non-psychotic subjects carrying a frameshift mutation
in GLOZ showed normal plasma AGEs and vitamin By levels.
They also exhibited significantly higher plasma glutathione
and zinc concentrations compared with schizophrenics
harbouring the mutation. This finding highlights both of
these substrates as natural and safe therapeutic agents for
patients with idiopathic carbonyl stress.

The symptoms of schizophrenia are usually classified into
one of two categories: positive symptoms which represent a
change in behaviour or thoughts, typified by hallucinations
or delusions, and negative symptoms which represent a
withdrawal or absence of the functions usually expected in
healthy subjects. These patients often appear emotionless,
flat and apathetic. Most anti-psychotic medications are
effective for positive, but not negative, symptoms. We
assessed the symptom severity of schizophrenics showing
idiopathic carbonyl stress, using PANSS (Positive and
Negative Syndrome Scale) [37]. We compared PANSS
with plasma levels of AGEs. Although positive symptoms
showed no correlation with AGEs, negative symptoms
correlated significantly with AGE levels. It is therefore highly
plausible that therapeutic inhibition of AGEs may improve
negative symptoms. As a suppressor of idiopathic carbonyl
stress, pyridoxamine could represent a very attractive
medication for improving negative symptoms in this subset
of schizophrenics.

Conclusion

Idiopathic carbonyl stress, typified by elevated AGE levels,
occurs in a subpopulation of schizophrenics who show no
evidence of diabetes mellitus and renal dysfunction. In the
present review, we have described findings which suggest
that Glo1 deficits and carbonyl stress are linked to the
development of a subset of schizophrenia, and show a
correlation with the severity of negative symptoms. Elevated
plasma pentosidine and concomitant lowered vitamin Be

©The Authors Journal compilation ©2014 Biochemical Society

levels may provide the most cogent and easily measurable
‘biomarkers’ in schizophrenia. They could also form the
basis for classifying heterogeneous types of schizophrenia,
according to their biological causes.
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Measurement of glyoxalase activities
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Abstract

Glyoxalase 1 catalyses the isomerization of the hemithioacetal formed non-enzymatically from
methylglyoxal and glutathione to s-o-lactoylglutathione. The activity of glyoxalase 1 is conventionally
measured spectrophotometrically by following the increase in Ayq for which the change in molar
absorption coefficient Aszs = 2.86 mM~'.cm~". The hemithioacetal is pre-formed in sitv by incubation
of methyiglyoxal and glutathione in 50 mM sodium phosphate buffer (pH 6.6) at 37°C for 10 min. The
cell extract is then added, the A4 is monitored over 5 min, and the initial rate of increase in Az
and hence glyoxalase 1 activity deduced with correction for blank. Glyoxalase 1 activity is given in
units per mg of protein or cell number where one unit is the amount of enzyme that catalyses the
formation of 1 zmol of S-o-lactoylglutathione per min under assay conditions. Glyoxalase 2 catalyses the
hydrolysis of S-o-lactoylglutathione to o-lactate and glutathione. Glyoxalase 2 activity is also measured
spectrophotometricaily by following the decrease in A4 for which the change in molar absorption coefficient
Agyg0 = —3.10 mM~T.cm . it is given in units per mg of protein or cell number where one unit is the
amount of enzyme that catalyses the hydrolysis of 1 xmol of S-p-lactoylglutathione per min under assay
conditions. Glyoxalase 1 and glyoxalase 2 activity measurements have been modified for use with a uv-

transparent microplate for higher sample throughput.

Introduction

MG (methylglyoxal) is a reactive @-oxoaldehyde metabolite
formed by the degradation of the triosephosphates glycer-
aldehyde 3-phosphate and dihydroxyacctone phosphate by
MG synthase in bacteria, oxidation of acetone formed in
ketone body metabolism, catabolism of threonine and de-
gradation of glycated proteins [1]. MG is a reactive glycaring
agent and precursor of major quantitative AGE (advanced
glycation end-product) adducts formed from protein and
DNA. MG accumulation produces activation and increased
degradation of proteins, DNA strand breaks, mutagenesis and
cytotoxicity [2,3). Protein and DNA damage is prevented
by the efficient metabolism and detoxification of MG. The
major pathway of MG metabolism is usually the glyoxalase
pathway, supported by aldo-keto reductases (including
aldose reductase) and aldehyde dehydrogenases [4,5].

The glyoxalasc system is present in the cytosol of all
mammalian cells and most organisms. Where it is absent, MG
metabolism is achicved by aldo~keto reductases and aldehyde
dehydrogenases. In the glyoxalase pathway, in the first step
Glo1 (glyoxalase I} catalyses the isomerization of the HA
(hemithioacetal) formed non-enzymatically from MG and
reduced glutathione (GSH) to SLG (S-D-lactoylglutathione).
In the second step, Glo2 (glyoxalase II) catalyses the
hydrolysis of SLG to D-lactate and GSH, reforming GSH
consumed in the Glo1-catalysed reaction.

Key words: glutathione, glyoxalase, high-through auctoplate  assay, methylglyoxal,
spectrophotomeler.

bb AG, ami idine; Glo, gly HA, hemithioacetal; MG, methylglyoxal
SLG, S-o-lactoylglutathione.
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Recent studies implicate the glyoxalase pathway in human
aging and disease, plant and microbial growth, resistance to
drug therapy and environmental stress. Increased activity
of Glo1 through gene copy number variation, regulation of
transcriptional control and small-molecule inducers is
now bcing investigated for improved understanding of
mechanisms and pharmacological interventions to sustain
healthy aging and for treatment of disease. Cell-permeant
Glo1 inhibitors are also in development for treatment of
multidrug resistance in cancer chemotherapy [6,7]. A one-
step high-throughput microplate assay will be useful for
screening of bioactives and drugs to improve and correct
dysfunction of glyoxalase activity. This rapid and simple
method will be also useful in clucidating the cellular and
molecular mechanisms of glyoxalase metabolism.

Measurement of Glo1 and Glo2 activity
using spectrophotometric assays

Sample preparation

The activities of Glol and Glo2 are made on cytosolic
extracts of animal and plant tissues and extracts of
animal, plant and microbial cells. Samples should be stored
at —80°C if analysis cannot be performed immediately.
Sample storage validation was reported previously [8]. The
extract is conveniently prepared by homogenizing tissue in
10 mM sodium phosphate buffer (pH 7.0) or lysing washed
cells in the same buffer by sonication. The homogenate or
cell lysate is centrifuged to sediment membranes and the
supernatant is the cytosolic extract used for assay of Glo1 and
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GloZ activities. With appropriate subcellular fractionation,
activity of Glo2 in mitochondria may also be measured
[9]. The cell number of cultured cells is counted before
sonication if the activities of Glol and Glo2 are 10 be
normalized to cell number (per million cells), Also, cells must
be washed three times in PBS before sonication to remove
exuracellular protein from culture medium to allow for assay
of cell protein and normalization of the activities of Glo1
and Glo2 to cell protein (mg). Total cell protein content is
determined by Bradford assay or other method. Tissue and
cells may also be lysed in a commercial lysis buffer containing
protease inhibitors in accordance with the manufacturer’s
procedures. For example, Lysis-M buffer (Roche) containing
a Complete™ mini EDTA-free protease inhibitor cockrail
tablet and phosphatase inhibitor cocktail tablet.

Assay of activity of Glo1

The activity of Glol is measured spectrophotomerrically
using 1 ml quartz cuvettes by following the initial rate of
increase in Az for which the change in molar absorption
coefficient Agzo (Afag = £240[SLG] —eulHA] = 2.86
mM~!.cm = ! [10]. A blank correction is required. This should
give a very low rate of increase in Az (approximately
<0.001 absorbance units per min). If the blank is higher,
it may indicate contamination of the cuverte with Glo1
from a previous assay. In this case, clean the cuvettes with
concentrated nitric acid, wash with 10 volumes of water and
repeat the assay.

HA is pre-formed by incubation of 2 mM MG and 2 mM
GSH in 50 mM sodium phosphate buffer (pH 6.6) at 37°C for
10 min ((HA] = 0.63 mM; K =333 M~ ' [11]). It must be pre-
formed or the activity assay may be rate-limited by the rate
of the HA formation and not Glo1 in the assay mixture, The
HA solution should be freshly prepared and not be prepared
in large volumes beforchand as it will slowly isomerize to
S-lactoylglutathione non-enzymatically [12].

Aga for the Glo1 activity assay relates to the £2¢0 of SLG
and HA and not to that of GSH and MG because, under
the initial rate conditions, HA is converted into SLG before
the equilibrium involving GSH and GSH relaxes under the
new concentration conditions. The activity of Glo1 may be
assayed by the accumulation of SLG even with cell extracts
containing Glo2 because, under the assay conditions, the
high concentration of HA used is a competitive inhibitor of
Glo2 [13].

High-purity aqueous solution of MG, prepared and
purified as described in [14], should preferably be used in
the assay. MG stock solutions must be calibrated before
use. This can be conveniently done by derivatization with
AG (aminoguanidine). A small aliquot of MG solution is
diluted to approximately 50-100 4 M in a solution containing
1 mM AG hydrochloride in 50 mM sodium phosphate buffer
(pH 7.4), with incubation at 37°C for 4 h and spectropho-
tometric measurement of the triazine adduct at 320 nm
from which the concentration of MG is deduced (e320
2411 mM ~'.cm~ ") [15].
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Assay of activity of Glo2

The activity of Glo2 is measured spectrophotometric-
ally using 1 ml quartz cuvettes by following the initial
rate of decrease in Axo for which the change in
molar absorption coefficient Agyo (B0 = £20[D-lactic
acid] + £216[GSH] ~ £200[SLG]) = — 3.10 mM~"-cm™~ ' [10].
A blank correction is required. This should give a very low
rate of increase in Ay (approximately <0.001 absorbance
units per min). If the blank is higher, it may indicate
contamination of the cuvette with Glo2 from a previous assay.
In this case, clean the cuvettes with concentrated nitric acid,
wash with 10 volumes of water and repeat the assay.

SLG stock solution should be calibrated before use as
described, The concentration of SLG is determined by end
point assay involving hydrolysis to D-lactate and GSH,
catalysed by authentic Glo2. An aliquot of the stock solution
of SLG (100 ul), Tris/HCI (pH 7.4) (100 mM, 500 ul) and
water (390 ul) is added to a 1 ml guartz cuvette and the
Ao is measured against a reference cuvette containing
Tris/HCl (pH 7.4) (100 mM, 500 ul) and water (490 ul) at
37°C. Glo2 (100 units/ml, 10 ul) is added to the assay and
reference cuvettes and the Az is monitored until a steady
minimum is attained. The concentration of SLG is deduced
from the decrease in Az on addition of Glo2; Agyg =
-3.10mM~".em ! [10].

sample preparation of cell lysates and
measurement of enzymatic activity by
high-throughput microplate assay

Samples are analysed as above except absorbance measure-
ments are made with UV-transparent 96-well microplates
and reagent and cell extract volumes decreased 4- or 5-
fold for 250 pul or 200 pl final assay mixture volumes. The
change in absorption coefficients no longer apply as they
are for 1 nm bandwidth and mcasurements made with 1 em
light pathlength. In the microplate reader, the bandwidth is
typically 10 nm and the light pathlength approximately 0.4-
0.5 em. The change in absorption coefficients can be deduced
by determined specific absorbance for reaction reagents and
products in the Glo1 and Glo2 reactions in the microplate
readers for wavelength-specific filter or monochromator
bandwidths and pathlengths used. We have used 96-well flat-
bottemed UV-transparent microplates (Corning), multichan-
nel pipette and plate reader (FLUOstar OPTIMA, BMG
Labtech) for measuring enzymatic activity of cell lysates
for high-throughput. The Azi was followed by reading the
absorbance of samples every 1 min for 20 min at 37°C. For
optimal assay conditions of Glo1 activity, we found that 4 ug
of sample proteins per well gives a measurable and lincar
increase in absorbance over 10 min of incubation, although
this depends on the specific Glo1 activity of the sample.

Comparison with older protocols
In carly periods of glyoxalase research, imidazole buffer, often
supplemented with Mg?* ions, was used for the measurement
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Table 1 | Protocol for assay of activities of Glo1 and Glo2

For microplate assay, decrease reagent and cell extract volumes by a factor of 4 or 5 for total well volumes of 250 ! or 200 ul respectively.

step  Description Procedure

1 Preparation of biological
samples

Animal and plant tissue: tissue (~5-10 mg of wel weight} is homogenized in 200 ul of 10 mM sodium
phosphate buffer (pH 7.0) at 4°C. Cultured cells: cell pellets (~1x10%) are washed three times in PBS,

suspended in 200 wl of 10 mM sodium phosphate buffer (pH 7.0} at 4°C and sonicated at
100 W for 30 s. Cell fibrils and membranes are sedimented by centrifugation at 20000 g for 30 min at
4°C and the supernatant is removed and kept on ice for activity assays or stored at — 80°C until analysis

2 Substrate solutions

Glo1 activity assay solutions required: 100 mM sodium phosphate buffer (pH 6.6) at 37°C, 20 mM GSH

(hydrochloride salt) in water on ice, 20 mM MG in water on ice (calibrated by the AG method, see
above) and water at 37°C. Glo2 activity assay solutions required: 100 mM Tris/HCl (pH 7.4) al 37°C,
3 mM SLG (calibrated spectrophotometrically) and water at 37-°C

3 Assay of Glo1 activity

in a 1 ml cuvette, add 500 p! of 100 mm sodium phosphate butfer (pH 6.6) at 37°C, 100 ul of 20 mM GSH

solution, 100 ! of 20 mM MG and 280 ui of water. The mixture is then incubated for 10 min at 37°C.
After 10 min, 20 pl of cytosolic tissue /cell extract is added and the A4 is monitored immediately for
S min. The initial rate of change (increases) in Ayag is deduced, (dAz40/d1)o, and the activity of Glo1
(units), agtyy, is deduced: agyyy = (dA240/d1)0/2.86

q Assay of Glo2 activity

In a 1 ml cuvette, add 500 pl of 100 mM Tris/HCl (pH 7.4) at 37°C, 100 el of 3 mM SLG solution and

350 ul of water. Then, 20 u! of cytosolic tissue/cell extract is added, and the Aag is monitored
immediately for 5 min. The initial rate of change (decreases) in Aqp is deduced, (dAy40/dt)y, and the
activity of Glu2 {unils}, 3oy, is deduted: agyy = — (dAap/dt)o/3.10

5 Normalization

3glo1 and gy, are reported normalized to cell protein, assayed in the cytosolic exiract or cell number

(counted before cell lysis), as units/mg of protein or units/10° cells

of Glol activity; for example, 7.9 mM MG, 1 mM GSH,
14.6 mM MgSO; and 182 mM imidazole/HC (pH 7.0) [16).
Imidazole buffer should not be used as it catalysis the
isomerization of HA to S-lactoylglutathione [12]. Magnesium
salts are not required and very high concentrations of MG
are to be avoided as they will produce some inhibition of
Glo1. When kinetic constants of Glo1 are to be determined,
for example Michaelis-Menten constant K, and enzyme
turnover k., the concentration of the HA substrate should
be computed from the equilibrium constant of HA formation
(333 M~ [11]), maintaining a relative low and constant
concentration of GSH at equilibrium, for example 1 mM, as
GSH is a competitive inhibitor of Glo1 (K; = 8 mM) [1].

It has been noted in some recent studies that phosphate
buffer may be a weak inhibitor of Glo1 and approximately
10% higher activity was obtained by using Mops buffer
instead [17,18). We did not find this in lysates of human cells
in culture, but it may be worth trying in particular samples
of interest.

The activity of Glol and Glo2 may be measured with
other substrates, such as glyoxal, hydroxypyruvaldehyde
and phenylglyoxal. When this is desired, appropriate
values for Aszo may be deduced from the Agio of
S-glycolylglutathione, S-L-glyceroylglutathione and $-D-
mandelylglutathione [10].

Assessment for effect of bioactives and
drugs on Glo1 activity by microplate assay
For an in vitro bioassay, it is important to establish a more
simple, rapid and quantitative high-throughput method. The
microplate-based method provides this (Table 2). It is a suit-

Table 2 | Comparison of two bioassay techniques for assessing
glyoxalase activity

For Glo1 and Glo2 assay, avoid imidazole buffer and high concentrations
of MG that inhibit glyoxalases.

Spectrophotometer- Microplate reader

Characteristic based assay assay
Sample Low-throughput Medium/high-

throughput throughput
Simplicity Yes Yes
Time required 15 min per sample 15 min per plate
Sensitivity Moderate Moderate
Quantitative Yes Yes
Consistency Excellent (‘gold standard’y  Good

able method for simply and rapidly measuring large numbers
of samples in screening bioactive and drug responses.

A one-step microplate assay was established for simple and
rapid measurements of glyoxalase enzymatic activities in cell
lysates. In addition, the assay in a large number of samples is
possible and it will allow screcning of bicactives that may up-
regulate glyoxalase in the cells. The microplate method will be
useful in clucidating the cellular and molecular mechanisms
of glyoxalase metabolism, such as in metabolic function in
cell and clinical samples [6,19].
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Amino acids play key roles in the function of the central nervous system, and their alterations are implicated
in psychiatric disorders. In the search for a biomarker for major depressive disorder (MDD), we used
high-performance liquid chromatography to measure amino acids and related molecules in the
cerebrospinal fluid (CSF) of 52 patients with MDD (42 depressed and 10 remitted; DSM-IV) and 54 matched
controls. Significant differences were found in four amino acid concentrations between the depressed
patients and controls. After Bonferroni correction, only ethanolamine (EA) levels remained significantly
reduced in depressed patients (nominal P = 0.0000011). A substantial proportion of the depressed patients
(40.5%) showed abnormally low CSF EA levels (<12.1 pM) (P = 0.000033; OR = 11.6, 95% CI: 3.1-43.2).
When patients with low EA and those with high EA levels were compared, the former had higher scores for
overall depression severity (P = 0.0033) and ‘Somatic Anxiety’ symptoms (P = 0.00026). In unmedicated
subjects, CSF EA levels showed a significant positive correlation with levels of homovanillic acid (P =
0.0030) and 5-hydroxyindoleacetic acid (P = 0.019). To our knowledge, this is the first study showing that
patients with MDD have significantly lower CSF EA concentrations compared with control subjects. CSE EA
could be a state-dependent biomarker for a subtype of MDD.

ajor depressive disorder (MDD) is a common disease with a prevalence rate estimated at 4.4% world-
wide'. Since the pathophysiology of MDD remains elusive, no established biochemical marker is avail-
: able for everyday use in the clinical setting and the diagnosis of MDD largely depends on the clinical
interview’. Although many candidate molecules are present in peripheral blood?, no study has successfully found
a biomarker that is of practical use in the diagnosis, subtyping, or symptomatic assessment of MDD.

Since cerebrospinal fluid (CSF) contacts the interstitial fluid in the central nervous system (CNS)* and is mostly
segregated from the peripheral circulation by the blood-brain barrier, CSF reflects molecular dynamics in the
brain. The composition of CSF (electrolytes®, amino acids®, and proteins’) differs substantially from that of
peripheral blood. Total tau and phosphorylated tau protein in CSF have been established as biomarkers for
Alzheimer’s disease®, but are not detectable in peripheral blood. It is therefore feasible to search for a biomarker
for MDD in the CSF. The proteomics approach to CSF samples seems to be promising®.

We have focused on amino acids and related molecules in the CSF to identify a biomarker for MDD, because
alterations in the serotonin, noradrenaline, dopamine, glutamate, and y-amino-butyric acid (GABA) systems are
implicated in MDD'. These neurotransmitters are themselves amino acids or are synthesized from amino acids.
Previous studies examined amino acid levels in the peripheral blood of MDD patients, although their results are
equivocal''"'*. We have recently reported a meta-analysis demonstrating that the plasma L-tryptophan concen-
tration is significantly lower in MDD patients than healthy controls (P = 0.000059)"". In this context, we chose to
examine amino acids and related molecules in the CSF of MDD patients.
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Although many studies compared CSF amino acid concentrations
between MDD patients and healthy controls'®*, the majority exam-
ined a single amino acid or a few amino acids. Some researchers
found reduced CSF GABA levels in depressed patients compared
with controls'®!*?!*, while others reported contradictive negative
results'”?**2, Increased glutamine levels in depressed patients®,
and reduced glutamate and glycine concentrations in refractory
patients were reported®, however, no differences in CSF glutamate
and glutamine levels between 2 groups were inconsistently found®.
No significant difference between patients and controls was found
for tryptophan®*, tyrosine?' or alanine*. To our knowledge, only
two studies examined comprehensive amino acid profiles in CSF. An
early study examined 32 amino acids and related molecules including
ethanolamine (EA); however, that sample included only 8 subjects
with unipolar depression and 2 controls'®. A metabolomics-based
approach in 14 currently-depressed patients, 14 remitted patients,
and 18 controls found that CSF methionine levels were significantly
increased in remitted patients compared with controls®. Thus, pre-
vious information on CSF amino acid levels in MDD patients is
surprisingly limited.

We measured CSF amino acids and related molecules in a rela-
tively large sample to search for a biomarker for MDD. We also
analyzed the correlations between CSF amino acid levels and depres-
sion severity, psychotropic medication, and monoamine metabolites.

Subjects and methods

Subjects. Subjects were 52 patients with MDD and 54 healthy controls matched for
age and sex. All participants were biologically-unrelated Japanese. Patients were
recruited at the National Center of Neurology and Psychiatry (NCNP) Hospital
(Tokyo, Japan), or through advertisements in free local magazines, and by our
website. Healthy controls were from the same geographical area (i.e., western Tokyo
metropolitan) via advertisements in magazines and website. Trained psychologists or
psychiatrists conducted a structured Mini-International Neuropsychiatric Interview
(M.LN.I.)*, Japanese version with all participants. A consensus diagnosis was made
according to the Diagnostic and Statistical Manual of Mental Disorders, 4™ edition
(DSM-1V) criteria® based on the M.I.N.1,, an additional unstructured interview, and
information from medical records if available. Patients with any comorbid axis I
disorder were excluded, as were individuals with a prior medical history of CNS
disease, severe head injury, or substance abuse/dependence. After the nature of the
study procedures had been fully explained, written informed consent was obtained
from all subjects, MDD symptoms were assessed using the Japanese version of the 17-
item Hamilton Depression Rating Scale (HAMD-17)*, and the cut-off score for
remission was =77, Ten of the 52 patients were remitted. Among all MDD patients
(depressed + remitted), 39 patients were medicated and the remaining 13 (11
depressed and 2 remitted) were not on psychotropic medication. Daily doses of
benzodiazepine derivatives, antidepressants, and antipsychotics were converted to
equivalent doses of diazepam, imipramine, and chlorpromazine respectively, using
published guidelines® When each class of drugs was not medicated, the dose was
considered to be zero. The present experiments on our participants were conducted in
accordance with the Declaration of Helsinki. The study protocol was approved by the
ethics committee at the NCNP (No. 305).

Sample collection. Between 10:00 h and 16:00 h, CSF samples were obtained by
lumbar puncture from the L4-5 or L3-4 interspace of participants, in the left
decubitus position. CSF samples were immediately placed on ice, and centrifuged at
4000 X g. Supernatants were aliquoted and stored at —80°C until assays were
performed. All samples were collected from August 2010 to August 2013. Initial 2 mL
of CSF was used for measuring glucose, chloride, total protein levels and monoamine
metabolites. Homovanillic acid (HVA), 3-methoxy-4-hydroxyphenylethyleneglycol
(MHPG), and 5-hydroxyindoleacetic acid (5-HIAA) were measured by high-
performance liquid chromatography (HPLC) at SRL Co., Inc. (Tokyo, Japan).

Determination of CSF levels of amino acids and related molecules by HPLC. CSF
sample was mixed with 4% 5-sulfosalicylic acid dihydrate (WAKO, Tokyo, Japan),
and centrifuged for 10 min at 12,000 X g and 4°C. Each supernatant was transferred
to a micro-tube, filtered using a 0.22-pm pore-diameter syringe-filter (AS ONE,
Osaka, Japan), and subjected to HPLC (JASCO, Tokyo, Japan). Acquired data were
processed and quantified on the chromatography data station ChromNAYV (JASCO).
A detailed description of the HPLC protocol is available in the Supplementary
Methods.

Validation by capillary electrophoresis time-of-flight mass spectrometry (CE-
TOF-MS). Amino acids and related molecules were also measured using CE-TOF-
MS for a subset of the subjects (24 depressed, 3 remitted patients, and 27 controls).
The CE-TOF-MS measurements were performed at Human Metabolome
Technologies, Inc. (Yamagata, Japan), by coauthors who were blinded to the HPLC

Table 1 | Demographic and Clinical data on subjects
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' Table 2 | Comparisons between dMDD and HC for amino acids and related molecule profiles in cerebrospinal fluid
dMDD (N = 42) HC (N = 54) Stafistics for ANCOVA |
' Name uM+SD  NMISS'  uM+SD  NMISS F  df P 95% CI
| Phosphoethanolamine 47 =12 0 51=1.1 0 212 1 015 -0.75100.11
| Threonine 33.1 £9.3 0 298 *.3.3 0 4.30 1 0.041 0.13 10 6.030
| Serine 293 7.5 0 27.9%6.1 0 0.75 1 039 -1.51103.86
| Asparagine 72x14 0 66x13 0 3.85 1 0.053 -0.0065t0 1.11 |
| Glutamine 711.3 £142.5 0 644.3 +108.8 0 670 1 0.011 15.1610115.15 |
| Glycine 6.4x20 0 60x1.8 0 0.95 1 033 -0.38t01.12 |
i Alanine 37.5 = 10.3 0] 33.7 £9.0 0 3.34 1 0.071 =0.311t07.47
| e-Amino-n-butyric acid 27+1.0 0 26x09 0 030 1 0.59 -0.291t00.51
| Valine 16.6 + 4.8 0 15.2+4.6 0 2.41 1 012 -0.3910 3.23
| Methionine 33+0.9 0 3.5+08 0] 1.68 1 0.20 -0.56100.12
| Isoleucine 52+ 1.5 0 48=x1.4 0 288 1 0.093 —0.0801t0 1.017
| Leucine 12:56:=3.4 0 1152 2.9 0 3.42 1 0.068 —-0.082t02.27
Tyrosme 90+1.8 0 94 +23 0 1.50 1 0.22 —-1.34t00.32 |
' Phenylalanine 10.1 = 2.1 0 10:0:22.3 0 0.038 1 0.85 -0.79 10 0.96
Ei'hcmolumme 12:3£2.3 0 14.8 £2.2 0 2736 1 0.00000112 -3.29%0 —-1.48 |
| | Lysine 243 x7.1 0 22,2 ¥3.9 0 3.1 1 0.081 -0.25t04.17 |
| Histidine + 1-Methylhistidine 8427 0 80+14 0 0.69 1 0.41 -0.50t0 1.21
{ Arginine 21.8 5.1 0 22.6 =47 0 0.58 1 045 —279106 1.25
Aspartate 0.7+0.3 17 0.7 0.2 21 1.091 1 0.30 —0.062 10 0.20
| Glutamate 91x54 2 8.3x52 1 0.57 1 045 -1.3910 3.088
| Cystine 2907 6 28x0.8 8 020 1 0.66 —0.25 10 0.40
| Tryptophan 1.8+£07 19 20+04 18 2.64 1 0.11 -0.55100.058
| Ornithine 29+14 6 32+15 7 1.52 1 022 -1.034100.24
Carnosine 2415 Z 3.3:£2.1 10 5.30 1 0.024 —~T1.58 10 —0. 11
y-Aminobutyric acid 0.3 +0.1 24 0.3 =0.] 30 1.061 1 0.31 —0.023 t0 0.072
'Missing values are replaced with blanks in the ANCOVA analysis.
2Adjusted significance was set at P < 0.002, and significant Pvalues after Bonferroni correction are in bold type
Abbreviations: dMDD, depressed (nonremitted) patients with major depressive disorder; HC, healthy controls; SD standard deviation; NMISS, number of missing values; ANCOVA, analysis of

| covariance; Cl, confidence interval for the difference between two means.
I

data obtained at the NCNP. Compounds were identified by their peaks using
annotated tables with m/z values and normalized by migration times. Detailed CE-
TOF-MS procedures are described elsewhere.

Statistical analysis. Data are reported as means = standard deviation (SD). Means
were compared using t-tests or analysis of variance. Categorical variables were
compared using the 7 test with exact probability. Analysis of covariance (ANCOVA),
controlling for age and sex, was performed to compare CSF levels of amino acids and
related molecules in the patients and controls and between subgroups of the patients.
Partial correlation analysis, controlling for age and sex, was performed to examine the
correlations between equivalent doses of psychotropic drugs and concentrations of
amino acids and related molecules, and between EA levels and other CSF substances
including biogenic amine metabolites. The Mann-Whitney U test with exact
probability was used to compare clinical symptoms (HAMD-17 scores) between
MDD subgroups (Low-EA vs. High-EA). We obtained 95% CI for the difference
between two medians for Mann-Whitney U using Hodges-Lehmann estimate.
HAMD-17 items were assigned to the following subscales: ‘Core’ (items 1, 2, 7, 8, 10,
13), ‘Sleep’ (items 4, 5, 6), “Activity’ (items 7, 8), Psychic Anxiety’ (items 9, 10), and
‘Somatic Anxiety’ (items 11, 12, 13), according to Serretti et al.**. We used non-
parametric estimate of receiver operating characteristic (ROC) curves for the
assessment of specificity and sensitivity of EA to discriminate between MDD patients
and controls, and between depressed and remitted MDD groups. Statistical
significance for a two-tailed P-value was <<0.05, and was corrected for multiple
comparisons using the Bonferroni method. All analyses were performed using IBM
SPSS Statistics 22.0 Japanese version (IBM Japan, Tokyo, Japan).

Results

Demographic and clinical characteristics of the subjects are shown in
Table 1. There were no significant differences in sex ratio, age dis-
tribution, time of CSF sampling, or number or days from sample
collection among the depressed, remitted, and control subjects. No
significant difference was observed in psychotropic drug doses
between depressed and remitted MDD groups. CSF concentrations
of 25 of the 41 amino acids and related molecules were successfully
determined in the majority of subjects (Table 2). There was nom-
inally a significant difference in the concentrations of threonine,
glutamine, EA, and carnosine between the depressed MDD and con-
trol groups. When the critical P = 0.002 (0.05/25) was conservatively

applied after the Bonferroni correction, only EA remained significant
(nominal P = 0.0000011).

We then performed detailed analyses on the possible relationships
between CSF EA levels and clinical variables. In controls, there was
no significant difference in CSF EA levels between men and women
controlled for age (F = 0.045, df = 1, P = 0.83; 95% CI: —1.10 to
1.36), and no significant correlation between EA and age controlled
for sex (r = —0.063, df = 51, P = 0.66; 95% CI: —0.33 to 0.21),
between EA and time of CSF sampling controlled for sex and age (r =
0.061, df = 50, P = 0.67: 95% CI: —0.22 to 0.33), or between EA and
number of days from sample collection controlled for sex and age (r
= 0.0062, df = 50, P = 0.97; 95% CI: —0.27 to 0.28), in a partial
correlation analysis. Figure 1a shows dot plots of CSF EA concentra-
tions in depressed MDD patients and controls. Among all MDD
patients, no significant difference in EA levels was observed between
the medicated and unmedicated patients using ANCOVA, control-
ling for sex and age (F = 0.0030, df = 1, P = 0.96; 95%CIL: —1.57 to
1.66) (Figure 1b), and there were no significant differences in age, sex,
or total HAMD-17 score. When unmedicated MDD patients and
controls were compared, there was a significant difference in CSF
EA based on ANCOVA (F = 7.0,df = 1,P = 0.010; 95% CI: —3.28 to
—0.46). Remitted MDD patients had significantly higher EA levels
than depressed MDD patients (ANCOVA; F = 8.1, df = 1, P =
0.0066; 95%CI: 0.67 to 3.90) (Figure 1c), and they showed no signifi-
cant differences in age or sex. There was no significant difference in
CSF EA levels between remitted patients and controls (F = 0.0092, df
=1,P =0.92;95%CI: —1.68 to 1.53). These comparisons for CSF EA
concentrations between subgroups are summarized in Table 3. Area
under curve (AUC) by the ROC curve to discriminate between
depressed (non-remitted) MDD patients and controls was 0.77
(Supplementary Fig. Sla), that between depressed and remitted
MDD groups was 0.75 (Supplementary Fig. S1b), indicating ‘fair test’
for these discriminations. When “abnormally low CSF EA levels”
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Figure 1 | Dot plots of CSF EA concentrations in patients with MDD and controls. Horizontal bars represent mean values of the groups. Statistical
analyses were performed by ANCOVA, controlling for age and sex. (a) Comparison between dMDD patients and HC, (b) that between mMDD and
uMDD, and (c) that between rMDD and dMDD. Abbreviations: CSF, cerebrospinal fluid; EA, ethanolamine; HC, healthy controls; AMDD, depressed
(non-remitted) patients with major depressive disorder; rMDD, remitted patients; mMDD, medicated patients; uMDD, unmedicated patients;

ANCOVA, analysis of covariance.

were defined as the 5" percentile value of the controls (<12.1 uM),
17 depressed patients (40.5%) and 3 controls fell within this range (*
= 17.5,df = 1, P = 0.000033; OR = 11.6, 95% CI: 3.1 to 43.2).

To investigate the relationship between patient’s symptoms and
CSF EA levels, we defined MDD patients (depressed + remitted)
whose levels fell below the 1** quartile of CSF EA values as ‘Low-EA’
(N = 13) and above the 3 quartile as ‘High-EA’ (N = 13). The Low-
EA group had higher HAMD-17 total scores (P = 0.0033, Mann-
Whitney U test), and ‘Core’ (P = 0.034) and ‘Somatic Anxiety’ (P =
0.00026) subscale scores (Figure 2). Other HAMD subscales (‘Sleep’,
‘Activity’, and ‘Psychic Anxiety’) showed no significant differences
between Low-EA and High-EA groups.

Although there was no significant difference in CSF EA levels
between medicated and unmedicated MDD patients, we examined
the possible correlation between the equivalent dose of psychotropic
drugs and CSF amino acid levels in the depressed MDD group (Table

S1). CSF EA levels did not significantly correlate with benzodiaze-
pine derivatives (P = 0.29), antidepressants (P = 0.34), or antipsy-
chotics (P = 0.21). With respect to other molecules, several amino
acid concentrations nominally showed significant correlations with
medications (Supplementary Table S1). The correlations between
isoleucine and antidepressants (P = 0.00056) (Supplementary Fig.
§2), remained significant even after correcting for multiple compar-
isons [critical P-value of 0.05/(25 X 2) = 0.001].

We further investigated the correlations between CSF EA levels
and other CSF substances in unmedicated patients with MDD and
controls (total N = 67), based on reports that levels of CSF biogenic
amine metabolites are affected by psychotropic drugs®. HVA, a cat-
abolite of dopamine (P = 0.0030), and 5-HIAA, a catabolite of sero-
tonin (P = 0.019), showed significant correlations, while other
substances (total protein, glucose, chloride, and MHPG) did not
(Figure 3 and Table 4).

Table 3 | Summarized comparisons in CSF EA concentrations between subgroups

Comparisons Differences Statistics for ANCOVA ! 95% Cl
dMDD (N = 42) vs HC (N = 54) 123 +£23vs148 =22 F=27.36,df =1, P=0.0000011 -3.29to —1.48
mMDD (N = 39) vs uMDD (N = 13) 12.8=2.8vs12.9 2.1 F=0.0030,df=1,P=0.96 -1.57t0 1.66
dMDD (N = 42) vs rMDD (N = 10} 12.3 % 2.3vs 15.0 + 3.0 F=8.073, df = 1, P = 0.0066 ~3.90 0 —0.67

'Statistical values derived from ANCOVA controlling for sex and age.
| Significant Pvalues are shown in bold type.

| Abbreviations: CSF, cerebrospinal fluid; EA, ethanolamine; ANCOVA, analysis of covariance; dMDD, depressed (non-remitted) patients with major depressive disorder; rMDD, remitted patients; HC,
| healthy controls; uMDD, unmedicated patients; mMDD, medicated patients; Cl, confidence interval for the difference between two means.
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Figure 2 | Dot plots of HAMD-17 total score and subscale scores in High and Low-EA patients. We defined MDD patients with CSF EA values below the
1* quartile as ‘Low-EA’ (N = 13), and MDD patients with CSF EA values above the 3 quartile as ‘High-EA’ (N = 13) to compare the CSF EA levels with
symptoms. Horizontal bars in dot clusters represent mean values of the groups. P-values were obtained by the Mann-Whitney U test. (a) Low-EA

showed a significantly higher total score for HAMD-17 than High-EA (U = 29.0, P = 0.0033; 95% CI: 3.0 to 15.0). (b) Low-EA showed a significantly
higher score for the ‘Core’ subscale than High-EA (U = 43.5, P = 0.034; 95% CI: 1.0 to 7.0). There were no significant differences between the two groups

for (c) ‘Sleep’ (U = 71.5, P = 0.51; 95% CI: —1.0 to 2.0), (d) ‘Activity’ (U =

48.0, P = 0.059; 95% CI: 0.0 to 3.0), and (e) ‘Psychic Anxiety’ (U = 57.5,

P =0.17;95% CI: 0.0 to 2.0). (f) Low-EA showed a significantly higher score for ‘Somatic Anxiety’ than High-EA (U = 18.5, P = 0.00026; 95% CI: 1.0 to
4.0). Abbreviations: HAMD-17, 17-item Hamilton Depression Rating Scale; CSF, cerebrospinal fluid; EA, ethanolamine; Low-EA, patients with CSF EA
values below the 1* quartile; High-EA, patients with CSF EA values above the 3" quartile; CI, confidence interval for the difference between two medians.

To validate the HPLC measurements, CSF EA levels were mea-
sured in a subset of the subjects using CE-TOF-MS. The EA values
obtained using CE-TOF-MS and HPLC methods showed a near-
perfect correlation (r = 0.89, P < 5 X 107") in partial correlation
analysis, with age and sex as covariates (Supplementary Fig. S3a).
Similar to Figure la, a significant difference in CSF EA values based
on CE-TOF-MS data was observed between the depressed MDD
patients and controls (P = 0.0052, ANCOVA) (Supplementary
Fig. S3b).

Discussion

Several of our findings are potentially of clinical significance. The
levels of some CSF amino acids differed between MDD patients and
controls. EA (also known as monoethanolamine or 2-aminoethanol),
in particular, remained significantly lower in patients than controls
after correcting for multiple comparisons (P = 0.0000011). Notably,
as many as 40% of the depressed patients showed abnormally low
levels, and EA levels were significantly lower in depressed patients
than remitted patients. When relationships with clinical variables
were examined in the patients, the Low-EA group showed higher
HAMD-17 and subscale scores compared with the High-EA group.

CSF EA did not correlate with the dose of psychotropic drugs,
although isoleucine showed a correlation with antidepressants even
after correcting for multiple testing. Lastly, CSF EA values were
significantly correlated with CSF HVA and 5-HIAA levels in unme-
dicated subjects.

An early study by Goodnick et al.'® reported that CSF tyrosine
levels differed across diagnostic groups (bipolar, unipolar depres-
sion, and controls). The authors reported the CSF EA levels; how-
ever, there were only two controls in their sample and it is difficult to
compare their results with ours. Frye et al* reported that CSF glu-
tamate and glycine levels were decreased in patients with mood
disorder. By contrast, we found no significant difference in the levels
of either amino acid between depressed patients and controls. One of
the reasons for the inconsistency may be that the majority of the
patients in Frye et al’s study had bipolar disorder. Another reason
may be that their subjects were all unmedicated; however, we could
not confirm the results of Frye et al. even when our unmedicated
patients were compared with controls (data not shown). Levine et al.
reported that depressed patients (MDD and bipolar disorder)
showed increased CSF glutamine levels than controls®. CSF gluta-
mine levels in our MDD patients were also significantly increased
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