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Two sites in the MAPT region confer genetic risk
for Guam ALS/PDC and dementia

Purnima Desai Sundar'®, Chang-En Yu'®, Weiva Sieh?, Ellen Steinbart"®, Ralph M. Garruto®,
Kiyomitsu Oyanagi’, Ulla-Katrina Craig®, Thomas D. Bird*®, Ellen M. Wijsman??,
Douglas R. Galasko® and Gerard D. Schellenberg'*5*

295-306

'Department of Medicine, Division of Gerontology and Geriatric Medicine, 2Department of Medicine, Division of
Medical Genetics, ®Department of Biostatistics and “Department of Neurology and Pharmacology, University of
Washington, Seattle, WA 98195, USA, SGeriatric Research Education and Clinical Center, Veterans Affairs Puget
Sound Health Care System, Seattle Division, Seattle, WA 98108, USA, ®Department of Anthropology, Laboratory of
Biomedical Anthropology and Neurosciences, Binghamton University, SUNY-Binghamton, NY 13902-6000, USA,
"Department of Neuropathology, Tokyo Metropolitan Institute for Neuroscience, Tokyo, Japan, 8University of Guam,

Mangilao, Guam 96923, USA and °Department of Neurosciences, University of California, San Diego, La Jolla CA
92093-0662, USA

Received October 7, 2006; Revised and Accepted December 6, 2006

Unusual forms of amyotrophic lateral sclerosis (ALS-G), Parkinsonism dementia complex (PDC-G) and Guam
dementia (GD) are found in Chamorros, the indigenous people of Guam. Neurofibrillary tangles composed of
hyperphosphorylated tau are a neuropathologic feature of these closely related disorders. To determine if
variation in the gene that encodes microtubule-associated protein tau gene (MAPT) contributes to risk for
these disorders, we genotyped nine single nucleotide polymorphism (SNP) sites and one insertion/deletion
in the 5’ end of MAPT in 54 ALS-G, 135 PDC-G, 153 GD and 258 control subjects, all of whom are Chamorros.
Variation at three SNPs (sites 2, 6 and 9) influenced risk for ALS-G, PDC-G and GD. SNP2 acts through a domi-
nant mechanism and is independent of the risk conferred by SNPs 6 and 9, the latter two acting by a recessive
mechanism. Persons with the high-risk SNP6 and SNP9 AC/AC diplotype had an increased risk of 3-fold [95%
confidence interval (Cl) = 1.10-8.25] for GD, 4-fold (95% CI = 1.40-11.64) for PDC-G and 6-fold (95%
Cl = 1.44-32.14) for ALS-G, compared to persons with other diplotypes after adjusting for SNP2.
Carriers of the SNP2 G allele had an increased risk of 1.6-fold (95% CI = 1.00-2.62) for GD, 2-fold
(95% Cl = 1.28-3.66) for PDC-G, and 1.5-fold (85% Cl = 0.74-3.00) for ALS-G, compared to non-carriers
after adjusting for SNPs 6 and 9. Others have shown that SNP6 is also associated with risk for progressive
supranuclear palsy. These two independent cis-acting sites presumably influence risk for Guam neuro-
degenerative disorders by regulating MAPT expression.

INTRODUCTION (NFTs) typically in the neocortex, hippocampus and subcorti-

cal regions (2—6). A related disorder, parkinsonism dementia

In the 1950s, amyotrophic lateral sclerosis (ALS) was highly
prevalent (143 per 100 000) in Chamorros, the indigenous
people of Guam (1). ALS in Guam (ALS-G) is clinically
similar to ALS in other populations (1.2). However, unlike
typical ALS, where neurodegeneration is confined to spinal
cord motor neurons, in ALS-G, central nervous system
changes occur including numerous neurofibrillary tangles

complex (PDC), is also highly prevalent in the same Chamorro
population (2,7). The clinical symptoms of PDC in Guam
(PDC-G) are parkinsonism (with bradykinesia, gait impair-
ment, rigidity and often resting tremor), accompanied by pro-
gressive dementia. The neuropathologic features of PDC-G
overlap with ALS-G (4,5,8,9) with a higher NFT burden in
brain regions corresponding to the respective -clinical
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phenotypes of the two disorders. Spinal cord NFTs are found
in both ALS-G and PDC-G (10,11). More recently, late-life
dementia without parkinsonism in Chamorros, referred to
here as Guam dementia (GD), has been studied (12). The
relationships between GD and ALS-G. and PDC-G and Alz-
heimer’s disease (AD) are unclear. Preliminary neuropathol-
ogy studies suggest that GD has prominent AD-type tangles
with less prominent amyloid or neuritic pathology than that
found in typical AD (13).

The etiology of ALS-G, PDC-G and GD, collectively
referred to here as Guam neurodegenerative disorders, is
unknown, though there is substantial evidence supporting a
genetic hiypothesis. Early work noted highly variable preva-
lence rates in different Guam villages. Families with multiple
cases of ALS-G and PDC-G were common, numerous multi-
generational pedigrees with multiple cases of ALS-G,
PDC-G or both were described. and the affected father—son
pairs were documented (7,14—18). In several studies, 35-
40% of probands have relatives with ALS-G/PDC-G (14,17).
In the village of Umatac, which had the highest prevalence
of the disease (250/100000) (1). segregation analysis
suggested a major gene with penetrance possibly affected by
an environmental factor(s) (19). More recently, Plato e al.
(20), who followed the relatives of a cohort of ALS-G/
PDC-G cases and controls for over 40 years, found more
new cases in the offspring of affected subjects compared to
relatives of controls. Another cluster of ALS and PDC exists
on the Kii peninsula of Japan, where the disease is strongly
familial (21—25). An environmental hypothesis is also plausi-
ble. supported by the decline in incidence of ALS-G over the
past 40 years and an increase in onset ages for both ALS-G
and PDC-G (2,12,26). No specific environmental factor has
been identified though several have been proposed including
B-methylamino-alanine (BMAA), a neurotoxin found in
cycad seeds (27). The most parsimonious hypothesis is that
there are both genetic and environmental components to
Guam neurodegenerative disorders.

Identification of the genes that influence susceptibility to
Guam neurodegenerative disorders is important to understand-
ing the etiology of these disorders. ALS-G, PDC-G and GD
are tauopathies, a class of diseases where aggregated tau
(e.g. NFTs) is a prominent neuropathologic feature. For
some tauopathies, genetic variation in MAPT, the gene that
encodes for tau, causes or contributes to the disease. Mutations
in MAPT cause frontotemporal dementia (FTD) with
parkinsonism—chromosome 17 type (FTDP-17) (28—30), an
autosomal dominant group of tauopathies with variable pheno-
types. However, no M4PT mutations have been identified in
subjects with Guam disorders (31,32) and the major locus
responsible for this disease remains to be found (33). More
subtle genetic changes in MAPT, presumably in regulatory
regions, increase susceptibility to progressive supranuclear
palsy (PSP) (34-36), FTD (37-39), corticobasal degeneration
(CBD) (40,41) and possibly AD (42), all of which are tauopa-
thies. Although the polymorphic site responsible for elevated
risk has been difficult to identify definitively, recent work
suggests that alleles at a single nucleotide polymorphism
(SNP) in the first intron of tau (intron 0) influence MAPT
expression and may be the causative site (43). We previously
examined 49 ALS-G cases, 82 PDC-G cases and 78 Chamorro

controls and reported significant association with the dinucleo-
tide repeat marker CA3662, located 23.9 kb upstream of the
transcription start site of MAPT (32) (Fig. 1). Since the
CA3662 association is likely due to linkage disequilibrium
(LD) with the causative variant in the surrounding region,
and because recent work on the association between MAPT
genotypes and PSP implicated SNPs in the 5’ end of MAPT
(35,43,44), we examined SNPs in corticotrophin-releasing
hormone receptor 1 (CRHRI) and intramembrane protease 5
(IMP3), genes that are upstream of MAPT, and SNPs within
the 5’ end of MAPT (Fig. 1) in a larger case—control dataset
of 54 ALS-G, 135 PDC-G, 153 GD and 258 Chamorro con-
trols. We identified two independent regions that contribute
to Guam neurodegenerative disorder risk. One is in the
IMP35 region upstream of MA4PT and acts in a dominant mech-
anism. The second is in MAPT, acts by a recessive mechanism,
and possibly corresponds to the same site(s) in MAPT that
confer risk for PSP.

RESULTS

In the previous work, we showed an allelic association
between ALS-G, PDC-G and an allele of a polymorphic site
that is 23.9 kb from the 5’ end of MAPT (32). Other work
showed that for PSP, a tauopathy with some overlapping
features with ALS-G and PDC-G, SNP sites within MAPT
are associated with disease risk (35,43). To determine which
polymorphic site(s) in the MAPT region contributes to risk
of ALS-G and PDC-G, we genotyped eight markers within
MAPT between the promoter and intron 9, and two in the
flanking region 5 of MAPT (Table 1, Fig. 1). Also, we
examined the same loci in a GD population to determine if
the same alleles confer risk to this related disorder. The
cases and controls used were Chamorros ascertained in
Guam. Controls were 258 Chamorro subjects with mean age
66.5 4 14.0 years (35% male) who were cognitively normal,
and did not have other neurologic disorders. The case
groups were 54 ALS-G subjects (mean age at onset
51.1 4+ 11.6 years; 65% male), 135 PDC-G subjects (mean
age at onset 64.2 + 10.1 vears; 53% male) and 153 GD
cases {mean age at onset 74.9 £ 7.2 years: 27% male).
Allele frequencies for the markers genotyped are given in
Table 2. We used marker del-in9 to tag the HI/H2 haplotype
system, an inversion polymorphism where approximately
900 kb of chromosome 17 spanning MAPT are in opposite
orientations in the two haplotypes (45). All SNPs genotyped
in this study are within the chromosome 17 segment inverted
in this polymorphism. The H1 haplotype is associated with
increased risk for PSP and is more commeon than the H2
haplotype. In our Chamorro samples, the frequency of the
H1 haplotype ranged from 95.9% in the PDC-G group to
91.3% in controls (Table 2), which is higher than in typical
Caucasian controls (74-80%) (42.45,46). Consistent with pre-
vious reports in Caucasians, the H2 haplotype in Chamorros
was much less diverse than the H1 haplotype (43,45); nearly
all of the SNPs we examined were monomorphic in our
sample of H2 haplotypes and we observed strong pairwise
LD between the HI/H2 inversion polymorphism and MAPT
region SNPs in Chamorro subjects. {D'| for the H1/H2
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Figure 1. The chromosome 17 MAPT region. The distances shown are proportional to the actual sizes of the different genomic elements. Numbers in boxes refer
to the SNPs used in this study. The direction of transcription is indicated by the direction of the arrows used to represent CRHRI. IMP5, aMAPT and MAPT.
Alternatively spliced MAPT exons (solid boxes) are indicated by connecting lines above each exon.

inversion polymorphism and nine MAPT SNPs, respectively,
was 1.0 for SNPs 2 and 3; >0.8 for SNPs 1, 4-6 and 9;
and >0.6 for SNPs 6 and 7.

We restricted all subsequent analyses to individuals who are
homozygous for the H1 lineage, for two reasons. First, the
Chamorro people of Guam have a much higher incidence of
ALS than Caucasians and PDC-G does not have a clinico-
pathological equivalent in Caucasians. Since Chamorros and
Caucasians also have a different HI1 frequency, a disease
association involving SNPs that are associated with the inver-
sion polymorphism could reflect the confounding effect of
population admixture rather than a true disease association.
Second, since inversions result in suppression of recombina-
tion, the H1 and H2 lineages represent evolutionarily and
reproductively isolated regions of the genome even within a
panmictic population. Therefore, analysis of just one of
these lineages is necessary to permit evaluation of individual
SNP effects separately from effects attributable to the inver-
sion polymorphism. LD patterns among the nine MAPT
region SNPs in 214 H1/H1 controls are shown in Table 3.
LD was strongest ({D'] > 0.8 and/or 72 > 0.4) between SNPs
1-2, 3-5, 6~7 and 8-9, and was relatively weak between
the other SNPs.

Global differences in allele frequencies for SNPs 2
(P =10.007), 6 (P=10.011), 7 (P = 0.055) and 9 (P = 0.032)
were observed among HI1 homozygotes in the ALS-G,
PDC-G, GD and control groups (Table 2). Allele frequencies
did not differ significantly among the three case groups. Com-
pared to controls, cases tended to have higher frequencies of
the minor ‘A’ allele at SNP2, major ‘A’ allele at SNPS,
major ‘A’ allele at SNP7 and major ‘C” allele at SNP9.

There was no evidence of Hardy—Weinberg disequilibrium
(HWD) at any of the nine SNPs in H1/H! controls or cases
with PDC-G or GD. However, Hardy—Weinberg equilibrium
in the 49 HI/H1 ALS-G cases was rejected at SNPs 3
(P=0.004), 4 (P=0.010) and 5 (P=0.023). Whereas
allelic association tests are susceptible to false-positive
results as a consequence of HWD, genotypic association
tests remain valid (47). Global genotypic (Table 4) and
allelic (Table 2) association screening tests yielded compar-
able results for SNPs 2, 6, 7 and 9. Exploratory analyses
were also conducted for SNPs 3 and 5 based on the global
genotype association test results, and possible univariate
associations with ALS-G or PDC-G (data not shown,
Supplementary Material, Table S1).

Univariate logistic regression analyses showed that the risk
of GD and PDC-G in Guam was significantly associated with
SNPs 2. 6, 7 and 9 (Table 4). Evidence for association was
also found for SNP3 and ALS-G (data not shown, Supplemen-
tary Material, Table S1), although the number of ALS-G cases
was relatively small. The G allele of SNP2 in IMP3 conferred
increased risk in a dominant manner, whereas the SNP5-7 A
and SNP3 and 9 C alleles appear to confer risk in a recessive
manner (Table 4, data not shown, Supplementary Material,
Table S1). MAPT region SNPs were fit as either dominant
or recessive genetic effects in higher order models for the
sake of model parsimony. No significant evidence of an
association was found between Apolipoprotein E (4POE)
and ALS-G, PDC-G or GD in Guam (Table 2).

A fortuitous aspect of the data allowed us to infer that the
associations observed for SNPs 6 and 7 could largely be
explained by SNP6. All 181 HI/H1 individuals with the
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Table 2. Allele frequencies by C17 inversion status and diagnosis group
SNP Alleles All HI and H2 genotypes H1/H1 homozygotes only
(major/minor)
Controls GD PDC-G ALS-G Controls GD PDC-G ALS-G P
(n=258Y (n=153) (n=135) (n=54) (r=214) (n=136) ((r=124) (n=49)
Markers 5" to MAPT
1* G/A 24.7 24.5 26.5 17.6 17.7 19.6 232 133 0.149
2° A/G 40.6 46.1 50.4 42.6 344 423 47.6 40.8 0.007
MAPT markers -
34 C/T 50.0 47.1 40.7 44.4 449 44.5 39.0 40.8 0.453
4¢ T/G 333 343 28.7 333 36.3 37.1 309 347 0.445
5 AT 48.6 42.2 37.8 44.4 439 39.0 359 40.8 0.210
6 A/G 51.4 40.5 39.3 454 47.4 36.8 36.7 40.8 0.011
7 A/G 44.9 36.3 344 40.7 40.6 324 314 36.7 0.055
8 G/A 16.1 12.1 13.7 16.7 17.1 12.9 14.9 174 0.458
9 CiT 50.2 39.2 399 41.7 45.5 353 373 37.8 0.032
del-in9 H1/H2 8.7 5.9 4.1 4.6
APOE €2 4.5 4.0 6.7 1.9 4.9 42 6.1 2.0 0.523
&3 90.5 91.2 90.3 90.7 90.2 91.7 90.7 90.8
e4 5.0 4.7 3.0 74 4.9 4.2 32 7.1

Minor allele frequency for diallelic variants; all allele frequencies for APOE, a triallelic variant system.
“Fisher’s exact test of global allele frequency differences among IH1 homozygotes in the four diagnosis groups.

®n, total number of individuals; 2n, total number of alleles.

"Two H1/HI controls, one H2/H2 control, six H1/H1 GD cases and one H1/H1 PDC case had missing genotypes at this site.

“Two HI1/HI controls had missing genotypes at this site.
9One H1/H1 PDC case had a missing genotype at this site.

“Three H1/H1 controls, one H1/H2 control and one H1/H1 PDC case had missing genotypes at this site.

Two H1/H1 controls had missing genotypes at this site.

50ne H1/H1 control and two H1/H1 PDC cases had missing genotypes at this site.

high-risk A/A genotype at SNP6 also had the high-risk A/A
genotype at SNP7 with the exception of two PDC-G cases,
who had the low-risk G/A genotype at SNP7. The SNP6 A
allele was therefore a nearly perfect marker for the AA haplo-
type at SNPs 6 and 7 in this population. In contrast, 39/218
(17.9%) H1/H1 individuals with the high-risk A/A genotype
at SNP7 had the low-risk G/A or G/G genotypes at SNP6. If
the homozygous AA diplotype at SNPs 6 and 7 were truly
responsible for disease, then using the SNP7 rather than
SNP6 A/A genotype as a marker would lead to an attenuated
estimate of the genetic effect becanse of the noise introduced
by including 39 individuals with the low-risk GA/AA or GA/
GA diplotypes at SNPs 6 and 7 into the ‘exposed’ category.
Furthermore, including both SNPs 6 and 7 in the model
would reduce the statistical significance of either effect
because they are measures of the same underlying haplotype.
The magnitude of the estimated risks of GD. PDC-G or
ALS-G associated with SNP6 were stronger than SNP7 in
both univariate (Table 4) and higher order models, and neither
SNP was statistically significant when both were included in
the model. These results indicated that the homozygous AA
diplotype at SNPs 6 and 7, almost perfectly captured by the
SNP6 A/A genotype, was associated with disease risk.
Combinations of two or more MAPT SNPs were analyzed to
identify independent risk factors and interactions between
genetic variants. Possession of the ‘G’ allele at SNP2 was
an independent risk factor for both GD and PDC-G as well
as for all cases combined (Table 5). Additionally, a significant
interaction between the high-risk A/A and C/C genotypes
at SNPs 6 and 9 was found for all three case groups and the
combined set of cases. No significant three-way interaction

was found, and APOE did not confound or weaken the
MAPT effects.

The final genetic model for GD and PDC-G included SNP2
and the main effects and interaction of SNPs 6 and 9 (Table 5).
When the final genetic model for GD and PDC-G was fit for
ALS-G, a similar risk pattern emerged (Table 5). HI/HI1
persons with the homozygous AC diplotype at SNPs 6 and 9
had a 3-fold [95% confidence interval (CI)=1.10-8.25]
increased risk of GD, 4-fold (95% Cl= 1.40-11.64)
increased risk of PDC-G and 6-fold (95% CI = 1.44-32.14)
increased risk of ALS-G, compared to persons who were not
homozygous for this diplotype after adjusting for SNP2.
HI/H1 carriers of the SNP2 G allele had a 1.6-fold
(95% CI = 1.00-2.62) increased risk of GD, 2-fold (95%
Cl=1.28-3.66) increased risk of PDC-G and 1.5-fold
(95% CI=0.74-3.00) increased risk of ALS compared to
non-carriers after adjusting for SNPs 6 and 9. In an analysis
of all cases combined, the risk of developing GD, PDC-G or
ALS-G was independently increased by 1.7-fold (95%
Cl=1.18-2.60) in carriers of the SNP2 G allele, and
3.8-fold (95% Cl == 1.64—8.78) in persons with the homozy-
gous AC diplotype at SNPs 6 and 9.

The high-risk AC diplotype, or haplotype, defined by SNPs
6 and 9 is unlikely to represent the Hlc haplotype reported to
be associated with PSP and CBD (36). The frequency of H1
haplotypes containing this AC haplotype was significantly
higher in the case samples (0.484—0.525) than in the control
samples (0.355), as was the 3-SNP haplotype, TAC. that
also includes SNP4 (frequency 0.415-0.437 in the case
samples versus 0.296 in the control samples) (Supplementary
Material, Table S3). Although the A allele of SNP6 is the
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Table 3. Pairwise LD among SNPs in Guam HI1/H1 controls

re-value

1® 2 3 4 5 6 7 8 9
124 1# - 0.40 0.00 0.00 0.00 0.03 0.02 0.01 0.08
2 1.00 - 0.09 0.04 0.12 0.17 0.11 0.00 0.00
3 0.08 0.47 - 0.66 0.70 0.21 0.13 0.03 0.92
4 0.08 0.35 0.98 - 0.47 0.10 0.22 0.05 0.00
5 0.07 0.53 0.85 0.80 - 0.34 0.22 0.02 0.02
6 0.38 0.61 0.48 0.40 0.62 - 0.58 0.01 0.04
7 0.34 0.56 0.39 0.52 0.50 0.87 - 0.02 0.01
8 0.09 0.14 036 0.36 0.24 0.15 0.25 - 0.25
9 0.54 0.04 0.14 0.04 0.13 0.22 0.09 1.00 -

*Numbers in the left most column and the top row refer to the polymorphism site numbers in Table 1.

allele on the Hlc haplotype, estimation of 5-SNP haplotypes
(including the three SNPs used to tag Hlc) in the JPT
HapMap sample shows that the frequency of the Hlc haplo-
type is only 2.4% (Supplementary Material, Table S4). Also,
the C allele of SNP9 perfectly predicts the existence of
allele C for SNP rs2471738. Since the Hlc haplotype has
allele T for 152471738, based on the JPT 5-SNP haplotype
frequencies, the conditional probability that the SNP6—-9 AC
haplotype (or the SNP4-6—-9 TAC haplotype) represents
that the Hlc haplotype is 0.

DISCUSSION

The results described above show that genetic variation in the
MAPT region contributes to risk for ALS-G, PDC-G and GD.
Our previous work (32) showed an association between a
single polymorphism (CA3662, Fig. 1) and ALS-G and
PDC-G. Here, we confinn and extend our original findings
by showing risk associated with additional SNPs in a larger
sample. Also, these results extend our findings to GD, which
was not previously studied. An intriguing novel finding is
that the risk for Guam neurologic disorders is independently
determined by SNPs in two different locations, one within
MAPT and another upstream of MAPT in or near JMP5.
Genotypes within MAPT contribute to susceptibility to
Guam neurologic disorders by a recessive mechanism. For
SNPs 6, 7 and 9, homozygous genotypes (A/A, A/A and
C/C, respectively) confer risk, whereas the other 2 genotypes
for each site do not (Table 4). In studies of PSP, SNP6 geno-
types also show a statistically significant association with risk
(43,44), and in both our study and the work on PSP, the A
allele is the high-risk allele. SNP6, located in the first intron
of MAPT (Fig. 1), is in a region conserved across a number
of manunalian species (43,48) suggesting a functional role
in MAPT regulation. Rademaker et al. (43) showed that the
182 bp region containing SNP6 can act as a cis-acting tran-
scriptional enhancer in a cell culture model and that the enhan-
cer activity was greater when the SNP6 G allele was present
compared to the A allele. Thus, for both Guam neurologic dis-
orders and PSP, SNP6 may be the site, or at least one of the
sites that determines disease risk, as opposed to some other
close marker in LD with SNP6. This hypothesis is strength-
ened by the observation that even though the high-risk SNP6

allele is the same in the Chamarro as in other populations,
the high-risk haplotype in the Chamarro population does not
appear to be the Hlc haplotype, previously reported to be
associated with other neurological diseases (36). In fact,
despite the higher frequency of ALS/PDC, the Hlc haplotype
appears to be much rarer in this population than in populations
of European descent, which is inconsistent with a major role of
Hlc as a contributor to risk of ALS/PDC.

In our study, genotypes at SNP9 interact with SNP6 geno-
types to increase risk. SNP9 is a non-synonymous change in
exon 6, which is a coding exon. This exon is altematively
spliced and is present in approximately 20—40% of transcripts
in the hippocampus and cerebellum, and approximately 10%
of transcripts in the cortex (49). However, exon 6 sequences
are not present in the aggregated pathologic tau. Thus, it is
not clear at this point whether SNP9 functions in a regulatory
fashion, or if it simply marks some other polymorphic site that
is the true functional polymorphism. The regulation of MAPT
expression is certainly complex. In addition to the enhancer
sequence noted above, mutations that affect the regulation of
alternative splicing have a profound effect on disease risk
(29.30,50). Thus SNPs 6 and 9 may be in two different
regulatory regions of MAPT. The fact that the genotypes
interact suggests a cis-acting mechanism.

A novel finding of our work is that there is a second region
marked by SNP2 that is 5’ to MAPT and that acts indepen-
dently of sites within MAPT to confer risk. Unlike SNPs 6
and 9, for SNP2, the G allele acts by a dominant mechanism.
There are several possible hypotheses as to how SNP2 could
influence risk for Guam disease. Perhaps, the most likely
hypothesis is that SNP2 or an SNP in LD with SNP2 isin a
cis-acting regulatory sequence that influences MAPT
expression. Another related hypothesis is that SNP2 is in LD
with polymorphic site in this region that influences the
expression of another gene, provisionally called antisense to
MAPT (aMAPT). This gene is transcribed in the opposite
direction as MAPT and IMPS5, has a transcription start site in
MAPT intron 0, and extends past JMP3 (Fig. 1). aMAPT has
multiple alternatively spliced forms with one exon overlap-
ping with exon 0 of MAPT. This gene may act as a natural
antisense regulatory sequence that controls M4APT expression
(lan D’Souza, personal communication). It is not clear at
present whether the aMAPT sequence is translated into a
protein. Thus, polymorphic sites 5' to MAPT could influence



301

Human Molecular Generics, 2007, Vol. 16, No. 3

‘uossaxder onsidoy Juisn parewyse dnoid waeyal oy 0y paredwos adAousd USALT Y1 JO 193130 9YI 10) CO'OSONIBA~(f 4y
‘sdnead sisouderp og oys ut saj08Azowoy 1} £ dwosowons Juowte $eousIyip Aousnbay adAiousd [8qold Jo 159) J0BXS S IS,
“dNS Yoea 10§ seuodaeo ad4lousd sa1y ayy uo smels aseaslp jo uoissoidos onsidop 1oy X [9pO,

(10°£-€8°0) 8S°1 (8'8¢) 61 (8§56 T-91°1) €81 (9'zh) T8 (00€~-2C1) 161 (¥Ep) 68 (980) 19 20
Juox0§oy (T'19) o€ juaiapay (FLS) 0L waipoy  (9°96) LL 1) 81 ~fL
6£1-12°0) ¥S°0 (€ L (Qri-1£0) 650 (TLn e w(06°0-P20) L0 (0°F1) 61 ey ey RAS
(€E1-$€0) LD (6'9v) €T «{98°0-2£0) ¢SO (Top) 6 «+(88°0-PE0) 50 (9°TH) 8¢ 919 ot1 /L
6L0°0 8PE0 uRIafey (3'8¢) 61 £€0°0 uaI§ey (9zp) ¢ L1O°O oty (b'ep) 66 (980 19 o0 6
8zT-18°0) 2¢'t (6zp) 1T {60 E-ST'1) 961 (T6¥) 19 el LOT=ETY) 16T (S°8P) 99 € 0L VIV
121950y (1L8) 8T Juoxafay (8°06) €9 warpy (1) 0L ©°L9) Tl )
(€7°7-$€°0) 68°0 (€908 (L1'1-82°0) LSO Gz sl (ST1-ZeM ¥9'0  (TCI) 81 @r1) o¢ oo
B1'1-0£°0) 09°0 (80p) 07 +:08°0-0E0) 6¥°0 (L°8¢) 8t #el6L0-1E0) 60°0  (2'8€) TS (878) 211 \'70)
8€0°0 90€°0 FUETL) N (e 1z £10°0 R0y (T6t) 19 zI00 gy (S°8p) 99 0£e) oL ViV L
el OLE-001) TE'L (8°8¢) 61 el P E- 1P 1) LTT (L) €8 wnlLCE-PED EIT (T1Y) 98 (8'v0) € VIV
PRERCI N (T'19) 0 juaregey (€L9) 1L waigdy  (8°86) 08 @sL) 191 -9
(85 1-82°0) 99°0 t'02) 01 el 26°0-ST0) 85°0 (ron oz w{98°0-€2°0) SP'0 (L'v1) 0T (961) v [3%s)
wS60—ET0) LYD (g0r) 0T «{1L097°0) €00 i 1s (870670 870 (1I'pb) 09 9ss) 611 o
600°0 o Juarayey (8°8¢) 61 £00°0 HISICIEN ¢ (Lep) € 9000 oty (T'1p) 9 (8'47) €5 VIV 9
(L1°E-58'0) ¥9°1 (¢'L9) €€ (80P E€5°1) 05T (8'5L) 6 el IST-EID) 8LT (1°69) 6 (L'ss) 811 -/
oIy (928 91 21359y (Tve) of wargay  (6°0€) T (€vb) ¥6 /v
(€6'€—55°0) LY’} €r) L a{TES—9ET) 69T 61) v 6TE-980)89'1  (FSL)IT (zer) 8¢ /0
(LEE-S8 M OL'T (1'€s) 9t ol 80F=SH D) PP'T (596 0L w{E6 7€) T8 (LES) €L (ST 06 v
€100 90£°0 ey (926) 91 100°0 1359y (T40) 0 0r0°0 oy (6°0€) T (€vp) v6 \7A% z
o 18901D WX < g (1D %s6) WO (W DTV FIX < d (D %$6) W0 (%) D-DAd P < .ud (1D %$6) 40 (W QD (%)usjonuo)  adfousty  dNS

wenn) uo $01084zowoy |1 £| SWOSOWOID SUOWE SJUBLIEA (1A PIJRISOSSE D-§TV 10 “D-DAd ‘AL J0 3SH Ay} JO S]opow wo1ssa1Fa1 asifo] ajeLieAl() *p JIqEL



302 Human Molecular Genetics. 2007, Vol. 16, No. 3

Table 5. Risk of GD, PDC-G or ALS-G associated with MAPT region variants on Guam

MAPT SNP effects GD PDC-G ALS-G GD. PDC-G or ALS-G
OR (95% CI) OR (95% CD) OR (95% CI) OR (95% CI)

2 1.61 (1.00-2.62) 2.16 (1.28-3.66) 1.49 (0.74-3.00) 1.76 (1.18-2.60)

6 0.97 (0.49-1.93) 0.85 (0.42-1.73) 0.66 (0.23-1.93) 0.87 (0.50-1.52)

9 1.06 (0.57-1.97) 0.83 (0.42-1.63) 0.60 (0.21-1.67) 0.88 (0.53-1.46)

6and 9 3.02 (1.10-8.25) 4.04 (1.40-11.64) 6.80 (1.44--32.14) 3.79 (1.64-8.78)

Analysis was restricted to H1 homozygotes which were 211 controls, 136 GD, 122 PDC-G and 49 ALS-G cases with non-missing genotypes.

aMAPT expression, which in turn would influence MAPT
expression. Another hypothesis is that the gene product of
IMPS5 is involved in Guam disease pathogenesis. SNP2 is a
non-synonymous (H303R) change in the potential coding
region of /MPS5, a gene predicted from a number of unspliced
expressed sequences in public databases. The predicted amino
acid sequence for JMPS5 has strong homology to signal peptide
peptidases and weaker homology to presenilinl and 2 (PSENJ
and PSEN2) (31). Because mutations in PSENI and PSENZ
cause AD. which is a tauopathy, variability at SNP2 could
alter the function of /MP3 and thus influence risk for Guam
disease. PSENI and PSEN2 are components of a transmem-
brane protease that causes the -y-secretase cleavage of
amyloid precursor protein (APP). This cleavage contributes
to the production of an APP fragment called AR, which is
the primary component of the amyloid plaques in AD.
Mutations in PSEN] or PSEN?2 alter the vy-secretase cleavage
site resulting in a more toxic form of AB. However, this
hypothesis seems unlikely for the following reasons. First,
AR deposition is not a feature of ALS-G or PDC-G. Second,
there is no data available on whether JMP3 transcripts are
translated to produce a protein. Third, /MP5 is not strongly
homologous to the presenilins. Fourth, the active site aspar-
tates in /MPS5 are in opposite orientation to the presenilins
making it unlikely that JMP35 would cleave APP and thus
would not be involved in AR production (51). Thus, it is
more likely that the risk allele of SNP2 or another SNP in
LD with SNP2 influences the regulation of MAPT and thus
influences the disease process.

The SNP alleles described here are not likely to cause
ALS-G, PDG-G or GD, but rather increase risk in combination
with other genetic and environmental factors. This conclusion
is based on the fact that not all affected subjects have the high-
risk alleles, and not all carriers of the high-risk allele have the
disease. Also, an earlier analysis of a component of a large
pedigree from the village of Umatac found evidence against
linkage of MAPT and ALS-G/PDC-G (32). The drop in preva-
lence of ALS-G and the increase in onset ages for both ALS-G
and PDC-G over the past few decades suggest a change in
exposure to an unknown environmental factor(s), and are not
consistent with outbreeding diluting a genetic factor(s).
Dietary BMAA (27,52) found in cycad seeds is one candidate
for an environmental toxin. Our finding that picking, proces-
sing and eating cycads elevate risk for Guam disease
(Borenstein, Mortimer, Dalilquist. Wu, Salmon, Gamst, Olich-
ney, Thal, Silbert, Kaye, Adonay, Craig, Schellenberg and
Galasko, submitted for publication) supports the hypothesis
that BMAA may be an environmental susceptibility factor

that potentially interacts with MAPT region alleles to increase
risk for Guam disease. However, attempts to model neurode-
generation in animals by feeding BMAA-containing flour
derived from cycad seeds, as prepared by Chamorros in
Guam, required unrealistically large doses to produce an
effect (53—55). A major environmental change in Guam is
the post-World War II improvement in general diet. Perhaps,
comparison of the environment in Guam to that of the Kii
peninsula of Japan, where a cluster of very similar familial
ALS and PDC cases occurs (21-25) will help identify
common environmental and genetic factors.

The work presented here is the first genetic study of GD.
Our working hypothesis is that GD is a variation of the
same disease as ALS-G and PDC-G, and that the symptoms
observed are more a function of when onset occurs rather
than the underlying genetic and environmental architecture
of these disorders. The fact that the same pattern of risk is
observed for multiple SNPs for GD, ALS-G and PDC-G
argues for a common disease mechanism involving tau.
However, the underlying primary genetic architecture and
environmental influence for each of these three Guam dis-
orders is not known and could still be distinct for each, even
though a common neurodegenerative pathway is the end
result. The APOE and MAPT region results certainly argue
that GD and AD are distinct. In all forms of Guam disease,
the €4 and 2 APOE allele frequencies are not significantly
different between cases and controls (Table 2). The remark-
ably low e4 frequency for controls (5%, Table 2) is consistent
with other Asian populations where the £4 frequency is typi-
cally lower than Caucasian frequencies (56). In almost all
AD populations, with few exceptions, e4 frequencies are elev-
ated relative to controls, even when the control frequency is
low (56). In most AD studies to date (5§7—64), with some
exceptions (42,65—-69), there appears to be no association
between polymorphic sites in MAPT and AD. Results from
the SNP2 region in AD cohorts have not been described.
Arguing against the hypothesis that GD is distinct from AD
is that these two disorders are not clinically distinguishable.
Additional autopsies for GD cases are needed to establish the
relationships between GD and ALS-G, and PDC-G and AD.

The observation that the same SNP (SNP6) influences risk
for Guam neurologic disorders and PSP (43) and that other
tauopathies such as FTD (37) and CBD (40,41) also show
an association with MAPT region alleles, argues that these dis-
orders at least partially share a common disease mechanism.
The common feature of these diseases is aggregated tau occur-
ring as NFTs, and in the case of PSP, also in glial cells.
MAPT genetic variation may also play a role in typical Parkinson



disease (PD) (46), which is not a tauopathy. The differences
between these disorders are intriguing since the localization of
neurodegenerative changes and the associated clinical symptoms
vary remarkably between ALS-G, PDC-G, GD, PSP, PD
and CBD. Presumably, the difference is the result of other
unknown environmental and genetic factors, though the differ-
ence could also be due to the interactions between genetic
variations in the JMP5 region versus variation within MAPT.

METHODS
Subjects

The Chamorro subjects included in this study were recruited
through a series of studies in Guam. Archival clinical data
and DNA samples were obtained from the National Institutes
of Neurological and Communicative Disorders and Stroke
Intramural Research program in Guam (1956-83, Ralph
Garruto) and from Kiyomitsu Oyanagi. Diagnoses of ALS
and PDC were confirmed by examination of case records
including autopsy reports. which were available on many
patients. More recently, subjects in Guam were evaluated
through the University of Guam-—University of California,
San Diego Consortium (1995-2006) as part of an NIH
Program Project Grant. All subjects (or proxies in the case
of demented patients who lacked decisional capacity) pro-
vided written informed consent to participate in the study.
and the study was approved by Institutional Review Boards
at the University of Guam, UCSD and University of Washing-
ton. Details regarding subject recruitment and medical
evaluation were described previously (12). Briefly, all subjects
were first evaluated by medical history, physical examination,
and cognitive testing using the Cognitive Abilities Screening
Instrument (CASI). Subjects who failed the CASI (cutoff
score <75/100) or with a history or screening physical
examination suggestive of neurologic disease underwent a
further structured neurological examination that included the
Unified Parkinson Disease Rating Scale, a standardized psy-
chometric test battery, and blood tests. Neuroimaging with
head CT or MRI was obtained when possible. Consensus diag-
noses were made by 3 neurologists after reviewing all relevant
information and using standard clinical diagnostic criteria
wherever possible. The diagnosis of PDC required insidious
onset and gradual progression of primary parkinsonism and
dementia, either of which could be the initial feature.
However, the onset of parkinsonism during mild-to-moderate
stage of dementia was necessary to diagnose PDC. Parkinson-
ism first noted in patients with severe or end-stage dementia
was considered a secondary feature of GD. Dementia was
diagnosed using the Diagnostic and Statistical Manual,
fourth edition (DSM-1V) criteria (American Psychiatric
Association, 1994). The pure dementia syndrome in Guam
resembled AD clinically, and many patients met the
NINCDS/ADRDA criteria for probable AD (70). Patients
with this dementia profile who had additional factors such as
stroke and depression met criteria for possible AD. Controls
were subjects without any neurologic disorder or dementia.
Subjects classified as controls had a CASI score >80, were
functionally independent, and lacked motor weakness,
tremor or gait difficulty on a brief screening exam. Subjects

Human Molecular Genetics, 2007, Vol. 16. No. 3 303

with a CASI score <80 were classified as controls only if
detailed neurological and psychometric evaluation showed
no evidence of dementia, mild cognitive impairment or any
neurological disorder.

Polymorphic loci and genotyping

Genomic DNA was isolated either from available frozen brain
tissue or fresh blood samples from case and control subjects.
APOE genotypes were determined by a modification of the
method of Hixson and Vernier (71). Some SNPs in the
MAPT region were genotyped as restriction-fragment-length
polymorphisms (Table 1). For these loci, short DNA frag-
ments containing the polymorphic sites were produced by
polymerase chain amplification (PCR), digested with the
appropriate restriction enzyme, the resulting fragments
resolved using agarose gel electrophoresis, and fragments
visualized with ethidium bromide. Locus del-in9 is an inser-
tion/deletion polymorphism. PCR products spanning this
locus differ by 238 bp depending on the presence or absence
of the insertion. Size differences were observed using
agarose gel electrophoresis. The remaining SNPs were geno-
typed using TaqMan allele discrimination assays (Applied
Biosystems, CA, USA) (Table 1). SNPs were selected after
initially screening 18 SNPs in a panel of 16 Chamoiro controls
(Supplementary Material, Table S2). SNPs were selected as
follows. The del-in9 polymorphism was selected because it
is a tagging site for the H1/H2 haplotype. SNPs 1 and 2 in
genes CRHRI and IMPS5, respectively, were selected to
follow-up previous work that showed that polymorphism
CA3662 is associated with ALS-G and PDC-G (32), because
these SNPs had minor allele frequencies in Chamorros
>5%, and based on LD, provided non-redundant information.
SNPs 3-9 in MAPT were selected based on work by others on
the association between MAPT alleles and PSP (35,43,44), and
because these SNPs had minor allele frequencies of >5% in a
panel of 16 Chamorro controls.

Statistical analysis

A x? goodness-of-fit test was used to assess departure from
Hardy—Weinberg equilibrium of the genotype frequencies at
each SNP in controls and cases. Pairwise LD between SNPs
was measured by estimating [D'|, the normalized disequili-
brium coefficient (72) and the squared correlation coefficient
r*. Fisher's exact test was used to perform global tests to
detect allele or genotype frequency differences across three
or more groups. Odds ratios (ORs) and 95% Cls were esti-
mated using logistic regression. All analyses were conducted
using Stata 9.1 (StataCorp LP, College Station, TX, USA).
To identify potentially interesting SNPs, we performed
global tests of allele and genotype frequency differences
among the four diagnosis groups (controls, ALS-G, PDC-G
and GD). Global tests allow multiple groups to be compared
using a single statistical test, thereby protecting against
inflated false-positive rates due to multiple comparisons.
A global significance level of ~10% was used to select
SNPs for more detailed comparisons of the controls and
each case group separately. Disease-specific models of the
combined effects of multiple SNPs were constructed using
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the following procedure. First, univariate logistic regression
was performed to identify SNP genotypes associated
(P <0.05) with a particular disease. Pairs of associated
SNPs and their interactions were then included in logistic
regression models. SNPs involved in a significant interaction
or that remained significant in two-locus models were then
assessed in higher order models, and were included in the
final model for the disease if they retained their significance.
Age, gender and APOE genotype were assessed as potential
confounders using a 10% change in the ORs for any genetic
effect as the criterion for retention in the final model.
ALS-G, PDC-G and GD in Guam may represent pleiotropic
effects or variable expressivity of a single altered gene as
originally hypothesized for ALS-G and PDC-G by Plato er al.
(18), or a single set of altered genes. The power of our analyses
to detect associations with ALS-G alone was limited because
DNA was available from only 54 ALS-G cases. Therefore, the
best genetic model as determined by analyses of PDC-G and
GD was also fit using only ALS-G cases, as well as all three
disease groups combined, compared to the control group.
Haplotype frequencies were estimated with an EM
algorithm by the program HAPFREQS (73) in individuals
homozygous for the H1 inversion polymorphism. Frequencies
were estimated separately in the controls, in each case sample,
and in the combined sample, as well as, for comparison, in the
HapMap Japanese (JPT) sample as the closest match to Guam
in ethnic origin. Haplotype frequencies in the Guam samples
were estimated for SNPs 6 and 9, and also for SNPs 4, 6
and 9. The latter 3-SNP haplotypes were used as a surrogate
for the three SNPs previously reported to tag the Hlc haplo-
type associated with PSP and CBD (36): rs1467967 (7.2 kb
proximal to SNP4), rs242557 (SNP6) and rs2471738 (8.7 kb
distal to SNP9). To compare haplotype status of the high-risk
haplotype found in the current study with the Hlc haplotype,
haplotype frequencies were estimated in the JPT sample for all
five SNPs. From these frequencies, we computed the con-
ditional probability of haplotype Hlc (AXAXT) as P(AxAxT
| XTACx) and P(AxAxT | xxACx), where x indicates any
SNP allele in a particular haplotype position, A, T,G and C
are the particular SNP alleles, and the SNPs are indicated in
their chromosomal order: rs1467967—-SNP4—-SNP6—SNP9—
rs2471738. Similar analysis using the Caucasian (CEU)
HapMap sample lead to the same conclusion regarding the
conditional probability of the Hlc haplotype (data not shown).

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG Online.
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Temporal Profiles of Axon Terminals, Synapses and Spines
in the Ischemic Penumbra of the Cerebral Cortex
Ultrastructure of Neuronal Remodeling

Umeo Ito, MD, PhD, FAHA; Toshihiko Kuroiwa, MD, PhD; Jun Nagasao, DVM;
Emiko Kawakami, BS; Kiyomitsu Oyanagi, MD, PhD

Background and Purpose—Because the recovery process of axon terminals, synapses, and spine-dendrites in the ischemic
penumbra of the cerebral cortex is obscure, we studied the temporal profile of these structures up to 12 weeks after the

ischemic insult, using a gerbil model.

Methods—Stroke-positive animals were selected according to their stroke index score during the first 10-minute left
carotid occlusion done twice with 5-hour interval. The animals were euthanized at various times after the second
ischemic insult. Ultra-thin sections including the 2nd to 4th cortical layers were obtained from the neocortex coronally
sectioned at the infundibular level, in which the penumbra appeared. We counted the number of synapses, spines and
multiple synapse boutons, measured neurite thickness, and determined the percent volume of the axon terminals and

spines by Weibel point counting method.

Results—The number of synapses, synaptic vesicles and spines and the total percent volume of the axon terminals and
spines decreased until the 4th day. From 1 to 12 weeks after the ischemic insult, these values increased to or exceeded
the control ones, and neuritic thickening and increase in number of multiple synapse boutons occurred.

Conclusions—In the ischemic penumbra, the above structures degenerated, with a reduction in their number and size, until
4 days and then recovered from 1 to 12 weeks after the ischemic insult. (Stroke. 2006;37:2134-2139.)

Key Words: axon terminal m dendrites m spine ® synapses B transient cerebral ischemia

erebral infarction develops rapidly after a large ische-

mic insult. Earlier we developed a model of temporary
ischemia in which a focal infarction surrounded by a large
penumbra was produced in the cerebral cortex of Mongolian
gerbils by giving a threshold amount of ischemic insult to
induce focal infarction.!

Concerning the neuronal recovery, recent findings have
revealed that synapses and their networks express a high
degree of functional and structural plasticity.3 Ultrastructural
changes in the postsynaptic density in hippocampal CA-1
were investigated after temporary ischemia.#-¢ Degenerated
boutons and multiple synapse boutons (MSBs) in this region
were investigated by electron microscopy (EM) after tempo-
rary ischemia,?-® as well as aftér temporary hypoxia/hypogly-
cemia in hippocampal slices.!® Changes in spines and den-
drites were studied by time-lapse microscopy after temporary
anoxia/hypoglycemia in cell culture,!'12 by light microscopy
(LMS) of Golgi stain-impregnated sections of the 3rd to Sth
cortical layers of the cerebral cortex after temporary ische-
mia,!3 and by EM after temporary hypoxia/glycemia in hip-
pocampal slice.l® Changes in CA-1 dendrites after temporary

ischemia were investigated by light microscopy of horseradish
peroxidase-injected specimens,'* by EM after temporary ische-
mia in CA-1,'516 and by EM of Golgi stain-impregnated cerebral
cortex after temporary ischemia for 20 minutes.!”

Almost all of the above studies were performed in connection
with delayed ischemia-induced injury to CA-1 neurons, and
observations were made during a short period after ischemia.
However, clinically, most patients show gradual recovery from
behavioral dysfunctions after a stroke. The long-term integrated
profile of axon terminals, synapses, spines, and dendrites during
the recovery stage after an ischemic insult has remained obscure,
especially in the ischemic penumbra of the cerebral cortex.

Because no functional recovery is anticipated in the infarc-
tion itself,18-20 we aimed to elucidate neuronal remodeling
process in the ischemic penumbra in which neuronal death
progresses in a disseminated fashion,218.20 by focusing on the
temporal profiles of axon terminals, synapses, spines, and
neurites.

Materials and Methods
Under anesthesia with 2% halothane, 70% nitrous oxide, and 30%
oxygen, the left carotid artery of adult male Mongolian gerbils (60 to
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80 g) was twice occluded with a Heifetz aneurismal clip for 10
minutes each time, with a 5-hour interval between the 2 occlusions,
anesthesia was discontinued immediately after each cervical surgery,
the animals soon became awake and moved spontaneously.

Ischemia-positive animals registering >13 points were selected
based on the stroke index score determined during the first occlu-
sion.?! The gerbils were euthanized at various times, ie, at 5, 12, 24,
48-hour, 4 days, and 1, 3, 8, and 12 weeks after the ischemic insult.
Anesthetization was followed by intracardiac perfusion with diluted
fixative (1% paraformaldehyde, 1.25% glutaraldehyde in 0.1 mol/L
cacodylate buffer) for 5 minutes, followed by perfusion with con-
centrated fixative (4% paraformaldehyde, 5% glutaraldehyde in 0.1
mol/L cacodylate buffer) for 20 minutes for EM (3 animals in each
time group), or with 10% phosphate-buffered formaldehyde fixative
for 30 minutes for LMS (5 animals in each time group).

In this model, after the restoration of blood flow, only ischemic
penumbra with progressing disseminated selective neuronal necrosis
(DSNN) appeared in the coronal face sectioned at the infundibular
level (Face B) and focal infarction evolved among the DSNN in the
coronal face sectioned at the chiasm (Face A). Ultra-thin sections
including the 2nd to 4th cortical layers were prepared from the left
cerebral cortex at the mid-point between the interhemispheric and
rhinal fissures on Face B, penumbra >1 mm caudal to infarction
edge. The sections were double stained with uranyl acetate and lead
solution, and observed with an electron microscope (H9000, Hita-
chi). Paraffin sections of both faces were separately stained with
hematoxylin-eosin (HE) or periodic acid fuchsin Schiff (PAS) or by
Bodian silver impregnation or used for immunohistochemical detec-
tion of glial fibrillary acidic protein.

Placing 1.0 cmX1.0 cm quadratic lattices of points on 5000X2.67
times enlarged EM photographs, we measured the number of
synapses (synapses: consist of the pre- and postsynaptic densities
associated with their cytoplasmic faces, and the synaptic cleft
between them) and spines (spines: an ovoid bulb that is filled with a
. fluffy material and connected to dendrite directly or by a stalk) in the
neuropil in a 100-cm? area (56 pm? by real size) by examining
1800364 cm’ in the neuropil of 3 animals in each time group. We
determined the percent volume of the axon terminals (axon termi-
nals: presynaptic expansion of the axon that contains synaptic
vesicles and mitochondria) and spines by using the point counting
method?? in which the number of intersecting points touched by the
axon terminals and/or spines were counted among 1000 to 15 000
* points (counting number varied according to the equation of the
relative error for different volumetric proportions) of the quadratic
lattice in each time group. We measured the thickness of 194+38
neurites (neurites: axons and dendrites those contain microtubules,
neurofilaments and mitochondria; differentiation between them in
transverse section is often difficult, especially in small ones) in each
time group, as the maximal diameter perpendicular to their neuro-
filaments and/or microtubules. We also measured the percentage of
MSBs by counting 327+38 synapses in each time group, all on the
same EM pictures. The statistical differences between each of the
time groups were analyzed by ANOVA, followed by Bonferroni-
Dunn test. All data in the Table and Figure 6 were presented as
average=SEM and a statistical difference was accepted at P<0.05
level.

Results
In the ischemic penumbra of the cerebral cortex in Face B,
eosinophilic ischemic neurons (HE staining) appeared in
disseminated fashion among the normal-looking neurons in
the 2nd to 6th cortical layers by LMS, around 5 hours after
the ischemic insult. Some of these eosinophilic cell bodies

Percent of MSBs Among Synapses
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Figure 1. Light-microscopy of 2nd to 4th cortical layers of the
cerebral cortex in Face B. A, Twenty-four hours after the ische-
mic insult, some of the eosinophilic ischemic neurons show
marked shrinkage compared with the more normal-looking neu-
rons, indicating disseminated selective neuronal necrosis. These
abnormal neurons increased in number until day 2 to 3 postis-
chemia (HE, Bar 31.3 um). B, Eight weeks after the ischemic
insult. The eosinophilic ghost cells of faintly formed cell bodies
are reduced in size and are found in the 3rd cortical layer (PAS,
Bar 12.5 um).

became remarkably shrunken and died during the period of
12 to 48 hours, which indicates DSNN (Figure 1A). The
eosinophilic ischemic neurons were found by EM to be
disseminated electron-dense dark neurons that increased in
number during the period of 12 to 48 hours after the ischemic
insult.

From 4 days until 8 weeks, these condensed electron-dense
dark neurons became fragmented into an accumulation of
electron-dense granular fragments, which were observed by
LMS as eosinophilic ghost cells of faintly formed cell bodies
by HE and PAS staining (Figure 1B). During 2 to 12 weeks,
these eosinophilic ghost cells accumulated in the 3rd and
occasionally in the 5th cortical layer decreasing in size
because of loss of their periphery (Figure 1B). In Face A,
focal infarction evolved and developed among the DSNN
from 12 hours to 4 days.

From 4 days to 12 weeks after the ischemic insult, the axon
terminals of the surviving neurons were found being attached

Control 5 Hours 4 Days

1 Week 5 Weeks 8 Weeks 12 Weeks

% MSBs 1.76+0.82 0.85+0.84 0.860.67

1.18+0.75 0.45=0.45 3.14x0.85

6.93£2.24%

*Compared with control, 4 days, and 8 weeks; P<0.05.
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to the peripherally located electron-dense granular fragments
and dendritic portions of the shrunken dark neurons. Some of
these terminals appeared to have pinched off pieces of the
dead neurons, and they bore a crust of the electron-dense
granular fragments of the dead neurons (Figure 2A). Other
axon terminals were found attached to the electron-dense
thick neurites of dead neurons (Figure 2B). Some of the
fragment-encrusted axon terminals were occasionally ob-
served to have synapsed with the spines and neurites of the
surviving neurons (Figure 3A). Some axons connected to the
dying neurons showed globular and abnormal distensions of
their terminals as seen by silver impregnation (Figure 4A).
These structures appeared as degenerated axon by EM. The
amplified degenerated axon contained degenerated mitochon-
dria, laminated dense bodies, and irregularly located neuro-
filaments and microtubules; the degenerated axon occasion-

Figure 2. Electron microscopy of 3rd
layer of the cerebral cortex in Face B,

1 week after the ischemic insult. A, The
axon terminals of the surviving neurons
make contact with the periphery of the
accumulated fragments of electron-
dense granules of dead neurons (DN).
Some of them appeared to have pinched
off pieces of the dead neurons, and are
encrusted by the electron-dense granular
fragments of the dead neurons (arrows).
Bar 2.3 um. B, Some axon terminals are
found attached to the electron dense
thick neurites of dead neurons (arrows).
Bar 2.6 pm.

ally made synapses onto adjacent structures (inset of Figure
4A).

Such axons were often observed around the accumulations
of the fragmented electron-dense granular pieces of the dead
neurons (Figure 4B).

By 12 weeks after the ischemic insult, neuritic shafts and
their branches were remarkably thickened (Figure 5B) com-
pared with those at day 4 (Figure 5A), and they made
synapses with voluminously enlarged and occasionally
sprouting polygonal axons terminals filled with synaptic
vesicles (Figure 5B). MSBs? of the axons terminals (Figure
3B) increased in frequency compared with those of the
control animals (Table).

The percent volume of the total axon terminals (Figure 6A)
and spines (Figure 6B) in the neuropil decreased drastically to
30.9% and 24.8%, respectively, of the control value at that

Figure 3. A, Electron microscopy of the
3rd cortical layer in Face B, 1 week after
the ischemic insult. Some axon terminals
encrusted by the electron-dense granular
fragments of the dead neurons are occa-
sionally observed to have made syn-
apses with the spines and neurites of the
surviving neurons (arrow). Bar 3.1 um. B,
Electron microscopy of 3rd cortical layer
of the cerebral cortex in Face B, 12
weeks after the ischemic insult. MSBs
with >2 spines synapsed (arrows) to 1
axon terminal (). A widened spine(s)
with multiple synapses on axon terminal
(a) is seen. Bar 3.2 um.
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time after the ischemic insult, with a decrease in frequency
of synaptic vesicles especially those close to the synapses
(Figure 5A). The number of synapses also decreased to
73.5% of the control value at 4 days, after a temporary
increase up to 135% at 5 hours after the ischemic insult
(Figure 6A). The number of spines also decreased to 35.8% of
the control value (Figure 6B), by 4 days. From 1 to 12 weeks
after the ischemic insult, the percent volume of the total axon
terminals (Figure 6A) and the percent volume of the total
spines (Figure 6B) increased, being 162.8% and 86.7%,
respectively, of the control value at 12 weeks. The number of
synapses (Figure 6A) and spines (Figure 6B) also rose,
becoming 113.2% and 91.9%, respectively, of it at that time.

The average thickness of neurites in the neuropil of the
control animals were 0.607 pm. This value was unchanged at
0.587 pm at day 4, 0.604 um at 1 week, and 0.665 um at 8
weeks, and increased to 0.934 pm at 12 weeks after the
ischemic insult (Figure 6C).

Axon Terminal, Synapse, Spine in Ischemic Penumbra 2137

Figure 4. A, Light-microscopy. Four days
after the ischemic insult, some axons
attached to dying neurons show globular
and abnormal distension of their termi-
nals (arrow-heads). Bar 8.9 um. Bodian's
silver impregnation. Inset: EM observa-
tion of the distended degenerated axon
3 weeks after the ischemic insult. It con-
tains degenerated mitochondria, fami-
nated dense bodies, and irregularly
located neurofilaments and microtubules
and has synapses along its wall (arrows).
Bar 1.3 um. B, Electron microscopy of
the 3rd layer of the cerebral cortex in
Face B, 2 weeks after the ischemic
insult. These amplified degenerated
axons (arrows) are observed around
accumulations of the fragmented
electron-dense granular pieces of the
dead neurons (DN). Bar 0.6 pm.

Discussion

In the neuropils of the ischemic penumbra in the cerebral
cortex, we found a marked decrease in the number of the
synapses and volume of the axon terminals from 5 hours to 4
days after the ischemic insult, along with a decrease in the
number of synaptic vesicles. These changes may be attributed
to a demolished synaptic neurotransmission attributable to
calcium-dependent neuronal hyperexcitation*-¢ and could be
reduced by NMDA (N-methyl-p-asparate) receptor antago-
nists as was reported in a morphological study recording
excitatory postsynaptic potential from hippocampal slice
cultures subjected to brief anoxia-hypoglycemia.1?

Almost in accordance with our present study, the LMS
study of Golgi silver impregnated spine and dendrites showed
that the number of spines and thickness of dendrites de-
creased maximally in 4 to 7 days after the temporary ischemia
and recovered around 5 weeks in the 2nd to 3rd cortical layers
of the rat cerebral cortex.l? Earlier studies on cultured

Figure 5. Electron microscopy of the 3rd
layer of the cerebral cortex in Face B. A,
Four days after the ischemic insult. The
volume of axon-terminals and spines has
decreased with a decrease in frequency
of synaptic vesicles, especially those
close to the synapse (arrows). The thick-
ness of degenerated neurites has
decreased slightly compared with that of
the control (arrowheads). Bar 1.5 pum. B,
Twelve weeks after the ischemic insult.
The neuritic shafts and their branches
are remarkably thickened (arrowheads)
and make synapses with voluminously
enlarged and occasionally sprouting
polygonal axon terminals filled with syn-
aptic vesicles (arrows). Bar 1.5 pm.





