M. Miyashita et al

by PANSS. Assessors also ensured that these patients
had no symptomatic exacerbation for at least 1 month
prior to the interview. All participants provided written
informed consent, and study protocols were approved
by the ethics committees of all participating institutions
(Tokyo Metropolitan Matsuzawa Hospital and Tokyo
Metropolitan Institute of Medical Science).

Statistical Analysis

All data were analyzed using SPSS version 20.0 statisti-
cal software (IBM). Simple comparisons of means and
standard errors of data between group 1 and the other
groups were performed using the unpaired 7 test (both 2
tailed). In comparisons of HbAlc, eGFR, GLOI enzy-
matic activity, onset of disease, and duration of disease
between groups 1 and 4, we conducted ANCOVA as age
was considered a covariate. Likewise, ANCOVA was
also performed when comparing GLO1 enzymatic activ-
ity between groups 1 and 3. Fisher’s exact test was used
for categorical variables and stepwise multiple regression
analysis between psychological symptoms and each of
the 2 measured biomarkers. Significance was defined as
P <.05.

Results

Clinical Characterization

The mean (£SD) age of participants without carbonyl
stress (group 1) and with enhanced carbonyl stress (group
4) were 46.9+ 14,7 and 51.4+11.7, respectively (P = .07).
There were no significant differences linked to HbAlc,
eGFR, smoking status, alcohol consumption, and male
to female ratios in groups 1 and 4. In accordance with our
prediction, the enhanced carbonyl stress group showed
a more severe clinical course relative to the normal
group (see table 1). The proportion of cases classified as

inpatients were 23.9% (16 inpatients and 51 outpatients)
in group 1 and 80.8% (21 inpatients and 5 outpatients) in
group 4 (P < .0001). In addition, the mean (£SD) dura-
tion of hospitalization in group 1 was markedly shorter
than that of group 4 (4.2+9.2 years vs 17.4+16.9 years,
P = .0002). Furthermore, we noted higher daily doses
of antipsychotics in group 4 compared with group |
(773.8+652.4mg/day in group 1 and 1143.9+743.6 mg/
day in group 4, P = .02). We also observed lower educa-
tional status in group 4 compared with group 1 (P = .02).
We were surprised to find that GLOI enzymatic activity
was significantly decreased in group 4, relative to group 1,
despite group 4 containing a higher proportion of patients
carrying the homozygous Glulll allele compared with
group 1 (P = .0005; see table 1). Significant differences
in enzymatic activity remained, after excluding patients
carrying frameshift mutations and homozygous Alalll
alleles from group 4. No significant differences were
observed in other clinical parameters between groups
1 and 4. Intriguingly, groups 2 and 3 showed clinical
features that were almost intermediate to those seen in
groups 1 and 4 (see table 1).

Psychopathological Symptoms

Next, we evaluated clinical symptoms by analyzing the
association between pentosidine and pyridoxal, biomark-
ers of enhanced carbonyl stress, and PANSS score (see
table 2). We evaluated symptom severity of the 49 inter-
viewed patients by PANSS. Of these 49 patients, 15 fell
into group 1, 6 into group 2, 15 into group 3, and 13 into
group 4. We conducted stepwise multiple regression anal-
yses in which, age, in/outpatients status and antipsychotic
medication were introduced into the model as confound-
ing factors, as they are known to affect PANSS scores.
We did not include other potential confound factors
such as disease duration and hospitalizations because of

Table 2. Association Between PANSS Score and Pentosidine and Pyridoxal Levels

Clinical Variables Adjusted R? Standardized t Value P Value
Total positive symptom score Antipsychotics 317 405 3.362 0016
Pyridoxal =310 =2.5%/ 0133
. In/outpatients 264 2,182 0344
Total negative symptom score Antipsychotics .380 .394 3.160 0028
In/outpatients 378 3.118 0032
Age 237 2.586 0130
Total general psychopathology score Antipsychotics .384 481 3.867 .0004
Pyridoxal —:259 -2.194 0336
In/outpatients 259 2.146 .0374
Age 224 1.694 .0973
Total PANSS score Antipsychotics 402 .398 3:533 .0010
In/outpatients .389 3.440 0013
Pyridoxal =285 —2.536 .0148

Note: PANSS, Positive and Negative Syndrome Scale. Pentosidine, pyridoxal, age, antipsychotic medication, and in/outpatient status
were introduced into the model as independent variables. Stepwise multiple regression analysis was performed. Corrected P values less

than .0125 (.05/4) were considered statistically significant.
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high multicollinearity, defined as variance inflating fac-
tors, exceeding 2.0. Examining 4 subscales of PANSS, we
found nominally significant, negative correlation between
serum pyridoxal levels and items of the total positive
symptom scale (standardized § = —.31, P = .0133), total

general psychopathology score (standardized 3 = —.26,
P = .0336), and the total PANSS score (standardized
B =—.29, P = .0148). Pentosidine showed no association

with PANSS scores (see table 2).

Discussion

This is the first study to focus on clinical features of
schizophrenia observed in enhanced carbonyl stress. We
found that a significantly higher proportion of subjects
with carbonyl stress were inpatients, of low educational
status, suffered longer durations of hospitalization, and
were prescribed higher doses of antipsychotic medication,
relative to subjects without carbonyl stress. Intriguingly,
the 2 groups consisting of patients with either high pento-
sidine or low pyridoxal levels (group 2 or group 3) exhib-
ited clinical features that were almost intermediate
between groups | and 4. In addition, nominally signifi-
cant negative association between serum pyridoxal levels
and 3 subscales of PANSS—namely, the total positive
symptom score, the total score for general psychopathol-
ogy, and total PANSS scores—was observed. In contrast,
plasma pentosidine levels showed no significant associa-
tion with items of PANSS.

It should be noted that severe clinical features observed
in patients with carbonyl stress, such as a higher inpatients
status, a longer duration of hospitalization, and larger
prescribed doses of antipsychotic medication, are very
similar to those seen in treatment-resistant schizophrenia
as defined by Kane et al.” In this cohort of patients, clo-
zapine is the standard treatment, proving more effective
than conventional or other atypical antipsychotics.”
However, clozapine also induces serious and sometimes
lethal adverse effects such as granulocytopenia.'™'*
Intriguingly, psychopathological symptoms tended
towards association with low pyridoxal levels. Although,

Characterization of Schizophrenia With Enhanced Carbonyl Stress

the precise mechanisms of decreased pyridoxal levels
in patients with enhanced carbonyl stress are not fully
understood, our observations strongly support the the-
ory that supplementation of vitamin B6 for these patients
may safely improve specific clinical symptoms associated
with pyridoxal levels. So far, a number of clinical reports,
including 4 randomized placebo-controlled studies, have
tested the efficacy of vitamin B6 supplementation for
schizophrenia, but the results are inconsistent.'”” ** A pos-
sible reason for the conflicting results could be that in
these studies, no account was taken of the vitamin B6
levels in subjects. We believe that vitamin B6 supplemen-
tation may be most effective in schizophrenic patients
with lower B6 levels associated with enhanced carbonyl
stress. In terms of therapeutic benefits, this idea shares
parallels with the use of clozapine in treatment-resistant
schizophrenia. New clinical studies, utilizing vitamin B6
supplementation for schizophrenics with carbonyl stress
are required.

In this study, we cannot exclude possibility that high
plasma pentosidine levels were a consequence of high
doses and long time exposure of antipsychotic medica-
tions. In addition, it is well known that some second-
generation antipsychoticdrugsinduce significantly greater
weight gain than conventional antipsychotics.”~* Indeed,
simple regression models of statistical analysis revealed
a significant positive correlation between plasma pen-
tosidine and the daily dose of antipsychotic medication
(Spearman’s correlation coefficient = 0.301, P < .0001;
see figure 1). The lack of association with serum pyri-
doxal levels (Spearman’s correlation coefficient = —0.075,
P = .34; see figure 1) appears to support this possibility.
On the other hand, we have previously reported a case
in which a drug-naive schizophrenic patient exhibited
high plasma pentosidine.”” Furthermore, Cannon et al*
reported that DM in pregnant women increased the risk
of schizophrenia in their offspring. These data endorse
the hypothesis that exposure to enhanced carbonyl stress
in the early stages of neural development may impact
of physiological processes exemplified by the develop-
ment of schizophrenia. Although we lacked information
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Figure 1. Correlation between daily dose of antipsychotic drugs and pentosidine (A) and pyridoxal (B).
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on environment factors, such as socioeconomic status
of origin, for a number of subjects we put forward, the
possibility that early exposure of high pentosidine may
be causative of the low educational status observed in
patients with enhanced carbonyl stress. Further studies
focused on drug-naive patients will be required to address
these issues.

Psychopathological symptoms tended to correlate
with serum pyridoxal, however, it remains unclear how
decreased serum pyridoxal affects psychopathological
symptoms. Pyridoxamine, one of the 3 forms of vitamin
B6, is capable of scavenging pentosidine, and depletion
of pyridoxamine during this process eventually leads to
a decrease in serum pyridoxal levels. Given that pyri-
doxal is an important coenzyme in the synthesis of vari-
ous neurotransmitters, such as dopamine, serotonin, and
gamma-aminobutyric acid, the lack of pyridoxal in this
situation raises the possibility that an imbalance of these
neurotransmitters may influence severity of clinical fea-
tures observed in these patients. Another possibility is
that high pentosidine may itself affect clinical features
by inducing an inflammatory response, through recep-
tors for AGEs in the central nervous system (CNS). To
examine this hypothesis, studies using animal models and
human samples are necessary to reveal the precise molec-
ular mechanisms of CNS involvement.

It was surprising to find that GLOI1 activity was sig-
nificantly decreased in group 4 compared with group 1
subjects, despite group 4 containing a higher proportion
of homozygous Glulll allele carriers (see table 1). The
significant difference in activity between groups 1 and 4
persisted, even after excluding patients with frameshift
mutations and homozygous Alalll alleles. Although the
exact mechanisms driving decreased GLO1 enzymatic
activity in group 4 are unknown, preliminary data sug-
gested that plasma zinc levels were significantly lower
in schizophrenia relative to control samples (data not
shown). So, one explanation for this paradoxical find-
ing could be that enhanced carbonyl stress causes deple-
tion of zinc ions, which are an essential trace element
for maintaining GLOI1 reactivity. In addition, other
metabolic pathways, such as homocysteine metabolism,
may be impaired under enhanced carbonyl stress condi-
tions, because vitamin B6 plays a key role as a cofactor
in this pathway. This lends plausible support to numer-
ous recent reports investigating an association between
elevated homocysteine levels and schizophrenia.”'*” Thus,
we propose that enhanced carbonyl stress causes not only
abnormalities in pentosidine and pyridoxal metabolism
but also in wider metabolic pathways associated with
these biomarkers.

As with studies of this nature, our study has some
limitations. First, because this research is of a retrograde
cross-sectional design, we cannot fully evaluate whether
association between enhanced carbonyl stress and severe
clinical course is a causal relationship. Future studies,
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implementing prospective and longitudinal designs, will
be needed to elucidate the exact clinical relationship
between this disease and the 2 proposed biomarkers.
Second, as sample sizes for each group were relatively
small, our analysis had limited power to detect statistical
significance. This was particularly relevant in the PANSS
analysis, where because interview data were available for
only 49 patients, while we could detect trends, we were
unable to detect significant differences by a direct com-
parison of PANSS scores between the groups (data not
shown). Third, we did not control for other possible con-
found factors, including body mass index (BMI) and less
severe disturbances of glucose metabolism. For BMI, we
had limited data on group 1 subjects and data on all sub-
jects, except 1, in group 4. We found that mean (+SD)
BMI in the carbonyl stress group was 21.6 £ 4.8 for males
and 21.3%2.2 for females. These values are lower than
the Japanese standard for people aged in their fifties (24.2
in males and 22.8 in females, http://www.stat.go.jp/data/
nihon/21.htm). Therefore, we think that the influence of
BMI on pentosidine or pyridoxal levels may be weak.
Finally, because mild glucose intolerance and inflamma-
tion may possibly enhance carbonyl stress, studies into
more sensitive markers, such as the homeostasis model
assessment, which is an index of insulin resistance and
C-reactive protein will be required in the future.

Conclusion

Patients with enhanced carbonyl stress showed distinct
clinical features such as a higher propensity to inpatient
status, low educational status, and longer durations of
hospitalization, and higher doses of antipsychotic medi-
cation. These features bear strong similarity to those seen
in treatment-resistant schizophrenia. It was also clear
that psychopathological symptoms showed a tendency
towards negative correlation with serum pyridoxal levels.
Given that clozapine with its serious adverse effects is the
most effective agent for treatment-resistant schizophre-
nia, our results support the idea that simple treatments
that reduce carbonyl stress, such as supplementation of
pyridoxamine, may be of novel therapeutic benefit for
this subset of patients. As mentioned before, larger and
longitudinal clinical studies will be required to validate
these novel findings.
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Appropriate biological treatment and psychosocial
support are essential to achieve and maintain recov-
ery for patients with schizophrenia. Despite extensive
efforts to clarify the underlying disease mechanisms,
the main cause and pathophysiology of schizophre-
nia remain unclear. This is due in large part to disease
heterogeneity, which results in biochemical differ-
ences within a single disease entity. Other factors
include variability across clinical symptoms and
disease course, along with varied risk factors and
treatment responses. Although schizophrenia’s posi-
tive symptoms are largely managed through treat-
ment with atypical antipsychotics, new classes of
drugs are needed to address the unmet medical need
for improving cognitive dysfunction and promoting
recovery of negative symptoms in these patients.
Accumulation of toxic reactive dicarbonyls, such as
methylglyoxal, are typical indicators of carbonyl
stress, and result in the modification of proteins and

the formation of advanced glycation end products,
such as pentosidine. In June 2010, we reported on
idiopathic carbonyl stress in a subpopulation of
schizophrenia patients, leading to a failure of meta-
bolic systems with plasma pentosidine accumulation
and serum pyridoxal depletion. Our findings suggest
two markers, pentosidine and pyridoxal, as beneficial
for distinguishing a specific subgroup of schizo-
phrenics. We believe that this information, derived
from in vitro and in vivo studies, is beneficial in the
search for personalized and hopefully more effective
treatment regimens in schizophrenia. Here, we define
a subtype of schizophrenia based on carbonyl stress
and the potential for using carbonyl stress as a
biomarker in the challenge of overcoming heteroge-
neity in schizophrenia treatment.

Key words: advanced glycation end products, glyoxa-
lase, pentosidine, pyridoxal, vitamin Bs.

CHIZOPHRENIA IS A chronic and disabling brain
disorder, thought to be a heterogeneous syn-
drome. The lifetime prevalence is approximately one
percent, with onset of disease frequently occurring in
early adulthood.’? Numerous studies suggest oxida-
tive stress and redox dysregulation as risk factors for
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the development of schizophrenia.*~® In addition to a
genetic predisposition to disease, quantitative and
qualitative resistance to stress interact with environ-
mental elements and genetic factors, leading to a
distorted metabolic balance in the body.® Although
several potential candidate genes and chromosomal
linkage loci for schizophrenia have been identified,”-
10 little information is available on their molecular
and cellular intermediates.’'~**

Dicarbonyls, such as methylglyoxal (MG), a potent
protein-glycating agent, are formed from sugars,
lipids and amino acids.'®** This dicarbonyl accumu-
lation, which is referred to as carbonyl stress,?® modi-
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Figure 1. Glyoxalase detoxification system. Accumulation of
reactive carbonyl compounds results in modification of pro-
teins and the eventual formation of advanced glycation end
products (AGE) and methylglyoxal-adducts. Glyoxalase pro-
teins are ubiquitously expressed in various tissues, incduding
the brain, and provide an effective defense against the accu-
mulations of reactive dicarbonyl compounds. Vitamin B also
detoxifies reactive carbonyl compounds by trapping these
products and/or by inhibiting the formation of AGE. GLO1,
glyoxalase I; GLO2, glyoxalase II; GSH, glutathione.

fies proteins and leads to the eventual formation of
advanced glycation end products (AGE). The forma-
tion of AGE is associated with three different path-
ways in vivo, namely the Maillard reaction, polyol
pathway and lipid peroxidation.?* '

Some reports in humans implicate increased AGE
in a variety of illnesses, including diabetes,?*** hemo-
dialysis** and mental illness.?>*" Cellular removal of
dicarbonyls and AGE occurs via a glutathione-
dependent glyoxalase, namely, glyoxalase I (Glo1)
(Fig. 1). The glyoxalase detoxification system is found
in all tissues, including the brain. It is also known
that this system interacts with several metabolizing
cascades, some of which have been reported as pos-
sible causative factors in the etiology of mental dis-
orders.”®? Studies in humans have revealed reduced
GLO1 mRNA levels in peripheral leukocytes in
patients with mood disorder,*® genetic association of
polymorphisms of GLO1 with autism®' and panic
disorder,?? altered frequencies of GLO1 enzyme activ-
ity phenotypes in alcoholism,” and altered GLOI
mRNA levels in post-mortem brains of patients with
Alzheimer's disease.**

In June 2010, we reported enhanced carbonyl
stress as a disease feature in a subpopulation of
schizophrenics.*® We found a 1.7-fold increased con-

© 2014 The Authors
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centration of plasma pentosidine, a marker for AGE,
and significantly decreased levels of pyridoxal, one of
the three forms of vitamin Bg, in schizophrenia com-
pared with healthy control subjects. We detected het-
erozygous frameshift mutations with loss-of-function
and moderate-effect polymorphisms in GLO1. These
changes resulted in a 40-50% and 15-20% reduction
in Glol activity in loss of function and moderate-
effect mutants, respectively. Our results suggested
involvement of accumulated dicarbonyls and/or
pentosidine in the pathophysiology of schizophrenia
patients carrying these genetic GLO1-deficits.

We also reported on a drug-naive patient with
at-risk mental state, who exhibited enhanced car-
bonyl stress, with high plasma pentosidine levels,
suggesting the presence of stress before the onset of
disease.’® A follow-up study showed that decreased
plasma pentosidine levels were accompanied by
improved psychotic symptoms on follow up, com-
pared with initial observations. Interestingly, plasma
pentosidine Jevels are significantly lower in outpa-
tients than in hospitalized cases, while Glo1 activity
is significantly upregulated in outpatients (Arai et al.,
unpublished findings). Schizophrenics with accumu-
lated pentosidine and depleted pyridoxal showed dis-
tinct clinical features, such as a higher propensity to
inpatient status, low educational status, higher fre-
quency and longer durations of hospitalization and
higher doses of anti-psychotic medication.*”

Carbonyl stress as identified in patients with
schizophrenia is a key concept for clarifying some of
the pathogenic and pathological mechanisms in
schizophrenia.

AGE

A robust susceptibility gene for schizophrenia has yet
to be identified, although candidate polymorphisms
and chromosomal regions associated with this
disease have been reported from multi-center
genome-wide association studies, conducted using
large-scale samples.”%*® A serious problem in the
genetic research of schizophrenia is that of heteroge-
neity. Disease heterogeneity complicates the search
for molecular patterns and subsequently hinders the
identification of disease mechanisms.

Specific biomarkers would be useful for classifying
heterogeneous psychotic syndromes into homoge-
neous subtypes, thereby improving disease diagnosis,
as well as clinical staging and prognostic information
on cognitive function.*#° In general, it is difficult to

Psychiatry and Clinical Neurosciences © 2014 Japanese Society of Psychiatry and Neurology

38



Psychiatry and Clinical Neurosciences 2014; 68: 655-665

Advanced glycation end product residues

Carbonyl stress and schizophrenia 657

HOCH3{(CHOH), N

I

%o co Chlg co ,CHe
HC-(CHe)a —NH- HC(CH2 )3 —NH-( [f; H CH2 meng ;I:

i i o

G-H1 MG-H1 3DG-H
| | |
€O - GO i ¢O N
4 ’ 74

HF{CHQ4«~NHQMM/ HO(CHQ4 «Nszmf HC-(CHo)s ~NH“< iI/f

NH A+  CHa NH

| CML | CEL ’ CH@ ?H

NH

| Pentosidine (fluorophore) |
HC(CHQS NH— co =\ CO

NH NH.* HIC*(CHz)s@ =Ny N- (CHz)amCle

| NH NH

CMA MOLD

Protein oxidation and nitration adduct residues

1
C

O e
| ',_ ﬂ
HC-(GHy)2 —S— CH He—Che gy
| i NH N
NH 0 | | NO,
| co
MetSO Hc';— 3-NT
|
1NH

Dityrosine

Figure 2. Molecular structure of protein glycation, oxidation, and nitration residues (modified and adapted from Rabbani et al.*).
The extent of these types of protein modification is usually between 0.01% and 5%. The best technique for monitoring these
adducts is through isotopic dilution analysis using liquid chromatography, with positive-ion electrospray-ionization tandem mass
spectrometric detection (LC-MS/MS).* CEL, Ne-(1-carboxyethyl) lysine; CML, N-g-(Carboxymethyl) lysine; MG-H1, Ns-(5-hydro-
5-methyl-4-imidazolon-2-yl)-ornithine; MOLD, A1,3-di(Ne-lysino)-4-methyl-imidazolium.

capture information of the brain from peripheral
blood. However, multiple omics research projects
using peripheral blood and urine have proven to be
very effective tools for identifying new causative
genes, environmental factors and disease metabo-
lites. The classification of schizophrenia into sub-
groups using biomarkers is the current research goal,
ultimately leading to the discovery of new classes of
therapeutic agents and the advent of personalized
medicine.*

The condensation of carbonyl groups with amine
groups leads to the formation of a reversible Schiff
base. Subsequent reactions; such as oxidation and
peroxidation, result in the irreversible final products
known as AGE. These incdude Nj;-(5-hydro-5-

methyl-4-imidazolon-2-yl)-ornithine {(MG-H1), N-¢-
(Carboxymethyl) lysine (CML), Ne-(1-carboxyethyl)
lysine (CEL), 1,3-di(Ne-lysino)-4-methyl-imidazo-
lium (MOLD) and pentosidine**** (Fig. 2). Methyl-
glyoxal (MG), glyoxal and 3-deoxyglucosone (3-DG)
enhance AGE formation. Methionine sulfoxide,
dityrosine and 3-nitrotyrosine are also markers for
protein oxidation and nitration.*” The structures of
AGE were determined from peripheral blood, urine
and other tissue samples. Typical AGE are primarily
monitored using combinations of high-performance
liquid chromatography (HPLC) and mass spectrom-
etry (LC-MS/MS)."##¢ In our studies, pentosidine level
was measured using HPLC techniques described in
our previous publications.?>-7
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DISCOVERY OF ENHANCED CARBONYL
STRESS IN SCHIZOPHRENIA

MG is a reactive glycating agent and a precursor of
major quantitative adducts formed from proteins. It
is a more reactive a-oxoaldehyde metabolite,
formed after the degradation of triosephosphates
glyceraldehyde 3-phosphate and dihydroxyacetone
phosphate, by MG synthase in bacteria, the oxida-
tion of acetone, ketone body metabolism, catabo-
lism of threonine and degradation of glycated
proteins.*” Accumulation of MG induces activation
and increased degradation of proteins, DNA muta-
genesis and cytotoxicity.*®*° Therefore, efficient
metabolism and detoxification of MG is needed to
prevent protein and DNA damage in cells. The gly-
oxalase pathway represents the major route for MG
metabolism, as shown in Figure 1, and is supported
by aldose reductase and aldehyde dehydroge-
nases.”®! In the glyoxalase pathway, Glo1 catalyzes
the isomerization of hemithioacetals, formed non-
enzymatically from MG and reduced glutathione, to
S-D-lactoylglutathione. Next, Glo 2 catalyzes the
hydrolysis of S-D-lactoylglutathione, to D-lactate
and glutathione (GSH).

On 2 June 2006, we identified a novel schizophre-
nia case with a deficiency of GLOI, and published
this report in Archives of General Psychiatry (AGP)
(2010).* This patient was a 60-year-old man suffer-
ing from severe schizophrenia, with a brother
affected by schizophrenia, a sibling who committed
suicide and two maternal uncles who suffered from
schizophrenia. We identified a novel frameshift
mutation in this case (case #1). The c.79_80insA
mutation causes a frameshift in GLO1. The adenine
insertion at nucleotide 79, in exon 1 resulted in a
frameshift at codon 27 and introduced a premature
termination codon after aberrant translation of 15
amino acid residues (p.T27NfsX15). One year later,
we found a new c¢365delC mutation in another
schizophrenic patient (case #2). The mutation gener-
ated a frameshift in codon 122 of exon 4 in GLO1
and a premature termination after the addition of an
aberrant 27 amino acid peptide (p. P122L{sX27)
(Fig. 3).

Individuals with heterozygous frameshift muta-
tions showed an approximately 40-50% reduction
of Glo1 enzymatic activity in both erythrocytes and
lymphocytes, supporting the belief that GLOI
genetic mutations occur in one allele. We suspected
that aberrant transcripts from the mutant allele were

© 2014 The Authors
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degraded by nonsense-mediated mRNA decay, as
the predicted truncated proteins from p.T27NfsX15
and p.P122L{sX27 were not detected by immuno-
blotting. Lymphoblastoid cells derived from subjects
carrying heterozygous frameshift mutations showed
significantly decreased levels of GLOI mRNA, com-
pared with those from both affected and unaffected
individuals without heterozygous frameshift muta-
tions. Glol enzymatic activity in heterozygous
frameshift mutation carriers was lower than that
of wild-type individuals (2.8 munit/10° red blood
cells [RBC] in case #1, 3.0 munit/10° RBC in case
#2, 6.2 munit/10° RBC in wild-type healthy control
subjects).

As expected, heterozygous frameshift carriers with
schizophrenia displayed increased concentrations of
plasma pentosidine. Levels of plasma pentosidine
detected by HPLC, a quantitatively accurate and
stable technique, were 137 ng/mL in case #1 and
74.7ng/mlL in case #2. These high plasma
pentosidine levels in the two patients carrying the
mutation are most likely caused by reduced Glol
function, as neither suffers from diabetes mellitus nor
renal failure, two of the major causes of enhanced
AGE formation.

Interestingly, these rises in pentosidine were con-
comitant with prominent decreases of pyridoxal, a
major isoform of vitamin B Vitamin B¢ plays an
important role in various physiological functions and
is converted to pyridoxine, pyridoxal and pyridox-
amine in vivo. Pyridoxamine reacts with RCO by
carbonyl-amine chemistry (Fig. 1). In the two GLO1
frameshift mutation carriers, pyridoxal was markedly
reduced, probably due to its depletion after detoxify-
ing RCO. We found decreased pyridoxal levels in
both cases compared with wild-type individuals
(2.0 ng/ml in case #1, 2.8ng/mL in case #2,
11.9 ng/mL in wild-type healthy controls). The
depletion of pyridoxal may reflect a state of carbonyl
stress in these patients.

The GLOI gene also harbors a Glulll (a major
genotype)/Alal11 polymorphism. The frequency of
the Alal11 allele exhibits high population diversity.
We assayed the missense variants, Glu111/Glul11,
Glul11/Ala111 and Alal11/Alalll, using 1586
schizophrenics. We identified nine homozygous
Alal11 carriers, who showed approximately 20-30%
lower Glol enzyme activity against the wild-type
group. Mean values of enzymatic activity were
approximately 4.7 munit/10° RBC in these patients.
Patients carrying homozygous Alal11/Alal11 alleles
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¢.79_80insA ¢.365delC ¢.332A>C
(T27NfsX15) (P122LfsX27) (GlulllAla)
(a) (d) (9)
Asp Glu Thr

’

AL

(b) (e)

Asp Ala Thr

(c) )

insA

l delC

Figure 3. DNA sequence chromatograms showing frameshift and missense variants. The (a,b,c) left and (d,e,f) middle column
chromatograms show heterozygous sequence traces derived from individuals carrying an adenine insertion within exon 1 and a
cytosine deletion within exon 4, respectively. TA cloning and subsequent sequence analyses revealed (b,e) normal (denoted by WT)
and (cf) mutant (denoted by insA or delC) sequences. (gh) Right chromatograms depict a Glul11Ala missense variant located
within exon 4. The nucleotide positions of insertions, deletions and substitutions are indicated by arrows.

also showed higher plasma pentosidine levels (mean
value of plasma pentosidine, 98.0 ng/mL), in the
absence of diabetes mellitus or renal failure.

In order to investigate whether GLO1 genotypes
show modified enzymatic activity, we performed
functional analyses of mutants, using recombinant
GFP-tagged Glo1 proteins generated by site-directed
mutagenesis. Our in vitro transfection study revealed
an approximately 16% reduction in enzymatic activ-
ity for Ala111 carriers over Glu111 carriers, implying
an intrinsically lower enzymatic activity for the
Ala111/Alal11 genotype compared with the Glu111/
Glul1l genotype. Recombinants expressing either
GFP-T27NfsX15 or GFP-P1221{sX27 exhibited basal
protein levels, indicating that the two frameshift

mutations completely abolish enzymatic activity of
Glo1 protein.

Our findings suggested that markedly low Glol
activity and a concomitant increase in carbonyl
stress elicited by heterozygous frameshift mutations
and the homozygous Alalll genotype in GLOI
could be causative for schizophrenia in a small
subset of patients. This provided the first evidence
to support the multiple, rare variants—common
disease hypothesis in schizophrenia, where the caus-
ative mechanism, in this case carbonyl stress,
derived from rare large-effect mutations in a mul-
tiple affected pedigree could be replicated by a
moderate-effect polymorphism in the general
population.
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REPLICATION OF IDIOPATHIC
CARBONYL STRESS IN A
SUBPOPULATION OF SCHIZOPHRENIA

Higher levels of plasma pentosidine were observed in
46.7% patients with schizophrenia (21 out of 45
cases), as reported in AGP (2010).** On the other
hand, no healthy control subjects displayed increased
pentosidine accumulation. The cut-off value of
pentosidine was defined as the average value of
healthy controls plus 28D, 55.2 ng/mL. The mean
pentosidine level of 68.4 ng/ml was 1.7-fold higher
in schizophrenic patients compared with healthy
controls. In addition to pentosidine accumulation,
we found that pyridoxal concentrations were also
significantly reduced in patients with schizophrenia.
Roughly 24% (n=11) of 45 cases showed marked
reductions in pyridoxal levels, with four cases
showing less than 2 ng/mL. Mean pyridoxal values
were significantly reduced in schizophrenic patients
(7.5 ng/mL in schizophrenia vs 11.9ng/mL in
healthy subjects). The mean pyridoxal level in three
patients carrying heterozygous frameshift mutations
was approximately 3.6 ng/mL. Our results showed
that pentosidine accumulation (odds ratio {OR]:
25.8, 95% confidence interval [CI]: 5.6-118.8,
P < 0.0001) as well as pyridoxal reduction (OR: 10.6,
95%CI: 3.9-28.3, P < 0.0001) increased the risks for
developing schizophrenia. (

In a Psychiatry and Clinical Neurosciences (PCN)
(2014) publication, we increased the sample size and
validated our association of enhanced carbonyl stress
with schizophrenia.> We recruited 156 outpatients

© 2014 The Authors

and 10.2 £ 5.5 ng/ml, respectively).

using DSM-IV  «iteria for schizophrenia or
schizoaffective disorder, and 221 age-matched
healthy control subjects. Plasma pentosidine con-
centrations in patients and healthy control subjects
were 67.7ng/mL and 41.9 ng/ml, respectively
(Fig. 4). The mean pentosidine level from schizo-
phrenic patients was 1.6-fold higher than that of
healthy control subjects. Conversely, the mean
pyridoxal value was significantly reduced in schizo-
phrenic patients compared with controls (schizo-
phrenia, 7.7 ng/ml; healthy control subjects,
10.2 ng/mL). We applied a cut-off point to differen-
tiate between a carbonyl stress group and a non-
stress group, set at the average value in healthy
controls, plus 28D. We found that 11.8% of patients
with schizophrenia also displayed enhanced car-
bonyl stress. On the other hand, carbonyl stress was
present in only 0.01% of healthy control subjects.
These results are consistent with our previous report
in AGP (2010),* replicating the presence of idio-

- pathic carbonyl stress in a subpopulation of patients

with schizophrenia.

CARBONYL STRESS AS A DISEASE
STATE MARKER

-We assayed alterations of pentosidine, Glol enzy-

matic activity and pyridoxal, using samples from
both in- and outpatients with a follow-up period of
3-5 years. Reduced pentosidine and increased Glo1l
enzymatic activity were observed in discharged cases.
However, no significant changes in these parameters
were observed in hospitalized patients.” These levels
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of pentosidine and Glo1 enzymatic activity provide a
suggestion that upregulation of Glol metabolism
leads to inhibition of carbonyl stress and improves
some symptoms for patients with schizophrenia. If
we can find bioactives for improving dysfunctions of
Glol metabolism, it may also prove to be of thera-
peutic value.

A drug-naive patient with atrisk mental state
(ARMS) who exhibited enhanced carbonyl stress with
high plasma pentosidine levels highlighted the pos-
sibility that carbonyl stress existed before the onset of
disease, as reported in PCN (2011).7° The patient was
a 21-year-old man who first developed obsessive
thoughts at age 18 and sought medical help for com-
munication difficulties and depression. He was diag-
nosed with ARMS, according to Structured Interview
for Prodromal Syndromes criteria, 10 months after
his initial consultation. At his initial visit, his symp-
toms and pentosidine levels were measured, and then
rechecked after 16 months of treatment. Plasma
pentosidine levels showed a remarkable decrease
from 113.2 ng/mL to 44.1 ng/mL. His clinical score
dropped from 84 to 58 on the total Positive and
Negative Syndrome Scale (PANSS), a fall promoted
to a great extent by biweekly counseling and psycho-
therapy. Negative subscale scores and general psycho-
pathology subscale scores also improved from 22 to
9, and from 42 to 27, respectively. Global assessment
of functioning changed from 55 to 65.

Unfortunately, his latest results show increased
pentosidine levels of 300 ng/ml, and he has been
admitted to hospital. This finding further supports
our hypothesis that carbonyl stress status can help
characterize the psychosis risk state for a subset of
patients with schizophrenia. Pentosidine levels may
constitute a genuine biomarker for the state of
disease, if carbonyl stress is confirmed as being
directly linked to schizophrenic signs and symptoms.

CLINICAL FEATURES OF
SCHIZOPHRENIA EXHIBITING
CARBONYL STRESS

Recently, we examined the clinical characteristics of
patients with carbonyl stress, and psychopathological
symptoms using PANSS.*” In this study, patients were
divided into four groups according to levels of
pentosidine and pyridoxal: normal pentosidine
and normal pyridoxal levels (group 1), normal
pentosidine and low pyridoxal (group 2), high
pentosidine and normal pyridoxal (group 3) and
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high pentosidine and low pyridoxal (group 4). Our
hope was that this classification based on biomarkers
would be able to distinguish homogenous patient
subsets with specific clinical characteristics from the
heterogeneous disease population. As mentioned
earlier, more accurate disease subdivisions should
pave the way for developing personalized medicine
in schizophrenia.

We evaluated the symptom severity of 49 consent-
ing patients. Examining 30 items of PANSS, we found
significant negative correlations between serum pyri-
doxal levels and items of hostility, emotional with-
drawal, passive/apathetic social withdrawal, tension,
mannerism/posturing, disorientation and active
social avoidance. Furthermore, we also found signifi-
cant correlations between the total general psycho-
pathological score and serum pyridoxal levels. These
correlations would support the novel therapeutic
idea of pyridoxamine supplementation for carbonyl
stress-related schizophrenia.®

The clinical characteristics of schizophrenia with
carbonyl stress suggest targeting this stress as a new
therapy for psychiatric disorders. We regard pyridox-
amine, a non-toxic, water-soluble vitamin Be, as a
novel medicine for schizophrenia with carbonyl
stress, primarily because it inhibits the formation of
AGE. Recently, Katsuta et al. (2014) also investigated
the relation between carbonyl stress markers and
clinical characteristics of acute-stage schizophrenic
patients in a cross-sectional and longitudinal study.®
The authors put forward vitamin Bs supplementation
as a candidate for augmentation therapy in a sub-
population of schizophrenics who showed vitamin
Bs depletion.

The enhanced carbonyl stress cohort, group 4,
showed a more severe clinical course relative to the
normal cohort, group 1 (Table 1). The proportions of
subjects classified as inpatients were 23.9% in group
1 and 78.6% in group 4. Patients in group 4 showed -
alonger duration of hospitalization (4.2 years vs 17.4
years), higher daily doses of anti-psychotics
(773.8 mg/day vs 1143.9 mg/day) and lower educa-
tional status (13 years vs 11.7 years) (Table 1). We
also observed a 1.5-fold higher number of hospital-
izations in group 4 compared with group 1 subjects.
In this study,” we could not exclude the possibility
that high plasma pentosidine levels were a conse-
quence of high doses and long exposure to anti-
psychotic medication. Therefore, further studies
focused on drug-naive patients will be required to
address these issues.
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et al.’”)

Table 1. Clinical features of schizophrenics with and without carbonyl stress (modified and adapted from Miyashita

Group 1 (n=67)

Group 4 (n=26)

Normal pentosidine High pentosidine Fold change
and normal pyridoxal and low pyridoxal vs group 1
Biochemical variables
Pentosidine’ 41.5%11.6 123 +85.6 2.97%*%
Pyridoxal* 95+5.7 34+1 0.36***
GLO1 enzymatic activity 7.06+0.77 6.32£0.97 0.9**
Clinical variables
Inpatients/outpatients 16/51 21/5 3.38***
Education duration (years) 13£26 11.7+26 0.9*
Hospitalization duration (years) 42%92 17.4+16.9 4.17**
Anti-psychotics (mg/day; CP equivalent) 773.81652.4 1143.9£743.6 1.48*

levels, <6 ng/mL (male) and <4 ng/mL (female).
CP, chlorpromazine; GLO, glyoxalase L.

*P < 0.05 (vs group 1); **P < 0.001 (vs group 1); ***P < 0.0001 (vs group 1).
'Cut-off point for high plasma pentosidine levels, 62.9 ng/mL (the mean + 28D of healthy controls). *Low pyridoxal

THERAPEUTIC POTENTIAL OF
PYRIDOXAMINE TO PREVENT
CARBONYL STRESS

As mentioned above, vitamin Bs consists of three
components, namely, pyridoxamine, pyridoxine and
pyridoxal. Of the three, only pyridoxamine is able to
prevent AGE accumulation by amine-chemistry.> To
further validate our hypothesis, we are planning a
phase II clinical trial for carbonyl stress-induced
schizophrenia, using pyridoxamine. Using evidence-
based medicine, we are attempting to adapt transla-
tional research into medical care for carbonyl stress-
induced schizophrenia.

In addition to vitamin B metabolism, Glol
metabolites are linked to other pathways, such as
those involving glutathione, methionine, homocys-
teine, folate and amino acids, as described in AGP
eFigure 1.% Glo1 metabolism is also associated with
glycolysis, the pentose phosphate pathway and lipid/
protein metabolism.*® In our preliminary data,
schizophrenics show lower folic acid concentrations
and higher levels of homocysteine, relative to healthy
control subjects (folic acid, y* =42.21, P <0.0001,
OR = 8.84, 95%CI = 4.16~18.81; homocysteine, ¥ =
24.76, P<0.0001, OR=7.13, 95%CI =3.12-16.28)
(Fig. 5). Patients with higher homocysteine and
lower folate levels showed high pentosidine accumu-
lation and pyridoxal depletion. These results imply
an imbalance of one-carbon metabolism*® in schizo-

© 2014 The Authors

phrenics with altered Glo1 metabolism. These meta-
bolic systems are functionally integrated and act
homeostatically. Therefore, for us to understand the
full diversity of biological systems that exists in both
the diseased and healthy states, it is important to
evaluate combined data from in vitro and in vivo
sources.”’

CONCLUSIONS

Our study is the first investigation into GLO1 altera-
tions and enzymatic activity in schizophrenics, and to
highlight its link to idiopathic carbonyl stress,
defined as pentosidine accumulation and pyridoxal
depletion. Although more studies are needed to
understand the molecular mechanisms precipitated
by carbony! stress in the central nervous system, car-
bonyl stress undoubtedly represents a new target for
medication without neurotransmitter-based concepts
in the treatment of schizophrenia. In particular,
schizophrenic patients with low pyridoxal and high
pentosidine may well benefit clinically from pyridox-
amine treatment. A better understanding of the
molecular mechanisms that promote the pathophysi-
ology of carbonyl stress-related schizophrenia
could drive improvements in difficult-to-treat nega-
tive symptoms and cognitive dysfunction, thereby
improving the quality of life for patients.

Future omics studies combining comprehensive
molecular and clinical information will lead to new
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Figure 5. Glyoxalase metabolites are linked to other pathways. Schizophrenics showed (a) lower folic acid concentrations and

(b) higher levels of homocysteine. Cl, confidence interval.

discoveries, allowing for more accurate diagnostic
subdivisions for schizophrenia and subsequent treat-
ment regimens.
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Abstract

disease (AD) and 11

the Acb was a mixture of the 3- and 4-repeat isoforms.

Background: Tangle-predominant dementia (TPD) is characterized neuropathologically by numerous neurofibrillary
tangles in the limbic areas with no or occasional senile plagues throughout the brain. TPD is an under-recognized
disease, while it is a common cause of dementia in those over 80 years of age. In the present study, we describe
hyperphosphorylated tau (tau) accumulation in the nucleus accumbens (Ach) in patients with TPD.

Results: We investigated immunohistochemically the brain tissues from 7 patients with TPD, 22 with Alzheimer
non-demented aged subjects. In the Acb of all 7 TPD patients, a considerable number of tau
positive neurons were found together with many neuropil threads. The tau deposits in the Acb were labeled with
all the anti-tau antibodies used in the present study. They included conformational change-specific,
phosphorylation-specific and phosphorylation-independent antibodies. The Acb consists of the predominant
medium-sized neurons with a small number of large neurons. Both the cell types were affected by tau pathology in
TPD. Tau accumulation in the majority of such neurons appeared to be pretangle-like, diffuse deposits with only
occasional paired helical filament formation. Tau positive neurons were also found in the Acb in some AD and
non-demented aged subjects but much fewer in the majority of cases. The immunoblot analyses of fresh frozen
samples of the Acb and parahippocampal cortex from 3 TPD and 3 AD patients revealed that the insoluble tau in

Conclusions: To our knowledge, this is the first report on the occurrence of tau accumulation in the Acb in TPD.
The Acb receives direct and massive projections from the hippocampal CA1 and subiculum where neurofibrillary
tangles are known to occur more frequently in TPD than in AD. The prevalence of abnormal tau accumulation in
the Acb in TPD may support the idea that abnormal tau aggregation propagates via neural circuits. In all but one
TPD cases used in this study, delusion was a consistent clinical feature. Whether the Acb tau accumulation is related
to the psychiatric symptoms in TPD may be an issue for further investigation.

Keywords: Neurofibrillary tangle, Alzheimer disease, Propagation, Delusion

Introduction

Tangle-predominant dementia (TPD), which is also re-
ferred to as neurofibrillary tangle predominant dementia,
limbic neurofibrillary tangle dementia or senile dementia
of the neurofibrillary tangle type, is a poorly understood
and under-recognized tauopathy. TPD has been reported
to comprise 0.7 to 5.8% of elderly patients with dementia
[1-3]. TPD is characterized neuropathologically by numer-
ous neurofibrillary tangles (NFT) in the limbic areas with

* Correspondence: akiyama-hr@igakuken.orjp

"Dementia Research Project, Tokyo Metropolitan Institute of Medical Science,
2-1-6 Kamikitazawa, Setagaya-ku, Tokyo 156-8506, Japan

Full list of author information is available at the end of the article

() BioMed Central

unless otherwise stated.

48

no or occasional senile plaques throughout the brain. The
clinical features of TPD include the late-adult onset, which
is over 80 years in the majority of cases, and slow progres-
sion of dementia as compared with Alzheimer’s disease
(AD). In patients with TPD, there is a propensity for the
memory disturbance to be conspicuous with relative pres-
ervation of other cognitive functions. However, it is hard
to distinguish TPD from AD on a clinical basis and, thus,
diagnosis of TPD in most cases is only made postmortem.

The etiology of TPD is unknown. NFT in TPD consist
of both 3-repeat (3R) and 4-repeat (4R) isoforms of hyper-
phosphorylated tau (tau), and the neuronal cell types
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bearing NFT in TPD are similar to those in AD. TPD
seems to be a disorder that is related to AD, if it is not an
atypical form of AD. TPD, as a subtype of tauopathy, is also
included in the group described as neuropathologically-
defined frontotemporal lobar degeneration [4,5]. In fact,
cortical lesions in TPD are localized to the mediobasal
temporal cortex. Thus, the situation of TPD in the groups
of dementing neurodegenerative diseases remains unclear
from both clinical and neuropathological points of view.

A neuropathological characteristic of TPD is the heavy
accumulation of NFT in the hippocampal regions, with
few or occasional NFT in neocortical areas beyond the
collateral sulcus. Compared with AD patients in which a
similar number of NFT occurs in the hippocampal re-
gions, neuronal cell loss, tissue rarefaction and gliosis
are less prominent in TPD, even in NFT rich areas.
Changes in the neocortex are modest, with well-
preserved laminar structures and unremarkable neuronal
cell loss. The cortical expansion of NFT in TPD is con-
sidered to follow in principle the hierarchical pathway
described in AD by Braak and Braak [6] but to be lim-
ited to stage IV. In the hippocampal regions, the density
of NFT is higher than in AD [7] and ghost tangles are
very frequent [3]. Tau pathology in the subcortical struc-
tures in TPD has not been well studied. The occurrence
of NFT in the amygdala, the nucleus basalis of Meynert,
the substantia nigra and the locus coeruleus, regions
where NFT frequently occur in AD cases, have been
reported in TPD [3,8].

The nucleus accumbens (Acb) is located in the region
where the caudate head and the rostral putamen meet
near the septum pellucidum (Figure 1). The Acb and
the olfactory tubercle form the ventral striatum in the
forebrain. The Acb is a key component of the limbic
striatal loop in which the Acb receives fibers from the
prefrontal cortex, amygdala, hippocampus and ventral
tegmental area (VTA) and projects to the ventral palli-
dum [9-12]. The ventral pallidum sends axonal projec-
tions to the dorsomedial thalamic nucleus, which then
projects to the prefrontal cortex to close the loop [13,14].
The dopaminergic input from the VTA modulate the
activity of this loop [15]. The Acb is considered to be
involved in cognition, emotion and emotional behaviors
such as pleasure, fear, aggression, addiction and reward
[16,17]. The limbic striatal loop is, therefore, one of the
major targets of studies on the pharmacological actions of
anti-psychotic drugs [18,19].

In the present study, we found the frequent and consist-
ent tau accumulation in the Acb in TPD. Tau positive
neurons were also found in the Acb in some AD and on-
demented aged subjects but much fewer in the majority of
such cases. We speculate that the lesions in the Acb play a
role in some psychiatric symptoms such as delusion,
which is often conspicuous in TPD.
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Figure 1 A semi-macro photograph of the basal ganglia from a
TPD case stained with AT8. Faint immunoreaction is seen in the
nucleus accumbens (Acb), lateral septal nucleus (LS) and the
olfactory tubercle (Tu) even at this low power magnification.

Ca: caudate nucleus; Put: putamen, Scale bar =1 ¢m.

Materials and methods

We used brain tissues, archived in our laboratory, from 7
patients with TPD, 22 with AD and 11 subjects without
dementia or other neurological disease. The demography,
Braak and Braak’s NFT stages and brain weight in each
patient group are summarized in Table 1. Diagnoses were
initially made on a clinical basis and were confirmed in
every case by neuropathological examination. Clinical and
neuropathological diagnoses of TPD followed the descrip-
tions in previous articles [3,7,20]. Diagnoses of AD were
made if the CERAD plaque score was ‘C’ [21] and the
Braak and Braak’s NFT stage was IV or higher [6]. In TPD
and AD cases with the NFT stage III or IV, Lewy body
pathology was confirmed to be absent or mild/stage 1 [22]
in the hippocampus, parahippocampal gyrus and temporal
neocortex to exclude the possibility of Dementia with
Lewy bodies. In all cases, the patient or, in any case where
the patient had died, his/her next of kin gave the written
consent for autopsy and postmortem analyses for research
purposes. This study was approved by the ethics commit-
tee in the Tokyo Metropolitan Institute of Medical Science
and was performed in accordance with the ethical stan-
dards laid down in the 1964 declaration of Helsinki and its
later amendments.
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Table 1 Summary of patient groups used in this study

Page 3 of 11

TPD AD Non-demented
Braaks’' NFT stages It or IV v \ Vi I-Hi
Number of cases 7 10 8 4 11
Gender (male/female) 1/6 6/4 4/4 2/2 7/4
Age at death* 88472 81.5+85 86+35 81.5+£88 81+70
Disease duration (y)* 47£29 6.1+£67 62+35 66+60 n/a
Brain weight (g)* 1,137 £ 1353 1,134 £ 1748 1,119+77.2 1,008 + 1565 1,146 £ 77.1

TPD, Tangle-predominant dementia; AD, Alzheimer’s disease; NFT, neurofibrillary tangles.

*Data are shown as mean £ S.D.

For routine neuropathological examinations, formalin-
fixed, paraffin-embedded brain blocks were cut into
10 pm thick sections and stained with hematoxylin and
eosin (HE), Klitver-Barrera, modified Gallyas-Braak and
methenamine silver staining. Tissue sections of the med-
iobasal temporal cortex containing the hippocampus, en-
torhinal cortex and temporal neocortex were stained for
tau and amyloid B protein (AB) by immunochistochemis-
try. Sections of the rostral striatum with the Acb and the
septal nuclei were stained for tau. In TPD cases, add-
itional tau immunohistochemistry was performed for the
nucleus basalis of Meynert, amygdala and substantia
nigra. The hippocampus, parahippocampal gyrus and ad-
jacent temporal neocortex were also stained for phos-
phorylated a-synuclein and phosphorylated TDP-43 in
TPD cases.

For more detailed immunohistochemical analyses, small
blocks of brain the tissues were dissected at autopsy and
fixed in 4% paraformaldehiyde (PFA) for 2 days. The cryo-
cut sections of 30 pwm thickness were used for the high
sensitive, free-floating immunhistochemical staining [23].
The antibodies used in this study are listed in Additional
file 1: Table S1. The primary antibody labeling was visual-
ized with 3,3"-diaminobenzidine as a chromogen, in com-
bination with the Envision Plus® kit (Dako Japan, Tokyo).
For enhanced thioflavin-S staining, tissue sections were
pretreated with KMnO, for 20 min and, subsequently,
with sodium borohydride for 4 min [24]. Sections were
then stained with 0.05% thioflavin-S in 50% ethanol in the
dark for 8 min, followed by differentiation in two changes
of 80% ethanol for 10 sec each time and three washes in
large volumes of distilled water. Following incubation in a
high salt solution containing 411 mM NaCl, 8.1 mM KC],
30 mM NayHPO, and 5.2 mM KH,PQO,, pH 7.2 at 4°C for
30 min, sections were briefly rinsed with distilled water
and observed by fluorescence microscopy.

For immunoelectron microscopy, both post-embedded
and pre-embedded procedures were used. For the former,
the 4% PFA-fixed small tissues were embedded in LR
White Resin® (London Resin, U.K.) without further fix-
ation. The ultra-thin sections were.stained with ATS,
which was followed by incubation with anti-mouse IgG
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conjugated with 10 or 20 nm gold colloidal particles
(BBinternational, U.K.). For the pre-embedding procedure,
the 4% PFA-fixed free-floating sections were stained with
ATS8 in combination with Alexa Fluor 488 FluoroNano-
gold anti-mouse IgG (Nanoprobes, U.S.A.). Following
examination by fluorescence microscopy to localize the
positive labeling, the sections were postfixed with 2% glu-
taraldehyde and then treated with HQ Silver Enhancement
Kit (Nanoprobes, U.S.A.). After the treatment with 1% os-
mium tetroxide, which was followed by 2% uranyl acetate,
the sections were embedded in epoxy resin (Querol 812,
Nissin EM, Japan). Ultrathin sections were cut and ob-
served by a transmission electron microscope (JEM-1400,
JEOL, Japan).

For immunoblot analyses, fresh frozen samples of the
Acb and the parahippocampal cortex were obtained from 3
TPD cases {cases 3, 4 and 6) and 3 AD cases. The Braak
and Braal’s NFT stages of the AD cases were 4, 5 and 6,
respectively. Brain tissue was homogenized in 2 vol of TS
buffer (50 mM Tris—HCl, 150 mM NaCl, pH 7.5), with a
mixture of protease inhibitors and centrifuged at 200,000 g
for 20 minutes at 4°C. The supernatant was taken as the
soluble fraction and the pellet was used to further extract
the sarkosyl-insoluble fraction as described previously [25].
Dephosphorylation of the sarkosyl-insoluble fractions was
performed by incubation of the samples with Escherichia
coli alkaline phosphatase (type III, Sigma) as described
previously [25]. HT7, a pan-tau monoclonal antibody
(Additional file 1: Table S1), was used for immunoblotting.
Primary antibody labeling on the membranes was visual-
ized with 3,3’-diaminobenzidine as a chromogen, in com-
bination with a Vectastain ABC kit® (Vector Lab., USA).

For semiquantitative analyses of immunohistochemically
stained tissue sections, the density of ATS$ positive tau ac-
cumulation was graded to be O for absent, 1 for low, 2 for
intermediate and 3 for high, based on microscopic obser-
vations at x200 magnification. The Acb, septal nuclei,
caudate nucleus, hippocampal CA1, entorhinal cortex and
temporal neocortex were assessed in TPD, AD and non-
demented aged subjects. The Mann—Whitney U/ test was
used for statistical analyses using Graph Pad Prism 4
software (Graph Pad Software, US.A.).
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Results

TPD cases used in the present study
The demographic, pathologic, and clinical information
of the TPD cases used in the present study is summa-
rized in Tables 1 and 2. In general, both the clinical and
neuropathological features are similar to those de-
scribed in previous reports [1-3,7,26,27]. The average
age at death is higher than that in AD. Moderate de-
mentia was noted in 5 of the 7 cases but the other two
were diagnosed as having mild cognitive impairment.
Delusion was evident in 6 cases. Brain atrophy was mild,
if present, and senile plaques were either absent or rare.
Lacunar infarcts were seen in the globus pallidus in 2
cases. In all cases, heavy tau accumulation was seen in
the limbic regions in the forms of NFT, diffuse cytoplas-
mic accumulations and neuropil threads. Tau accumula-
tion was heavier in the subiculum and the CA1 region
than in the entorhinal and transentorhinal cortices. Tau
was also deposited in the amygdala, the septal nuclei
and the basal nucleus of Meynert, and, less frequently, in
the caudate nucleus and substantia nigra. A small
amount of tau was found in the temporal neocortex but
only in 3 cases. Such limbic-predominant distribution
of tau pathology is consistent with previous reports
[1,2,26,28]. A small number of argyrophilic grains were
present in 2 cases. '
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Tau accumulation in the Acb in TPD

In addition to the previously reported tau distribution,
we found a considerable number of tau positive neurons
in the Acb in all TPD cases used in this study (Figures 1
and 2). Similarly to the hippocampus, numerous neuro-
pil threads were associated with tau positive neurons
(Figure 2A). The tau positive neurons and neuropil
threads were labeled with all the anti-tau antibodies used
in the present study (Figures 2A-D). They included con-
formational change-specific, phosphorylation-specific and
phosphorylation-independent antibodies (Additional file 1:
Table S1). The staining pattern varied, which partly de-
pends on the affinity of the antibody and the localization
of the antigen epitope recognized by each antibody. Pres-
ervation of the epitope in tissue sections is affected by ag-
gregation, degradation and post-mortem processing such
as fixation, The majority of tau positive neurons in the
Ach showed pretangle-like, diffuse or granular accumula-
tion of tau in the cytoplasm (Figures 2B). Flame-like NFT,
the common form in the hippocampus in TPD, were also
present but not frequent (Figure 2B, arrow). The vast ma-
jority of tau positive neurons were medium sized but, occa-
sionally, large neurons were also stained positively for tau
{Figure 2D, arrow). Tau positive neurons and threads were
not distributed evenly in the Acb. Rather, areas with sparse-
and dense-tau pathology were intermingled (Figure 2E).

Table 2 Demography and basic clinical and neuropathological features of TPD cases

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7
Age at death 89 102 90 85 89 78 86
Sex F F F F F M F
Dementia + + + + MCI MCI +
Psychiatric symptoms
Delusion + + + + + + -
Anxiety + - - - - - -
Depression - - - + - - -
Brain weight (g) 940 970 1170 1300 1230 1220 1130
Atrophy mi(Fr) mi(Fr/T) - - - -
Plaque stage (1) 0 0 A¥ 0 0 0 0
NFT stage (1) 1] il i il v il il
Argyrophilic grain stage (2) 0 0 0 0 i Il 0
Hippocampal sclerosis - - + . - - -
Vascular lesions + - - + - - -
a-synuclein (hip/T**) +§ - - - - - -
TDP-43 (hip/T**) - - - - - - -
Acb tau score 3 2 2 3 3 2 3

F, Female; M, Male; MCI, Mild cognitive impairment; mi, Mild; Fr, Frontal; T, Temporal; Acb, The nucleus accumbens. *A small number of diffuse AB deposits were
seen in the temporal cortex. The Acb tau score was determined according to the method described in the text. (1) The senile plaque and NFT staging were based
on the description by Braak and Braak [6]. (2) The argyrophilic grain staging was based on the description. by Saito et al. [29]. **Immunohistochemistry for
a-synuclein and TDP-43 was performed in tissue sections of the hippocampus, parahippocampal gyrus and adjacent temporal neocortex. § a-Synuclein pathology
in this case was mild, corresponding to stage 1 by the 3" report of the DLB consortium [22].
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Figure 2 Tau accumulation in the Acb in TPD. A through G are immunohistochemistry with phosphorylation or conformational change

specific tau antibodies. A, B, C and I: 4% paraformaldehyde-fixed, frozen-cut, 30 um thick Sections. D through H are formalin-fixed, 10 um thick,
paraffin Sections. A: immunohistochemistry with AP422. Tau positive neurons are associated with many neuropil threads. Scale bars = 200 pm.
B: immunohistochemistry with PHF-1. The majority of tau positive neurons show pretangle-like, diffuse or granular cytoplasmic labeling. Among
them, apparent NFT are also seen but less frequently (arrow). Scale bar =100 um. C: immunohistochemistry with MC1, a conformational change
specific antibody. Scale bar = 100 um. D through G are immunohistochemistry with AT8. D: the vast majority of tau positive neurons are of
medium-size but, occasionally, large neurons are also stained positively for tau (arrow). At the same magnification as C. E: tau positive neurons
are not evenly distributed in the Acb. Scale bar =500 um. F: a glial coiled body. Scale bar =25 um. G and H: the nearby sections from the same
case with AT8 immunohistochemistry (G) and Gallyas-Braak staining (H). I: thioflavin S staining reveals granular cytoplasmic labeling of neurons.

Scale bar =100 ym.

Occasional glial coiled bodies were seen in the majoriy, if
not all, of the cases (Figure 2F). Occurrence of glial coiled
bodies in other brain regions in TPD has been reported
previously [3]. Gallyas-Braak staining labeled only a small
number of NFT in the Acb, while tau immunohistochemis-
try of nearby sections from the same patient revealed many
positive cells (Figure 2G and 2H). Enhanced thioflavin-S
staining labeled many neurons (Figure 2I).

The density of tau positive neurons and neuropil threads
varied somewhat among the TPD cases. In TPD, no clear
association was seen between the degree of Acb tau path-
ology and the Braak and Braak’s NFT stage or the presence
or absence of AP deposits, argyrophilic grains [29] and
vascular lesions (Table 2). Despite the consistent tau accu-
mulation in the Acb in TPD, we were not able to find
severe neuronal loss or gliosis by HE staining.

Immunoelectron microscopy of the Acb in TPD with a
tau antibody, ATS, revealed positive labeling of granular
structures in the neurons (Figure 3A). Small and sparse
bundles of short filamentous structures were occasionally
seen to be stained positively for AT8 in the neuronal
cytoplasm and neuropil (Figure 3B). Some of them showed
morphology consistent with paired helical filaments (PHE).
Thus, the ultrastructure of tau accumulation in the Acb
was different from that in the hippocampal CA1 region,
where dense and long bundles of PHF were frequent and
intensely labeled for AT8 (Figure 3C).

Tau pathology in the Acb in AD and non-demented

aged subjects

We then investigated the Acb in AD and non-demented,
aged subjects. Tau positive neurons were found in some,
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