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contents is not expected.'® In addition, the case-control
study, which uses patient of other nervous diseases with
dementia as a control, is not suitable to evaluate the risk
of aluminum that is neurotoxic. So far the results of the
epidemiological research has bheen consistent with the
hypothesis that aluminum is one of the risk factors for the
senile dementia of Alzheimer's type. Therefore, it is prob-
able that aluminum is an environmental factor respon-
sible for sporadic Alzheimer's disease of which the cause
has not been specified yet. Because genetic research is
advancing rapidly, an unknown factor may soon be clari-
fied. However, at the present time it is believed that sev-
eral factors participate in the etiology of sporadic
Alzheimer’s disease such as aging. There is a need to
increase research efforts to reveal the cause of sporadic
Alzheimer's disease. If the environmental factor is clari-
fied, the incidence of the disease will be decreased when
it is avoided. It has been shown that nerve cells are widely
damaged at the onset of the symptomn of senile demen-
tia. It is therefore necessary to find the changes in the
nerve cells caused by a specific environmental factor as
early as possible. Thus the development of an early diag-
nostic metheod is very imperative. Such a method can be
applied for screening purposes as health examinations.
The recovery from, or prevention of aggravation of the
disease is possible by early diagnosis and the early treat-
ment.

The epidemiological surveéy of Alzheimer's disease and
aluminum in drinking water described here has not been
performed in Japan, where high concentrations of alumi-
num are observed in underground water, fountain water,
mineral springs, and hot springs with various minerals.
Therefore, necessary attention should be paid to the con-
tents of aluminum in drinking water. In conclusion, it is
important to advance research to specify the environmen-
tal factor in the cause of Alzheimer’s disease further and
to prescribe a preventive method.
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Expression analysis of neuregulin-1 in the dorsolateral -
prefrontal cortex in schizophrenia

R Hashimoto', RE Straub', CS Weickert', TM Hyde', JE Kleinman' and DR Weinberger*-’
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Genetlc linkage and assoclation have Implicated neuregulin-1 (NRG-1) as a schizophrenia
susceptibility gene. We measured mRNA expression levels of the three major Isoforms of NRG-
1 (ie type |, type I, and type III} in the postmortem dorsolateral prefrontal cortex {DLPFC) from
matched patients and controls using real-time quantitative RT-PCR. Expression levels of three
Internal controls—GAPDH, cyclophilin, and f-actin—were unchanged In schizophrenla, and
~ there were no changes In the absolute levels of the NRG-1 isoforms. However, type |
expression normalized by GAPDH levels was significantly Increased In schizophrenla DLPFC
(by 23%) and positively correlated with antipsychotic medication dosage. Type Il/type 1 and
type llitype Il ratios were significantly decreased (18 and 23% respectively). There was no
effect on the NRG-1 mBNA levels of genotype at two SNPs previously associated with
schizophrenla, suggesting that these alleles are not functionally responsible for abnormal
NRG-1 expresslon patterns In patlents. Subtle abnormalities in the expression patterns of

NRG-1 mRNA Isoforms In DLPFC may be assoclated with schizophrenia.
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Introduction

Schizophrenia is a complex genetic disorder affecting
0.5-1% of the general population worldwide. Several
genome-wide linkage scan studies and meta-analysis
of whole-genome linkage scans show a suggestive
linkage to schizophrenia on chromosome 8p.™-'°
Recently, neuregulin-1 (NRG-1), which maps to the
8p locus, has been implicated as a susceptibility gene
for schizophrenia by a combination of linkage and
association analyses.'™'* NRG-1 is one of the neur-
egulin family of proteins, which have a broad range
of bioactivities in the central nervous system and
contain an epidermal growth factor (EGF)-like motif
that activates membrane-associated tyrosine kinases
related to ErbB receptors.’® The EGF-like domain of
NRG-1 is required for ErbB receptor binding, dimer-
ization, tyrosine phosphorylation, and activation of
downstream signaling pathways.'* A gene-targeting
approach for NRG-1-ErbB signaling revealed a beha-
vioral phenotype in mice that overlaps with certain
animal models for schizophrenia. For example, NRG-
1 and ErbB4 mutant mice exhibit elevated activity
levels in an open field, which was reversed by

“Correspondence: Dr DR Weinberger, MD Chief, Clinical Brain
Disorders Branch, IRP, National Institute of Mental Health, NIH,
Room 45-235, 10 Center Drive, Bethesda, MD 20892, USA.
E-mail: weinberd@intra.nimh.nih.gov

Received 21 April 2003; revised 25 August 2003; accepted 10
September 2003

neuregulin-1; schizophrenia; expression; postmortem brain; isoform; dorsolateral

clozapine, and abnormal sensorimotor gating mea-
sured by prepulse inhibition of the startle reflex,1*1%

The NRG-1 gene generates multiple alternative
splicing variants, classified into three primary iso-
form groups.’® NRG-1 type I (heregulin/ARIA: acet-
ylcholine receptor-inducing activity/NDF: neu
differentiation factor) has an immunogloblin-like
domain, followed by a region of high glycosylation;
type Il (GGF: glial growth factor) has GGF-specific and
immunogloblin-like domains; and type III (SMDF:
sensory and motor neuron-derived factor) has a
cysteine-rich domain. These NRG-1 isoforms play
multiple and distinct functions in neuronal develop-
ment, and abnormalities in brain development have
been implicated in schizophrenia. Moreover, NRG-1
regulates the expression and plasticity of N-methyl-d-
aspartate receptors (NMDAR), of the 82 subunit of the
y-amino butyric acid receptor, and of nicotinic
acetylcholine receptor subtypes including o5, a7,
and f4 subunits?™ 7, some of which also may be
involved in genetic risk for schizophrenia.?!-??

Thus, while genetic evidence implicates NRG-1 as a
schizophrenia susceptibility gene, and the biology of
NRG-1 overlaps with diverse aspects of the putative
biclogy of schizophrenia, there have been no pub-
lished studies of NRG-1 expression in the schizo-
phrenic brain tissue, and little is known about
whether a specific NRG-1 isoform contributes to the
risk for schizophrenia. Here, we employed a real-time
quantitative RT-PCR technique to explore the mRNA
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expression of each type of NRG-1 in the dorsolateral
prefrontal cortex (DLPFC), where prominent func-
tionzl and neuroanatomical abnormalities have often
been observed in schizophrenia,®

Materials and methods

Human postmortem tissue and RNA extraction

Postmortem DLPFC tissues from brains were collected
at the Clinical Brain Disorders Branch, as previously
described. ** Diagnoses were retrospectively estab-
lished by two psychiatrists using DSM-IV criteria. We
endeavored within practical limits to derive a rough
approximation of lifetime neuroleptic exposure, re-

‘cognizing that this is an uncertain estimate. Al

availablerecords, including inpatient and outpatient
clinic records, were meticulously reviewed for every
subject. Each reference, anywhere in the chart, to a
new medication and to a change in dose of an old
medication was catalogued. While it was impossible
to exclude potential discontinuities in treatment (or
patient noncompliance), in general, contiguous dose
information was available for almost every subject.
The total daily dose of neuroleptic medication given
to the patients was calculated by adding the various
daily medication levels and converting these levels to
chlorpromazine (CPZ) equivalents, as previously
formulated.®®* A median value of drug dosage was
then derived from the CPZ equivalents to give the
estimated average daily dose; this value was multi-
plied by the duration of illness (estimated from the
earliest age of definable symptoms or age at first
hospitalization) to give the estimated lifetime CPZ
equivalents. Samples were matched for age, gender,
ethnicity, brain pH, hemisphere, postmortem interval
(PMI}, and months in freezer (MIF). Demographic data
are shown in Table 1.

The tissue blocks were dissected from the middle,
superior, or inferior frontal gyrus from a 1-1.5cm
coronal slab just anterior to the corpus collosum. The
blocks contained primarily gray matter and a small,
but presumably random, amount of white matter. In
order to test for the possibility of systematic differ-
ence in the gray matter/white matter ratio in the
dissections of PFC from patients and controls, the
total RNA extracted from these blocks was screened
by microarray expression profiling for the content of
mRNAs highly expressed in white matter such as
glial fibrillary acidic protein (GFAP} and myelin basic
protein (MBP). No significant differences in GFAP
mRNA levels or MBP mRNA levels in RNA from
patients with schizophrenia compared to controls
were found (M Vawter, personal communication).
While this approach does not conclusively rule out
a systematic difference in the ratio of gray to white
matter compartments in the tissue sampled from
the schizophrenic and control groups, it reduces the
likelihood of such an artifact.

The tissues were pulverized and stored at —80°C
until use. Total RNA was extracted from 300500 mg of
DLPFC using TRIZOL Reagent (Life Technologies Inc.,
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Grand Island, NY, USA), as previously described.?®
The yield of total RNA was determined by absorbance
at 260nm and the quality of total RNA was also
analyzed using agarose gel electrophoresis.

DNAse treatment and reverse transcriptase reaction
Total RNA was treated with DNase for the removal of
contaminating genomic DNA using DNase Treatment
& Removal Reagents [(Ambion, Austin, TX, USA),
according to the manufacturer’s protocol. After DNase
treatment, the quality of total RN A was examined using
agarose gel electrophoresis. Total RNA (6.8 ug) treated
with DNase was used in 504l of reverse transcriptase
reaction to synthesize cDNA, by using a SuperScript
first-strand synthesis system for RT-PCR (Invitrogen,
Carlsbad, CA, USA), according to the manufacturer’s
protocol. Briefly, total RNA (6.8 ug) was denatured
with 1mM of dNTP and 5ng/ul of random hexamers
at 65°C for 5min. After the addition of RT buffer,
MgCl; (5mM in final concentration), dithiothreitol
(10 mM in final concentration), RNAseOUT recombi-
nant ribontuclease inhibitor (100 U}, and SuperScriptll
RT (125U), the reaction mixture was incubated at
25°C for 10 min, at 42°C for 40min, and at 70°C for
15min. RNAse H {(5U) was added to the reaction
mixture and then incubated at 37°C for 20 min.

Real-time quantitative PCR
The structure of human NRG-1 transcripts annotated
in NCBI databases and the locations of each PCR
amplicon are shown in Figure 1. We designed specific
primer and probe combinations to recognize each
NRG-1 isoform family as follows: type I: exons 4 and
5, type II: exons 4 and 8, and type III: exons 7 and 8.
NRG-1 mRNA expression levels were measured by
real-time quantitative RT-PCR, using each combina-
tion of oligonucleotides and an ABI Prism 7900
sequence detection system with 384-well format
(Applied Biosystems, Foster City, CA, USA). Each
20 ul PCR reaction contained 6 ul of cDNA, 900 nM of
each primer, 250nM of probe, and 10t of TagMan
Universal PCR Mastermix (Applied Biosystems) con-
taining AmpliTag Gold DNA polymerase, AmpErase
UNG, dNTPs with dUTP, passive reference, and
optimized buffer components. The PCR cycling
conditions were 50°C for 2 min, 95°C for 10 min, 40
cycles of 95°C for 15s, and 59°C or 60°C for 1min.
PCR data were obtained with the Sequence Detector
Software (SDS version 2,0, Applied Biosystems) and
quantified by a standard curve method. This software
plotted the real-time fluorescence intensity and
selected the threshold within the linear phase of the
amplicon profile. The software plotted a standard
curve of the cycle at threshold (Ct) (where the
fluorescence generated within a reaction and thresh-
old crosses) vs quantity of RNA. All samples were
measured in one plate for one target gene or isoform,
and their Ct values were in the linear range of the
standard curve. Experiments were typically per-
formed three times with triplicate determination and
each gene expression level was determined by the
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| B - Qﬁ location of primers and probes specific for type I, type II or
g o g E 84 type III isoforms of NRG-1.
: EIEIE N
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E 0T % Eﬂ. average of three independent experiments. Predicted
= g2 Ct values and sample quantities were used for
’c;'% statistical analysis.
5=
5 g Oligonucleotide primers and standard curve
5 ks ~ g construction
= g g g < Primer and probe sequences were designed by using
R g F 82 PRIMER EXPRESS software (version 2.0, Applied Bio-
& " A I systems). Agarose gel electrophoresis was used to
3 'E.% 5 E % £ verify the size predictions of PCR amplicons (data not
f<< < Oz shown). The TagMan Pre-Developed Assay Reagent
g kit (Applied Biosystems) was used for housekeeping
g genes: GAPDH, B-actin, and cyclophilin. The real-
- g time PCR (TagMan) detection of NRG-1 isoforms used
3. & woo o33 § & the following oligonucleotides: type I, forward primer
S°E eRe® Fos | L8 P3089 5-GCCAATATCACCATCGTGGAA-3, reverse
% i) primer P3090 5-CCTTCAGTTGAGGCTGGCATA-3,
= = | 2 E probe P3091 5-FAM-CAAACGAGATCATCACTG-
5 Sog dee |Eg MGB-3'; type II, forward primer P3092 5-GAATCA-
& fer ffc g9 AACGCTACATCTACATCCA-3', reverse primer P3093
A 5.CCTTCTCCGCACATTTTACAAGA-3', probe P3094
vow nem | Bz 5'-FAM-CACTGGGACAAGCC-MGB-3'; type III, for-
A S82 233 | ward primer P3095 5-CAGCCACAAACAACAGAA-
I =R ACTAATC-2, reverse primer P3096 5-CCCAGTG-
© B GTGGATGTAGATGTAGA-3', probe P3097 5-FAM-
2 R o ek CCAAACTGCTCCTAAAC-MGB-3'(purchased  from
o 8 Applied Biosystems). These primers were designed
g I35 3 = to amplify specific transcripts based on the unique
= 25 exon structure of each isoform. Thus, for example,
N o because isoform II lacks exons 5-7, primers focused
& mER Z 27 on exons 4 and 8, which are contiguous in the isoform
§ -8 II transcript, and will amplify only this isoform.
. wa | 2 :qj Standard curves for the housekeeping genes and the
< 8% Wgn [ B three NRG-1 isoforms were prepared using serial
| § dilutions (1:4) of pooled ¢DNA from total RNA
I 'g E derived from DLPFC of six normal control subjects
| g =1=] ° < {Figure 2). In each experiment, the R* value of the
g & s E§ S 8 & standard curve was more than 0.99 and no-template
AR A B o< 1 lted in no detectable signal.
g5 & & & .g o control assays resu g
<
N B - g SNP genotyping
%’ 3'§ 853 3 g a é"ﬁ DNA was extracted from brain tissue using standard
alSE = e methods. P3149SNP8NRG221533 and SNP8NRG24-
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Figure 2 Standard curves for control (housekeeping genes)
and NRG-1 type II. Standard curves for GAPDH (a) and type
II {b). The quantity represents an amount of cDNA prepared
from 1ng of total RNA in the PCR reaction. R* values are
1.000 and 0.995 for GAPDH and type II,

3177P3155 genotypes were determined using the
Tagman 5'-exonuclease allelic discrimination assay.
These SNPs were chosen because they showed the
strongest association to schizophrenia in prior stu-
dies.’'2 Probes and primers for detection of the SNP
are: SNPENRG221533, forward primer P3151 5-AA-
GGCATCAGTTTTCAATAGCTTTTT-3', reverse primer
P3152 5'-TAAGTAGAAATGGGAACTCTCCATCTC-3,
probel P3143 5-FAM-TTTATTTTgCCAAATAT-MGB-%',
probe2 P3150 5/-VIC-TCTTTATTTTaCCAAATATCAT-
MGB-3’; SNP8NRG243177, forward primer P3159 5'-
AATTAGTAGGATTGGATGTTTGAACCA-3', reverse
primer P3160 5-GATGGAGCGCTTCAGGAGAA-3,
probel P3155 5-FAM-CCAGTATACgTTCACTTG-
MGRB-3', probe2 P3156 5'-VIC-CCAGTATACaTTCAC-
TTGA-MGB-3'. Each 10! PCR reaction contained
10ng of DNA, 1uM of each primer, 100nM of each
probe, and 5 ul of TagMan Universal PCR Mastermix
(Applied Biosystems) containing AmpliTaq Gold
DNA polymerase, AmpErase UNG, dNTPs with dUTP,
passive reference, and optimized buffer components.
The PCR cycling conditions were at 50°C for 2 min,
95°C for 10min, 40 cycles of 95°C for 155, and 60°C
for 1 min.

Statistical analysis

An independent ftest was used to compare the
age, brain pH, months in freezer, and postmortem
interval, and a Mann-Whitney U-test was used to
compare the gene expression levels between schizo-
phrenic and control groups with Statistica software
(release 5.5, Statsoft, Inc., Tulsa, OK, USA). The
groups did not differ in gender and ethnicity.
Differences in NRG-1 expression levels between
groups were also analyzed by ANCOVA, with diag-
nosis as the independent factor and brain pH and age
as covariates. Spearman rank order correlation test
was used for comparison between demographic data
and expression data.

Neuregulin-1 expression in schizopheenic brain
R Hashimoto et af

Results

Control genes and NRG-1 mBNA levels

The expression levels of three standard ‘housekeep-
ing’ genes—GAPDH, f-actin, and cyclophilin—were
not significantly different between groups (Figure 3a).
Raw (ie nonnormalized) NRG-1 isoform expression
levels also did not differ between groups (Figure 3b).

Effects of demographics on NRG-1 mRNA expression

levels .

Expression levels of all the three NRG-1 isoforms
normalized by cyclophilin were positively correlated
with age in normal control subjects (Rho=0.637,
P=0.006; Rho=0.573, P=0.015, and Rho=0.637,
P=0.013 for type I, type II, and type I1I, respectively);
however, there was no correlation between normal-
ized NRG-1 isoform expression levels and age in
schizophrenia patients (all P>0.6). Similar results
were obtained with normalization to GAPDH and
f-actin (data not shown). NRG-1 expression levels
were not associated with sex, race or hemisphere, and
did not correlate with PMI or MIF. Brain pH and type I
mRNA expression normalized by cyclophilin were
correlated in both normal control (Rho=-0.477,
P=0.050) and schizophrenia groups (Rho=-0.500,

I:lGAPDH Cyclophllln . p-actin
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Figure 3 mRNA expression levels of NRG-1 isoforms, The
expression levels of housekeeping genes (a) and NRG-1
isoforms (b) were measured in the DLPFC of normal control
subjects (NC} and patients with schizophrenia (SZ). The
expression levels were calculated by comparison to the
percentage of average of normal control subjects. Boxes and
bars outside boxes represent the standard error and
standard deviation. Bars in boxes represent means.
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P=0.041), with similar results normalizing by GAPDH
or B-actin. Thus, brain pH (as well as age) was used as
covariate for type I expression data analysis.

Normalized NRG-1 mBNA levels

NRG-1 type I expression levels normalized by
GAPDIH, cyclophilin or f-actin (to reduce the effects
of possible mRNA “degradation not detectable by
electrophoresis and/or possible variations in RT
efficiency) were increased by 23, 18 or 16%, respec-
tively, in schizophrenia patients (ANCOVA: all
P <0.050). (Figure 4a). No significant differences were
observed between groups in normalized NRG-1 type I¥
and type IIl expression levels (Figure 4b, c).

We further analyzed the expression ratios among
the thret-types of NRG-1 isoforms to investigate
possible isoform—isoform interactions or altered reg-
ulation of splicing (Figure 5). There was no significant
difference in type I/type Il expression ratio with or
without covariates (age and pH) (normal control:
100.0 (mean) +33.8 (SD) vs schizophrenia patients:

Normallzed by
[(Jearon [ eycrophiin ] p-actin
a

»
8

=1
a

Type | expression level
s B

»
3

180

i o L

Type |l expression level

NC sz

200

160

b 24

L)

Type lll expression level

NC 82

Figure 4 Relative expression levels of NRG-1 type I (a),
type II (b}, and type III [c) isoforms normalized by GAPDH,
cyclophilin or f-actin in the DLPFC of normal control
subjects (NC) and patients with schizophrenia (5Z). Sig-
nificant group differences by ANCOVA are indicated by
*P<0.05.
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Figure 5 Relative expression ratios of Type II normalized
by Type I or Type Il in DLPFC of normal control subjects
{NC) and patients with schizophrenia (SZ). *P < 0.05.

109.1+36.8}. However, both type Il/type IIl and type
I/type 1 expression ratios were significantly de-
creased in the schizophrenic group (17 and 23%,
Mann-Whitney U-test: P=0.010 and 0.013, respec-
tively). ANCOVA with brain pH and age as covariates
did not alter the statistical significance of this relative
type II decrease {type Il/type I; F=10.96, P=0.002,
df=1, 32).

Influence of clinical characteristics on NRG-1
expression

None of the measurements of NRG-1 isoforms corre-
lated significantly with the age of onset, duration of
illness or last and lifetime dose of chlorpromazine
equivalents (data not shown). A positive correlation
between type I expression levels normalized by
cyclophilin and daily dose was found (Rho=0.601,
P=0.014), although daily dose was not correlated
with normalized type II or type IIl expression levels
(Rho=-0.315, P=0.218; Rho=-0.102, P=0.681, re-
spectively). Similar results were obtained after nor-
malization by GAPDH and g-actin (data not shown).

Allele effects on NRG-1 expression

No effect of SNP8NRG221533 genotype, which has
been reported to be associated with schizophrenia in
both Icelandic and Scottish populations,’ ' was
apparent in type I, type II, and type IiI expression
levels normalized by cyclophilin, and the expression
ratio of type II/type III in total subjects, normal
controls or patients. For example, one allele homo-
zygote (N=21) had mean levels of type I expression of
100.9+37.6 (SD), while two carriers (N=12) had
99.2128.3 (SD) (P>0.8). Neither NRG-1 expression
levels normalized by GAPDH or f-actin nor the other
combinations of isoform-isoform expression ratio
were affected by this genotype in any group (data
not shown). Similar negative results were obtained
between NRG-1 expression and SNP3NRG243177
(data not shown), which also has been associated
with schizophrenia,'**?



Discussion

In this study, we have measured mRNA expression
levels of NRG-1 isoforms in DLPFC using real-time
quantitative RT-PCR in patients with schizophrenia
and in normal controls. NRG-1 has been implicated as
a susceptibility gene in schizophrenia. We found
preliminary evidence that the pattern of expression of
NRG-1 isoforms may be abnormal in schizophrenia.
Specifically, there was a small increase in type I
expression levels, and a small decrease of type Il/type
I and type Il/type III ratios in the patients with
schizophrenia. As consistent results were obtained
from normalization of NRG-1 isoforms by all the three
housekeeping genes, our findings would seem to be
robust at least in comparison to results that might
have been based on using only one control gene. Qur
data appear to add to the evidence that NRG-1 may be
involved in schizophrenia, but other explanations, for
example, differences in postmortem stability of the
various isoforms, cannot be excluded. Moreover, as
our study did not include measurement of the levels
of NRG-1 proteins, of expression in other brain
regions or in other psychiatric disorders, further work
is necessary to clarify whether changes in NRG-1
mRNA impact on protein expression and is regionally
and diagnostically specific,.

NRG-1 binds to its receptor, ErbB, and NRG-1-ErbB
signaling plays multiple roles in development and
plasticity in the central nervous system.*® Type I is
prominently expressed early in development; type II
is abundantly expressed in the adult nervous system;
and type Il is the major isoform produced by sensory
neurons and motorneurons, and is also expressed in
the rodent brain.®” Little is known about NRG-1
expression in human brain; however, NRG-1 is
present in neuronal cell bodies and synapse-rich
regions in the hippocampus and type II isoform is
expressed in oligodendrocytes, astrocytes, and micro-
glia,*®2* We detected mRNA of each of the three major
classes of NRG-1 isoforms in human DLPFC, but we
did not characterize the multiple spice variants
within these isoforms. We also found a positive
correlation between expression levels of each of the
NRG-1 isoforms with age in normal subjects, suggest-
ing that NRG-1 mRNA increases as the prefrontal
cortex ages. However, the meaning of this correlation
is unclear, and it was not found in the patients.

NRG-1 type I has been implicated in neuronal
plasticity because it shows activity-dependent regu-
lation, and it is involved in regulating neurotrans-
mitter receptor expression. Multiple perturbations
in neuronal activity have been shown to affect
type I expression. For example, seizures, long-term
potentiation, and forced locomotion induce type I
expression in the hippocampus, amygdala, and
motor cortex. Brain injury induces NRG-1 protein
expression in astrocytes of rat cerebral cortex.*
Curare blockade of nicotinic receptors reduces the
expression of type 1 protein in chick motor neurons,
an effect that can be prevented by brain-derived
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neurotrophic facter and neurotrophin 3.3! In the
central nervous system, NRG-1 promotes the switch
from the immature form of NMDAR, which contains
primarily NR2B subunits to one containing more
NR2C subunits.'” NRG-1 also potentiates a7 nicotinic
acetylcholine receptor transmission in hippocampal
neurons,?® and expression of the f2 subunit of the y-
amino butyric acid receptor in cerebellar granule
cells, Thus, the relative increase in type [ expression
in schizophrenia brain might alter neuronal signaling
of NRG-1 per se, or it may be an indirect factor in
putative abnormalities of NMDA, nicotinic, and/or
GABA receptor-related signaling in schizophrenia
brain.?!:232 The positive correlation between type I
expression level and the daily dose of chlorpromazine
equivalents suggests that this upregulation of type I
could reflect a relationship between NRG-1 expres-
sion level and illness severity. Alternatively, it might
be due to neuroleptic treatment. We are currently
exploring in animals the potential effect of antipsy-
chotic medication on NRG-1 expression.

NRG-1 type II (GGF) is also of central importance
for neuronal and glial development. Type II is
expressed in developing cortical neurons, and it
promotes the transformation and differentiation of
radial glial cells, which in turn support cortical
neuronal cell migration and differentiation.* A study
using NRG-1-deficient mice revealed that NRG-1-
erbB2 signaling is required for the establishment of
radial glia and their transformation into astrocytes in

cerebral cortex.*® In our study, decreased ratios of

type Il/type I and type II/type LIl may be due to
relative underexpression of type Il in DLPFC of
schizophrenia patients. Neurcanatomical abnormal-
ities have been reported in DLPFC in schizophrenia,
including abnormal neuropil and cytoarchitecture.?®
0 It is unclear whether variations in NRG-1 expres-
sion could relate to these changes. In addition, a
change in the balance of type I/type Il to type IIl NRG-
1 may influence cholinergic neurotransmission, as
the distinct isoforms differentially induce various
subunits of the nAChR.*®

Although NRG-1 was first recognized to be critical
for multiple stages of schwann cell development*1+?,
its role in promoting the development of myelin-
forming cells is now recognized to include oligoden-
drocytes. Not only is NRG-1 and various ErbB
receptors expressed in the subependymal zone
and the forebrain oligogenic zone, but NRG-1 can
also induce the division** and/or promote the
differentiation of oligodendrocyte precursors in vi-
tro.**™7 It is conceivable that relatively decreased type
II mRNA expression may relate to putative abnorm-
alities of oligodendroglial function implicated in
schizophrenia.*®*? Finally, we did not find evidence
that NRG-1 type IIl mRNA expression levels are
changed in schizophrenia DLPFC, although this iso-
form also has effects on neuronal plasticity and
development.*®-59

The multiple marker haplotype in the NRG-1 gene
that has been associated with schizophrenia spans the

305

Molecular Psychiatry

— 126 —



@ Neuregulin-1 expression in schizophrenic brain
R Hashimoto et af

306 first exon, which is the promoter region for type Il and

is far upstream from the exons of all other iso-
forms.'*'? The functional allele contributing to the
increased risk for schizophrenia has not been identi-
fied in NRG-1, nor is there evidence that any of the
associated variations would impact gene expression
or function. As two single SNPs associated with
schizophrenia were located around the promoter
region of NRG-1 and the first exon of GGF, these
SNPs might regulate the expression levels of NRG-1
isoforms and/or isoform-isoform ratios. However, no
obvious allele effects of these SNPs on NRG-1
expression patterns were observed in this small
sample. The estimated relative risks of each of these
markers alone were less than that of the seven-marker
core haplotype."™? Taken together, these two SNPs do
not appear to be functional alleles, at least in terms of
the regulation of NRG-1 expression in human DLPFC.
However, the possible relative decrease in type II
expression may be regulated by an as yet unidentified
allele in linkage disequilibrium with the associated
haplotype.

Our findings offer preliminary evidence that abnor-
mal expression of NRG-1 isoforms in DLPFC may be
related to the pathophysiclogy of schizophrenia, but
the evidence is weak. The biologic implications of our
results are unknown, but they are at least concep-
tually consistent with evidence that schizophrenia
involves genetic abnormalities in developmental/
plasticity-related processes.??? Additional studies
are needed to characterize NRG-1 expression in
schizophrenia, including slide-based mRNA ana-
lyses, protein analyses, neuroleptics effects, diagnos-
tic specificity, and further exploration of genotype
based variation.
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Alzheimer’s disease (AD) may be caused by toxic ag-
gregates formed from amyloid-g (Af) peptides. By using
Thioflavin T, a dye that specifically binds to g-sheet
structures, we found that highly toxic forms of AB-ap-
gregates were formed at the initial stage of fibrillogen-
esis, which is consistent with recent reports on Apg oli-
gomers. Formation of such aggregates depends on
factors that affect both nucleation and elongation. As
reported previously, addition of AB42 systematically ac-
celerated the nucleation of AB40, most likely because of
the extra hydrophebic residues at the C terminus of
Ap42, At Ap42-increased specific ratio (Ap40: Ap42 = 10:
1), on the other hand, not only accelerated nucleation
but also induced elongation were observed, suggesting
pathogenesis of early-onset AD. Because a larger pro-
portion of AB40 than AB42 was still required for this
phenomenon, we assumed that elongation does not de-
pend only on hydrophobic interactions. Without any
change in the C-terminal hydrophobic nature, elonga-
tion was effectively induced by mixing wild type AB40
with Italian variant Ap40 (E22K) or Dutch variant
(E22Q). We suggest that Ap peptides in specific compo-
sitions that balance hydrephilic and hydrophobic inter-
actions promote the formation of toxic B-aggregates.
These results may introduce a new therapeutic ap-
proach through the disruption of this balance.

Fibrillar amyloid-8 peptide (AB)! in B-sheet conformation is
one of the main components of senile plaques, a pathological
hallmark of Alzheimer'’s disease (AD) (1, 2). AB is ¢leaved from
p-amyloid precursor protein (APP) by secretases whose enzy-
matic components are suggested to include presenilins and
B-site APP cleaving enzyme (3, 4). Most mutations of both APP
and preseniling are associated with early-onset familial Alzhei-
mer’s disease (5-10). Interestingly, such mutations are also
associated with increased production of AB42, which is a longer
isoform of various AR species (5-10). AB42 likely aggregates
more rapidly than other Ap peptides because it contains addi-
tional hydrophobic amino acids at its carboxyl terminus (11-
13). The overexpression of structurally normal APP that re-
sults from an extra gene in trisomy 21 (Down's syndrome)
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almost invariably leads to the premature occurrence of classic
AD neuropathology during middle adult years (14). Brains
from younger Down’s syndrome subjects often display “diffuse
plaques” composed solely of Ap42, whereas older Down’s syn-
drome subjects display “cored plagues” composed of AjB40, a
shorter form, at the plaque center (15). Together, these findings
provide strong evidence for the role of AB42 in AD and AD-like
pathology. Here, we report the importance of AB compositions
for promoting toxicity-associated S-aggregation,

EXPERIMENTAL PROCEDURES

Chemicals and Peptides—Thioflavin T (ThT) was obtained from
Sigma, N,N-dimethylformamide, sodinm lauryl sulfate (SDS), 28% am-
monia solution, Tris (hydroxymethyl) aminomethane, and HEPES were
purchased from Nacalai tesque (Kyoto, Japan), 1,1,1,3,3,3-hexafluorg-
2-propanocl (HFIP) was obtained from Wako Pure Chemical (Osaka,
Japan), Glycerol was obtained from Junsei {(Tokye, Japan). Wild type
B-amyloid1-40 of four lots (510818, 511024, 520311, 520130) and wild
type AB1-42 of three lots (510523, 520116, 520323) were obtained from
Peptide Institute (Osaka, Japan). Italian variant Af1-40 of a lot
(P04010T1) was purchased from American Peptide Company (Sunny-
vale, CA). Italian variant A51-40, Dutch variant AB1-40, Italian var-
jant AB1~-42, and four other non-pathogenic variants Ag1-40 (E22R,
E22shortK, E22D and E22longE) were synthesized and purified at
Research Resources Center of RIKEN Brain Science Institute. “shortE”
is an amino acid residue that has a similar structure to Lys with only
three methyl groups prior to the terminal amine. “longE™ is a residue
that has a similar structure to Glu with an additional methyl group,
three in total. All peptide samples were high pressure liquid chroma-
tography-purified te be more than 90% pure and were in trifluoroac-
etate salt form,

Ap Sample Preparation—A stock solution of AS was prepared by
dissalving powdered AS peptide in 100% HFIP to a final concentration
of 1 mg/ml. After shaking for two hours at 4 °C, the A@ stock solution
was aliquoted into siliconized tubes and stored at ~80 °C, Just prior to
each experiment, aliquots were spin-vacuumed using an Integrated
SpeedVac system (Savant). For experiments ghown in figures except
Fig. 1, aliquots of AB40 were redissolved in 50% HFIP/14% NH3 solu-
tion and then spin-vacuumed. They were then dissolved in a HEPES-
buffered solution.

Fluorescence Spectroscopy (ThT Assay)—The degree of -aggregation
was determined using the fluorescent dye, ThT, which specifically binds
to fibrous structures (16). First, Ap stock solution (see above) was
diluted with 5 or 10 mm HEPES-NaOH and 0.9% NaCl. ThT was added
to each test sample to a final concentration of 10 uM. Each sample was
prepared in 96-well Black Cliniplates (Labsystems) and shaken for 10 s
prior to each measurement. Measurements were carried out every
20 min.

The relative degree of B-aggregation was assessed in terms of flug-
rescence intensity, which was measured at 37 *C using a Fluoroskan
Ascent FL spectrophotometer (Labsystems, Finland). Measurements
were performed at an excitation wavelength of 444 nm and an emission
of 485 nm, wavelengths that result in the optimum detection of bound
ThT. To account for background fluorescence, the fluorescence intensity
measured from each control selution without AB was subtracted from
that of each solution containing AS. By making three or six wells of each
condition, their standard deviations were first caleulated. They wers
then divided by the square root of 2.

This paper is available on line at http:/fwww.jbc.org
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Cell Cultures—Human embryonic kidney (HEK) 293 cells were used
to test the toxic effects of Ag-aggregation as assessed in the 3-[4,5-
dimethylthiazol-2-y1]-2,5-diphenyltetrazolium bromide (MTT) assay
(see below), They were grown in Dulbecco’s modified Eagle's medium
(Bigma) containing 10% fetal bovine serum (HyClone) and incubated in
a humidified chamber (85% humidity) containing 5% CO, at 37 °C. On
the moming of A8 treatment, the cell culture medium was replaced
with serum-free Dulbeceo’s modified Eagle’s medium, and the cells were
plated onto a 96-well, coated plate (Coming) at a final cell count of
20,000 cells/well. The cell viability was subsequently assessed using the
MTT assay (gee below).

MTT Assay—The toxic effects of spontaneous g-aggregation of AR on
cell cultures were assessed, Solutions containing AB were prepared as
described for the ThT assay, and then the samples were transferred
immediately into wells containing the HEK293 cell (see “Cell Cul-
tures”). After certain periods, MTT was added to each well, and the
plate was kept in a CO, incubator for an additional 2 h. The cells were
then lysed by the addition of a lysis solution (50% dimethylformamide,
20% SDS, pH 4.7) and were incubated overnight. The degree of MTT
reduction in each sample was subsequently assessed by measuring
absorption -at 5§70 nm at 37 °C using a Bio Kineties Reader EL340
(Bio-Tek Instruments). Background absorbance values, as assessed
from cell-free wells, were subtracted from the absorption values of each
test sample. The absorbances measured from three or six wells were
averaged, and the percentage MTT reduction was calculated by dividing
this average by the absorbance measured from a control sample without
AB. By making three or six wells of each condition, their standard
deviations were first calculated. They were then divided by the square
root of n.

Immunoblotting Assay—ApS sample was incubated for each time in-
dicated at 87 °C as described abeve (see “ThT Assay™). Samples were
collected and mixed with buffer containing glycerol but no reducing
agents guch as SDS or 2-mercaptoethanol. The formation of intermedi-
ate p-aggregates was assessed by 16.5% Tris-Tricine SDS-PAGE and
immunoblotting using monoclonal antibody 4G8 (Signet Laboratories,
Ine.), which recognizes residues 17-24 of Af.

Electron Microscopy—-The ultrastructural characteristics of Ap-ag-
gregates were examined as follows, A} sample was incubated for indi-
cated periods at 37 °C as described above (see *ThT Assay”) and was
mixed for 10 8 every 20 min. 3 ul of each sample was applied to
300-mesh copper grids with formvar supporting membrane, blotted
with filter paper, and stained with 1% (w/) neutralized tungstophos-
phoric acid (Nacalai tesque, Inc., Kyoto, Japan). The specimens were
examined on a LEQ $12AB electron microscope (LEQ, Oberkochen,
Germany), at an accelerating voltage of 100 kV.

RESULTS

We first assessed the baseline kinetics of B-aggregation, The
time course of S-aggregation was determined by incubating
Ap40 with ThT, a compound that fluoresces when speacifically
bound to B-sheet structures (16) (Fig. 1). Fluorometric meas-
urements were carried out every 20 min for ~72 h at 37 °C. As
expected (11-13), the S-aggregation kinetics was sigmoidal
over the first 5 h of incubation (Fig. 14). With increasing
incubation, however, B-aggregation decreased slowly (Fig. 1B),
decaying to an approximate asymptotic level of less than half
the peak aggregation.

Because there are several competing hypotheses concerning
the factor(s) associated with AD pathogenesis, it was of interest
to analyze the toxicity, biochemical constituents, and structure
of the aggregates during B-aggregation. At selected intervals
during the first two days of incubation, AB/ThT samples were
collected, transferred to HEK293 cell cultures grown in serum-
free medium, and the toxicity of the AB/ThT solution was
examined using the MTT assay, which assesses cell viability by
measuring mitochondrial activity (17) (Fig. 1C), Even after
only a short period of incubation, the 3-aggregates that formed
were highly toxic. With longer incubation, however, the p-ag-
gregates were less toxic, We next determined the time course of
the formation of different AS intermediates during the course
of B-aggregation. The AB/ThT solutions were collected at se-
lected times during aggregation and were analyzed by Western
blot. Aliquots were applied to SDS-polyacrylamide gels and
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immunoblotted with an anti-A8 antibody (Fig. 1D). Samples
collected immediately after being ineubated separated out as a
thick band the size of the A monomer and a thinner, less
distinct band the size of the Ag dimer, indicating that some
dimerization had occurred almost immediately upon solubili-
zation. After 2 h of incubation, the A8 monomer band was less
distinet, and an immunoreactive smear appeared, suggesting
the formation of AB polymers. As incubation progressed, the
amount of monomeric A decreased. After extended incubation,
we noticed increased staining at the bottom of the loading wells
that presumably represented large aggregates that could not
be resolved by the gel. The macromolecular structures of these
various intermediates were examined using electron micros-
copy (Fig. 1, E-H). No¢ distinguishable fiber-like structures
were observed in samples collected soon after incubation began
or in samples collected after 1 h of incubation. After 2 h of
incubation, however, small oligomeric aggregates and long
fibrils were observed (Fig. 1, E and F). The fibrils appeared to
be comprised of two smaller filaments that were twisted
around each other (Fig. 1F), but no further appreciable associ-
ation between fibrils was observed. In contrast, after 4 h of
incubation, the time point at which the greatest amount of
B-aggregates formed (Fig. 1), long fibers appeared to be gath-
ered closely together in a net-like structure (Fig. 13). After 27 h
of incubation, Ag fibers, aligned side by side and formed nu-
merous fiber bundles (Fig. 1H). Interestingly, samples from
this time period in the toxicity experiments were only moder-
ately toxic; the most toxic Ag-aggregates were those from the
initial growth stage of fibrillogenesis. These findings prompted
us to search for factors that cause an acute increase in the
initial stage of B-aggregation.

Because individuals with familial Alzheimer’s disease have
larger proportions of AB42 compared with normal individuals
(6-10), we examined the hypothesis that elevated levels of
AB42 may play a role in the initial stage of B-aggregation.
Thus, we measured the time course of g-aggregation formed by
various ratios of AB40 and AB42 (Fig. 24). Consistent with
previous reports (11-13), incubation of AB42 alone showed
signs of B-aggregation almost immediately after incubation
began. After this initial increase, however, aggregation re-
mained at a fairly constant, modest level without further sig-
nificant increase. Pretreatment of AB42 with either HFIP or
HFIP/NH; did not significantly alter the time course of p-ag-
gregation. On the other hand, although the lag time until the
start of p-aggregation of HFIP/NH,-treated AB40 was much
longer, the formation of B-aggregates increased to higher levels
compared with that for AB42. Because longer lag time seemed
more appropriate to examine the initial steps of aggregation in
detail, HFIP/NHg treated AB40 was used in the rest of the
experiments. When the proportion of AB42 was increased to the
AB40:AB42 ratio of 10:1, S-aggregation kinetics systematically
shifted to the left. Thus, AB42 accelerated the seeding or nu-
cleation of AB40. When the proportion of AB40 to AB42 mim-
icked the proportion reported in some familial Alzheimer’s
disease mutants {(i.e. AB40:AB42 ratio of 10:1) (10, 18), -ag-
gregation was further accelerated and also increased to a much
higher level. Moreover, these AB42-induced aggregates were
highly toxic when assessed with the MTT assay (Fig. 2C). At
the end of the incubation period, the level of AB42-associated
aggregation was lower than that of AB40 (Fig. 2B). Aggregates
formed by ApB42 alone were less toxic than aggregates formed
from AB40 alone. The most toxic aggregates were in samples
with the highest levels of aggregation (i.e. AB40:A842 combined
at a ratio of 10:1). Thus, it was of interest to examine the
macromolecular structure of these aggregates (Fig. 2, D-F).

The approximate diameter of long fiber bundles formed by
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Fic. 1. Time course of S-aggregation and toxicity of wild type AB40. AB40 (5 um) waa pretreated with HFIP, a solvent that converts AB
into a structural conformation normally found in cell membranes and was incubated with 10 uM ThT in 5 mM HEPES (pH 7.4) and 0.9% NaCl. A4,
early stage of B-aggregation, showing sigmoidal kinetics, B, entire time course, showing decay of S-aggregation as incubatien progressed. C, toxicity
of B-apgregates to cultured cells. At each time indicated, an A/ThT sample was collected from the incubation well, and the well was rinsed with
50 gl of buffer. The rinsed solution was mixed with the AS/ThT sample. Five microliters of this mixture (i.e. 0.1 of the total volume of culture
medium) was added to HEK293 cell cultures; the final concentration of AS was ~330 nM. The cells were incubated with this mixture for a total
of 4h; MTT was added to the cell cultures at the 2-h point to assess the degree of MTT reduction (i.e, cell viability). Fluorescence values (bar graphs)
and % MTT values (line grapk) are means = S.E. throughout this report. I, Western blot showing the time course of B-aggregation. The formation
of intermediate B-aggregates was also assessed by SDS-PAGE snd immunoblotting using monoclonal antibody 4G8. E-H, electron photomicro-
graphs showing macromolecular structures formed during the time course of p-aggregation, Five micromolar AB40 solution samples were
incubated for 2 h (E), 2 h (F), 4 h (@), and 27 h (H). After incubation, 3 pul of AB40 solution was applied to Formvar-coatéd copper grids and
negatively stained with neutralized tungstophosphorte acid. Magnification is 80,000; scale bars are 100 nm.
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FiG. 2. p-aggregation and toxicity by a mixture of wild type AB40 and AB42. A, time course of S-aggregation was assessed using samples
containing 5 v ThT and various ratios of a mixture of AB40 and AB42 (total AB concentration: 5 um). AB40 was pretreated with a 50% HFIP/14%
NH, solution, and AB42 was pretreated with 100% HFIP. Solid (®) and open circles (O} are p-aggregation-induced by AB40 alone and AB42 alone,
respectively, B-aggregation induced by different ratios of AB40 and AB42 are indicated as follows: 30:1 (M), 20:1 (A), 10:1 (#), 5:1 (A), and 3:1 (D).
B and C, toxicity of 8-aggregates formed by various combinations of AB40 and AB42. After 14 h of incubation, AR/ThT samples were collected. The
incubation wells were rinsed with the sgame volume of buffer and then mixed with the AB/ThT samples. Part of this solution (i.e. 0.04 total volume
of culture medium) was added to HEK293 cell cultures. B, bar graphs show the degree of B-aggregation in each sample immediately before the Ap
solution was added to the cultures. C, cell viability was assessed as described under “Experimental Procedures.” D-F, electron photomicrographs
showing aggregates formed following 5 days of incubation of 10 uM AB40 (D), 10 um AB42 (E), and AB40:AB42 mixture (10:1) (F). The 5-day
incubation period was long enough for f-aggregation to reach the final plateau level. The AB solution was prepared for electron microscopy
examination as described under “Experimental Procedures.” Magnification is 100,000; scale bars are 100 nm.

Ap40 varied from 8 to 16 nm. On the other hand, closely
associated fibers of aggregates formed by AB42 were shorter
and had a maximurmn diameter of ~8 nm; thus, we provisionally
called these fibers “protofibrils” (Fig. 2E). In samples contain-
ing AB40 and AB42 at a 10:1 ratio, aggregates formed fiber

bundles that appeared shorter than extended Ap40 fibers (com-
pare Fig. 2, F and D). It is possible that, via the rapid formation
of protofibrillar nuclei or seeds, AB42 enhanced B-aggregation
as well as increased the toxicity of the AB40:AB42 mixture.
However, our results thus far suggest that AB42 alone does not
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Fic. 3. Effect on time-course of B-aggregation and toxicity by various A variants having mutations in the N-terminal domain, A,
B-aggregation kinetics of wild type AB40 (®), Italian variant A40 (E22K) (W), Dutch variant (E22Q) {A). The final Af concentration for each of
these samples was 5 pM. S-aggregation was also assessed for samples containing a 1:1 ratio of wild type AB40 and different A variants as
indicated: Italian {(J), Dutch (®). B, impact of AB42 on aggregation. The following were assessed: wild type Ap40 (@), wild type AB42 (W), wild type
ApB40 and AR42 (10:1)(¢), and wxld type AB40 and AB42 (15 1) (A). B-apgregation was also assessed for samples containing a 1:1 ratio of different
wild type Ap species and various Jtalian variant A species as indicated: wild type AB40 and Italian AB40 (1:1) (Q), wild type AS42 and Italian
Ap42 (1:1) (D), wild type AB40:Italian AB40 (1:1) and wild type Ap42:Italian AB42 (1:1) at ratio of 10:1 (¢ ), and wild type AB40:Ttalian AB40 (1:1)
and wild type Ap42:Italian AB42 (1:1) at a ratic of 15:1 (A). For comparison, the mixture of wild type AB species was also measured. C and D,
toxicity of aggregates formed by various Ap variants. After 12 h of incubation, cell viability was assessed as described under “Experimental
Procedures.” Bar graphs in panel C represent the degree of f-aggregation; those in panel D represent the viability of the cells. Numbers on the
horizontal exis represent the following: I, wild type AB40; 2, wild type AB42; 3, wild type AB40:wild type AB42 (10:1); 4, Ttalian AB40; 5, Italian
Ap42; 6, Italian Ap40:Italian AB42 (10:1); 7, Italian AB40:Italian AB42 (15:1); 8, wild type AB40:Italian AB40 (1:1); 5, wild type Ap42:Italian AB42

(1:1); and 10, wild Ap4Q:Italian AB40 (1:1) and wild type AB42:Italian AB42 (1:1) at a ratio of 15:1.

cause large elongation. In the next set of experiments, we
sought to determine whether certain other factors affect the
elongation step of S-aggregate formation. As previously sug-
gested, the hydrophobic nature of the Ap42 C terminus is
critical for accelerating the seeding process (11-13). Thus, if
the C terminus is related to seeding, we hypothesized that the
N terminus of AS may be related to elongation.

To test this hypothesis, we assessed the p-aggregation kinet-
ics of several AB40 peptides with pathogenic mutations in the
N-terminal domain, Italian variant (E22K) and Dutch variant
(E22Q). Previously, such substitutions were suggested to affect
the intersheet stacking between B-sheets (19-21). We com-
pared the B-aggregation time courses of wild type AB40 (E22),
Italian variant (E22K), Dutch variant (E22Q), and their mix-
tures (Fig. 34) (20, 21). None of the variants by themselves
showed significantly higher levels of B-aggregation compared
with that of the wild type. Indeed, Italian variant (E22K)})
showed undetectable B-aggregation. However, only when the
Italian or Dutch variants were mixed with wild type AB40ina
1:1 ratio did B-aggregation increase significantly during the
early stage of elongation. Although the Dutch variant alone
formed B-aggregates faster than wild type AB40, the mixing of
the two induced and enhanced elongation. Although B-aggre-
gation by the Italian variant and wild type AB40 mixture was

faster and meore robust compared with that of the wild type
alone, B-aggregation by the Italian variant alone was undetect-
able. Clearly, the interactions between hydrophilie residues in
the N-terminal domain play an important rele in elongation
under our experimental conditions.

As before, we assessed the impact of AB42 on B-aggregation,
this time in ratios reported for wild type AB40 and I[talian
variant Ap40 in vitro (22) (Fig. 3B). When wild type or variant
AB42 was added to the wild type AB40/Italian AB40 sample, an
even larger elongation was chserved compared with that when
Ap42 was absent (Fig. 3C). This combination was very toxic as
well (Fig. 3D). The most probable reason to explain the differ-
ence between the time courses of aggregation of a mixture
containing wild type AB40 and Italian Ap40 in Fig. 8, A and B
would be the difference between two lots of Italian AB40 pep-
tides, one lot from American Peptides (Fig. 34) and the other
from RIKEN BSI (Fig. 3, B-D and Fig. 4B). Nonetheless, one is
tempted to draw conclusions about phenotypes from these in
vitro results. The differences in nucleation and elongation of
B-aggregation resulting from different A combinations de not
completely explain differences in the pathological features of
these mutations that show altered AB40:AB42 ratios and Ap
sequence mutations. However, because conditions that mimic
these pathogenic mutations both induce and accelerate f-ag-
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Fic. 4. Respective roles of the Ap42 C terminus and AB40 N terminus in g-aggregation. 4, five samples composed of different ratios of
wild type AB40 and wild type ABA2, as indicated, were incubated and p-aggregation was assessed: 5:0 (®), 3.5:1.5 (W), 2.5:2.5 (#), 1.5:3.5 {A), and
0:5 (C). The total concentration of Ag in these samples was 5 uM. B, f-aggregation kinetics of AB mixtures composed of wild type AB40 and Italian
AB40 at the indicated ratios: 5.0 (@), 3.5:1.5 (W), 2.5:2.5(#), 1.5:3.5 (), and 0:5 (Q). C, B-aggregation kinetics of AB mixtures composed of wild type
Ap40 and Italian AS42 at the indicated ratios: 5:0 (@), 3.5:1.5 (W), 2.5:2.5, (A) 1,6:3.5 ( #), and 0:5 (O). D-G, B-aggregation kinetics of AB mixtures
composed of wild type AB40 and four non-pathogenic mutants of position 22 (see “Experimental Procedures”) at the indicated ratios: 5:0 (#), 3.5:1.5
(W), 2.5:2.5 (#), 1.5:3.5 (4), and 0:5 (O). D, wild type AB40:mutant AB40 (E22R). E, wild type Ap40:mutant AB40 (E22shortK), F, wild type
AB40:mutant Ap40 (E22D). G, wild type AB40:mutant AB40 (E22longE).

gregation, as well as elevate toxicity (Fig. 3, C and D), the acute Our results thus far clearly hint that particutar proportions
inerease in B-aggregation at the initial stage is consistent with  of AB40 and Ap42 either enhance or retard nucleation and
pathogenesis of amyloid-related disorders. elongation. Qur findings are also consistent with previous stud-
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ies showing that the accelerating effect of AB42 resides in the
hydrophobicity of its C terminus (11-13), and the hydrophilic
side chains in the N terminus most probably have an effect on
intersheet stacking (19). In this last set of experiments, be-
cause overall B-aggregation depends on the relationship of
factors that affect nucleation and elongation, we took a closer
look at the respective role(s) of such factors, such as the Ap42
C terminus and Ap40 N terminus, in S-aggregation. To deter-
mine whether disproportionately greater concentrations of
Ap42 affect nucleation, we first assessed the aggregation kli-
netics of samples containing broader ratios of AB40:A842, As
seen in Fig. 2, greater proportions of wild type AB42 acceler-
ated the seeding of AB40 (Fig. 4A). In terms of the elongation
process, however, the proportion of AB42 appeared to have an
inverse effect. In samples containing larger proportions of
Ap42 than AB40, the overall level of B-aggregation was lower
(Fig. 4A). On tlie other hand, although Italian variant AB40
induced the seeding of wild type AB40 less effectively compared
with that by wild type AB42, it effectively induced the elonga-
tion of aggregates formed by wild type AB40 (Fig. 4B).

As mentioned, the induction effect of wild AB42 13 related to
the hydrophobic nature of its C-terminal, resulting in -sheet
formation (11-13). On the other hand, the effect of Italian
variant AB40 is due to the substitution of a negatively charged
Glu at position 22 to a positively charged Lys. This likely
induces B-aggregation through electrostatic interaction of side
chains, thus promoting intersheet stacking (19) and elongation.
Because this is an interaction between paired f#-sheets having
oppositely charged side chains, Italian variant AB40 does not
aggregate by itself This notion was further supperted by ex-
periments mixing four kinds of non-pathogenic mutants at
position 22 with wild type Ap40 (Fig. 4, D-G). Although the
degree of induction effect was slightly different, two mutant
Ap40s having positively charged Arg and shortK (see “Experi-
mental Procedures”) induced the elongation of wild type AB40
in a manner similar to the Italian variant (E22K) (Fig. 4, D, E,
and B). To examine the effect of size of side chains at position
22, we also tested two other mutants with negatively charged
Asp and longE (see “Experimental Procedures”). Both mutants
by themselves showed lower levels of B-aggregation than wild
type AB40 (Fig. 4, F and G). Moreover, as the proportion of
E22D and E22longE was increased, the S-aggregation was
decreased in a dose-dependent manner, suggesting the impor-
tance of size of side chains in B-aggregation. In contrast, al-
though all the mutants with positively charged residue at 22
(E22K, E22R, and E22shortK) by themselves also had lower
B-aggregation level than wild type, when their small propor-
tions were mixed with wild type, B-aggregation was signifi-
cantly elevated. These results suggest the important role of
electrostatic interactions of side chains in the - aggregation
process.

Substantial induction effects by both wild AB42 and Italian
variant AB40 on the overall f-aggregation of wild AB40 were
cbserved when the proportion of inducers was smaller than
wild Ap40. Because overall B-aggregation depends on both
B-sheet formation (i.e. nucleation) and intersheet stacking (f.e.
elongation), specific halance between these interactions deter-
mines the formation of fast and induced B-aggregation that
leads to toxie activity. The importance of such balance is un-
derscored by our finding that Italian variant AB42 suppressed
the aggregation of wild type Ap40 at all ratios tested (Fig. 4C).
This is because the hydrophobic effect at the C terminus and
electrostatic interactions between side chains are physically
opposed. Only when they balance at the certain composition of
AR peptides are toxic B-aggregates formed.

Composition Specificity of Toxic B-Aggregation by Amyloid-8

DISCUSSION

There is tremendous evidence that supports a single hypoth-
esis for the pathogenesis of AD. This so-called “amyloid hypoth-
esis” suggests that the process of AB deposition is intimately
connected to the initiation of AD pathogenesis and that all
other features of the disease are secondary to this initiation
(23, 24). A recent, novel suggestion relating to this hypothesis
is that oligomeric aggregates of A peptides are the forms that
generate neurotoxicity (25, 26). The aggregation kinetics pre-
sented in°Fig. 1 show that initially formed aggregates are
indeed more toxic than fiber bundles formed after a long incu-
bation, However, one cannot conclude from these observations
that deposited amyloids or bundles of fibers are innocuous but
suggest that they are possibly less neurotoxic than initially
formed AB-aggregates.

Mixing AB40 and AB42 at specific ratios induced and accel-
erated B-aggregation. These results suggest that particular
ratios of AB species are very important for the toxic B-aggre-
gation process and perhaps in AD pathogenesis, However, ele-
vated ratios of AB42/40 have not heen observed in the media
collected from cells transfected with several intra-Af muta-.
tions, including the Dutch and Italian cases (22). The predom-
inant increase of B-aggregation observed by mixing both wild
type and Italian variant A suggests that elongation is largely
dependent on interactions between the N-terminal side chains
of B-sheets, which are nucleated by hydrophobic interactions of
C-terminal regions. Hydrophobic residues in the N-terminal
domain may also induce nucleation or elongation by an entropi-
cally driven process, whereas other polar or charged side chains
will interact more directly with each other. The latter type of
interaction is hydrophilic and thus is generally known to be
weaker in stabilizing proteins. Because these two types of
interactions usually repel each other in a manner similar to oil
and water, AS compositions that balance these interactions in
a specific way determine whether the formation of toxic g-ag-
gregates proceeds effectively. This is relevant to the possible
mechanism of AB toxicity. One idea is that AB-aggregates pen-
etrate the membrane structure either extracellularly or intra-
cellularly (27). B-sheeted AB-aggregates formed under condi-
tions in which polar-nonpolar interactions are balanced in a
specific way would make an alignment of charged residues that
perhaps disrupt functions of the cell membrane. This is con-
sistent with a recent finding that non-fibrillar, ThT-positive
aggregates (i.e. aggregates of B-sheets) of a wide range of mis-
folded proteins exhibit similar toxicity to that shown in the
present study (28),
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Abstract

Cerebral deposition of amyloid B-peptide (Af) in the brain is an
invariant feature of Alzheimer's disease (AD). A consistent
protective effect of wine consumption on AD has been docu-
mented by epidemiological studies. In the present study, we
used fluorescence spectroscopy with thioflavin T and electron
microscopy to examine the effects of wine-related polyphenols
{myricetin, morin, quercetin, kaempferol (+)-catechin and
{-)}-epicatechin) on the fonmation, extension, and destabiliza-
tion of p-amyloid fibrils (fAB) at pH 7.5 at 37°C in vitro. All
examined polyphenols dose-dependently inhibited formation
of fAp from fresh AB(1—-40) and AB(1-42), as well as their
extension. Moreover, these polyphenols dose-dependently
destabilized preformed fAps. The overall activity of the mole-
cules examined was in the order of: myricetin = morin =

quercetin > kaempferol > (+)-catechin = (-)-epicatechin. The
effective concentrations (ECsq) of myricetin, morin and
quercetin for the formation, extension and destabllization of
fAPs were in the order of 0.1—1 pm. In cell culture experiments,
myricetin-treated fAB were suggested to be less toxic than
intact fAB, as demonstrated by 3-[4,5-dimethylthiazol-2-yi)-
2,5-diphenylletrazolium bromide assay. Although the mecha-
nisms by which these poiyphenols inhibit fA3 formation from
A, and destabilize pre-formed fAB in vitro are still unclear,
polyphenols could be a key molecule for the development of
preventives and therapeutics for AD,

Keywords: Alzheimer’s disease, B-amylold fibrils, cytotoxici-
ty, electron microscopy, polyphenaols, thioflavin T.
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Alzheimer’s disease (AD) is characterized by the abundance
of intraneuronal neurofibrillary tangles and the extracellular
deposition of the amyloid B-peptide (A ) as amyloid plaques
and vascular amyloid (Selkoe 2001). Despite recent progress
in the symptomatic therapy with cholinergic drugs (Doody
et al. 2001), an effective therapeutic approach that interferes
directly with the neurodegenerative process in AD, especially
the accumulation of AP in the CNS is eagerly awaited.
Recently, immunization with AP (Schenk er al. 1999) and
treatment with a copper-zing chelator (Cherny ef al. 2001)
were reported to attenuate the accumulation of AP in AD
transgenic mice.

The notion that red wine may have potential health
benefits initially received a great deal of attention following
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the report that moderate wine consumption was linked to a
lower incidence of coronary heart disease, an effect known
as the French paradox (Renaud and de Lorgeril 1992). In
addition to the purported cardioprotective effects of red
wine, French and Danish epidemiological studies have
suggested that moderate wine drinking may protect against
AD (Dartigues and Orgogozo 1993; Dorozynski 1997;
Orgogozo et al. 1997, Truclsen et al. 2002). The role of
ethanol in the protective properties of red wine is however,
uncertain (Soleas er al. 1997; van Golde et al. 1999). In
addition to ethanol, red wine contains a broad range of
polyphenols that are present in the skin and seeds of grapes
(Hertog ef al. 1993; Celotti ef al. 1996; Goldberg et al.
1996; Sato et al. 1997; Soleas et al. 1997). Recently, several
studies have suggested that many kinds of natural poly-
phenols may have neuroprotective effects both in vive and
in vitro, possibly due to their abilities to scavenge reactive
oxygen species (Inanami ef al. 1998; Shutenko et al. 1999;
Bastianetto et al. 2000; Virgili and Contestabile 2000; Choi
et al. 2001; Levites ef al. 2001). Choi et al. (2001) demon-
strated that green tea polyphenol (—)-epigallocatechin gallate
attenuates P-amyloid-induced neurotoxicity in cultured hip-
pocampal neurons through scavenging reactive oxygen
species. However, few reports that describe the effects of
polyphenols on the formation and destabilization of Alzhei-
mer’s P-amyloid fibrils (fAP) in vitro have thus far been
available.

Using a nucleation-dependent polymerization model to.

explain the mechanism of fAp formation ir vitro (Jarrett and
Lansbury 1993; Lomakin et al. 1997; Naiki et al. 1997;
Naiki and Gejyo 1999), we previously reported that
nordihydroguataretic acid (NDGA) and rifampicin’ (RIF)
inhibit fAP formation from AP and fA( extension dose-
dependently in vitro (Naiki ef al. 1998). Moreover, we
reported that NDGA also destabilizes fAB(1-40) and fAB(1-
42) in & concentration-dependent manner within a few hours
at pH 7.5 at 37°C, based on fluorescence spectroscopic
analysis with thioflavin T (ThT) and electron microscopic
studies (Ono ef al. 2002b). The activity of NDGA to
destabilize fAP(1-40) and fAp(1-42) in comparison with
other molecules reported to inhibit AP formation from AP
and/or to destabilize pre-formed fAP both in vivo and in vitro
was in the order of: NDGA > >RIF = tetracycline (TC) >
poly{vinylsulfonic acid, sodium salt) = 1,3-propanedisulf-
onic acid, disodium salt > B-sheet breaker peptide (JAPS) >
nicotine (Ono et al. 2002a; Ono et al. 2002b). Moreover, in
cell culture experiments, fAP treated by NDGA was signi-
ficantly less toxic than intact fAB (Cno er al. 2002b).
Using fluorescence spectroscopy with ThT and electron
microscopy, we examined the effects of the major natural
polyphenols on the formation, extension, and destabilization
of fAP(1-40) and fAP(1-42) at pH 7.5 and 37°C in vitro.
We also compared the cytotoxicity of myricetin (Myr)-
treated fAP with that of intact fAP, by measuring the
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reducing rate of 3-[4,5-dimethylthiazol-2-y1}-2,5-diphenyl-
tetrazolium bromide (MTT).

Experimental procedures

Preparation of Ap and fAp sclutions

AP(1—40) (a trifluoroacetate salt, lot number 520130, Peptide
Institute Inc., Osaka, Japan) and AB(1-42) (a trifluoroacetate salt, lot
number 520625, Peptide Institute Inc., Osaka, Japan) were dissolved
by brief vortexing in 0.02% ammonia solution at a concentration of
500 pm (2.2 mg/mL) and 250 pm, respectively, in a 4°C room and
stored at —80°C before assaying (fresh AP({1—40) and APR(1-42)
solutions). fAB(1-40} and £AP(1-42) were formed from the fresh
APB(1-40) and AP(1-42) solutions, respectively, sonicated, and
stored at 4°C as described in Hasegawa ef al. (1999).

Fresh, non-aggregated fAP(1-40) and fAB(1-42) were obtained
by extending sonicated fAB(1-40) or fAB(1-42) with fresh AP
(1-40) or AB(1-42) solutions, respectively, just before the destabil-
ization reaction (Ono et al. 2002a; Ono ef al. 2002b). The reaction
mixture was 600 pL and contained 10 pg/mL (2.3 pm) fAB(1-40)
or fAB(1-42), 50 pm AB(1-40) or AB{1-42), 50 mm phosphate
buffer, pH 7.5, and 100 mm NaCl. After incubation at 37°C for 3-6
h under non-agitated conditions, the extension reaction proceeded to
equilibrium as measured by the fluorescence of ThT. In the
following experiment, the concentration of fAB(1-40) and fAPR
(1-42) in the final reaction mixture was regarded as 50 p.

Fluorescence spectroscopy, electron microscopy, and polarized
light microscopy

A fluorescence spectroscopic study was performed as described by
Naiki and Nakakuki (1996} on a Hitachi F-2500 fluorescence
spectrophotometer (Tokyo, Japan). Optimum fluorescence measure-
ments of FAB(1-40) and fAP(1-42) were obtained at the excitation
and emission wavelengths of 445 and 490 nm, respectively, with the
reaction mixture containing 5 pm ThT (Wako Pure Chemical
Industries Etd, Osaka, Japan) and 50 mm of glycine-NaOH buiffer,
pH 8.5. An electron microscopic study and polarized light micro-
scopic study of the reaction mixtures were performed as described
elsewhere (Hasegawa et al. 1999).

Polymerization assay
Polymerization assay was performed as described in Naiki et af.
{1998). The reaction mixture contained 50 pm AP(1-40), or 25 or
50 um AB(1-42), 0 or 10 pg/mL fAB(1-40) or fAB(1-42), 0, 0.01,
0.1, 1, 10, or 50 pm NDGA or polyphenols (Myr, morin (Mor),
quercetin (Qur), kaempferol (Kmp) (+)-catechin (Cat) (—)-epicate-
chin (epi-Cat) [Sigma Chemical Co., St. Louis, MO, USA], 1%
dimethyl sulfoxide (DMSQ) (Nacalai Tesque, Inc., Kyoto, Japan),
50 mM phosphate buffer, pH 7.5, and 100 mm NaCl, NDGA, and
polyphenols were first dissotved in DMSO at concentrations of 1,
10, 100 pm, 1 and 5 mm, then added to the reaction mixture to make
the final concentrations 001, 0.1, 1, 10 and 50 pm, respectively.
Thirty pL aliquots of the mixture were put into oil-free PCR
tubes (size: 0.5 mL, code number: 9046; Takara Shuzo Co. Ltd,
Otsu, Japan). The reaction tubes were then put into a DNA thermal
cycler (PJ480; Perkin Elmer Cetus, Emeryville, CA, USA). The
plate temperature was elevated at maximal speed, statting at 4°C,
to 37°C. Incubation times ranged from between 0 and 3 days (as
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