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Senescence marker protein-30 (SMP30) is an androgen-independent factor that decreases with
age. We recently identified SMP30 as the lactone-hydrolyzing enzyme gluconolactonase (GNL),
which is involved in vitamin C biosynthesis in animal species. To examine whether the age-related
decrease in SMP30/GNL has effects on glucose homeostasis, we used SMP30/GNL knockout (KO)
mice treated with L-ascorbic acid. In an ip glucose tolerance test at 15wk of age, blood glucose levels
in SMP30/GNL KO mice were significantly increased by 25% at 30 min after glucose administration
compared with wild-type (WT) mice. Insulin levels in SMP30/GNL KO mice were significantly de-
creased by 37% at 30 min after glucose compared with WT mice. Interestingly, an insulin tolerance
test showed a greater glucose-lowering effect in SMP30/GNL KO mice. High-fat diet feeding se-
verely worsened glucose tolerance in both WT and SMP30/GNL KO mice. Morphometric analysis
revealed no differences inthe degree of high-fat diet-induced compensatory increase in B-cell mass
and proliferation. In the static incubation study of islets, insulin secretion in response to 20 mm
glucose or KCI was significantly decreased in SMP30/GNL KO mice. On the other hand, islet ATP
content at 20 mm in SMP30/GNL KO mice was similar to that in WT mice. Collectively, these data
indicate that impairment of the early phase of insulin secretion due to dysfunction of the distal
portion of the secretion pathway underlies glucose intolerance in SMP30/GNL KO mice. De-
creased SMP30/GNL may contribute tothe worsening of glucose tolerance that occurs in normal
aging. (Endocrinology 151: 0000-0000, 2010)

enescence marker protein-30 (SMP30), a 34-kDa pro-
S tein originally identified in rat liver, is a novel molecule
whose expression decreases with age in a sex-independent
manner (1, 2). SMP30 transcripts have been detected in
multiple tissues, and its amino acid alignment reveals a
highly conserved structure among humans, rats, and mice
(2). We previously reported that SMP30 participates in
Ca®™ efflux by activating the calmodulin-dependent Ca2*
pump in HepG2 cells and renal tubular cells, conferring on
these cells a resistance to injury caused by high intracel-
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lular Ca®™ concentrations (3, 4). Recently, we identified
SMP30 as glucolactonase (GNL), which is involved in L-
ascorbic acid biosynthesis in mammals, although human
beings are unable to synthesize vitamin C in vivo because
there are many mutations in their gulonolactone oxidase
gene, which catalyzes the conversion of L-gulono-y-lac-
tone to L-ascorbic acid (5).

To clarify the causal relationship between decreased
SMP30/GNL and age-associated physiological changes,
we created SMP30/GNL knockout (KO} mice (6). The

Abbreviations: AUC, Area under the curve; BrdU, 5-bromo-2-deoxyuridine; GNL, glucono-
lactonase; RFD, high-fat diet; KO, knockout; NEFA, nonesterified fatty acid; SD, standard
diet; SMP30, senescence marker protein-30; WT, wild-type.
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livers of SMP30/GNL KO mice were highly susceptible to
TNFa- and Fas-mediated apoptosis (6). In addition, their
livers showed abnormal accumulation of triglycerides,
cholesterol, and phospholipids (7). The lungs of SMP30/
GNLKO mice developed alveolar air sacenlargement sim-
ilar to the senile lung syndrome seen in some elderly people
(8, 9). The deposition of lipofuscin, an aging marker, was
observed in renal tubular epithelial cells in these mice (2).
Furthermore, SMP30/GNL in the brain and lungs has been
proposed to have protective effects against oxidative stress
associated with aging (9, 10). Although the physiological
function of SMP30/GNL is still not entirely clear, our
studies using SMP30/GNL KO mice have revealed that a
reduction in SMP30/GNL expression may account for the
age-associated deterioration of cellular function and the
enhanced susceptibility to harmful stimuli in aged tissue.
Also, these mice displayed symptoms of scurvy when fed
a vitamin C-deficient diet (5, 11-13).

The reduction of carbohydrate metabolism in the el-
derly is one of the hallmarks of the aging process, and
substantial evidence shows that increasing age is associ-
ated with worsened glucose tolerance and type 2 diabetes
(14, 15). However, the molecular abnormalities that occur
in the elderly have not been fully elucidated. Because
SMP30/GNL KO mice show phenotypic changes that
mimic the premature aging process, we hypothesized that
a reduction in SMP30/GNL expression could be linked to
the worsening of glucose tolerance that occurs with nor-
mal aging. The purpose of this study was to examine the
role of SMP30/GNL in glucose homeostasis using SMP30/
GNL KO mice.

Materials and Methods

Animals

SMP30/GNL KO mice were generated as described earlier by
gene targeting in the background strain C57BL/6 (6). All studies
were performed on male mice using age-maiched, wild-type
(WT) male C57BL/6CrSlc mice (Shimizu Laboratory Supplies
Co.,Ltd., Kyoto, Japan) as controls. Mice were fed a high-fatdiet
(HED 32; 507.6 kcal/100 g, fat kcal 56.7%; CLEA Japan, To-
kyo, Japan) or a standard diet (SD; 346.8 kcal/100 g, fat kcal
10%, CLEA Japan) for 8 wk from 7 wk of age. As we have
previously reported, SMP30/GNL KO mice cannot synthesize
vitamin C in vivo because SMP30/GNL is a key enzyme involved
in vitamin C biosynthesis (5). To avoid the effects of vitamin C
deficiency, L-(+)-ascorbic acid (viramin C, 1.5 g/liter) and 10 uM
EDTA were added to the drinking water. The water was changed
every 3 d until the experiment ended. Mice had free access to
water and food and were maintained on a 12-h light, 12-h dark
cycle with a controlled temperature. All experimental proce-
dures were approved by the Committee for Animal Research,
Kyoto Prefectural University of Medicine.
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Analytic procedures and glucose and insulin

tolerance tests

Blood glucose levels were measured using a glucometer (Gult-
est Ace; Sanwa Kagaku Kenkyusho Co., Ltd., Nagoya, Japan).
To measure plasma lipids, blood was collected by cardiac punc-
ture after an overnight fast just before the tissue collection.
Plasma nonesterified fatty acid (NEFA), triglycerides, and total
cholesterol were measured by the enzymatic method using an
autoanalyzer. Intraperitoneal glucose (2 g/kg body weight) and
insulin (0.75 U/kg body weight) tolerance tests were performed
after 16- and 7-h fasts, respectively, and blood glucose was mea-
sured at the time indicated. For insulin release during glucose
tolerance testing, the plasma component of blood collected at the
0- and 30-min time points was measured with an insulin enzyme
immunoassay system, the Morinaga ultrasensitive mouse insulin
assay kit (Morinaga Institute of Biological Science, Inc., Kana-
gawa, Japan).

Tissue collection and histological assessment of

pancreatic islets

After an overnight fast, mice were killed by administration of
an overdose of sodium aminobarbital. After blood collection by
cardiac puncture, the lateral epididymal and inguinal sc adipose
tissue depots were removed and weighed. A portion of the liver
was used for measurement of total vitamin C content.

The whole pancreas was removed, cleared of fat and lymph
nodes, weighed, fixed in 10% formalin solution, and embedded
in paraffin. Pancreatic sections were prepared and stained with
hematoxylin and eosin or an antibody against insulin using the
Histofine mouse stain kit with a mouse antihuman insulin anti-
body (Nichirei Biosciences Inc., Tokyo, Japan}. For morphomet-
ric analysis of B-cell mass, pancreatic sections 250 pm apart
taken from three different levels of the pancreatic tissue block
(five pancreases per experimental group) were examined. Non-
overlapping images were captured with a digital camera (Sony
DXC-$500/0L; Sony, Tokyo, Japan}. The B-cell area and the
section area were analyzed using NIH Image J version 1.36b
software. The B-cell mass was calculated by multiplying the pan-
creas weight by the percentage of B-cell area per pancreas.

To evaluate cell replication per islet, we performed labeling of
proliferating cells with the DNA precursor analog 5-bromo-2-
deoxyuridine (BrdU). Mice were injected ip with BrdU (1 mg/
mouse; BD Biosciences, San Diego, CA) 12 h before being killed.
After tissue processing as described above, immunostaining for
BrdU was performed with a BrdU in situ detection kit (BD Bio-
sciences) (16). Al visible islets for each pancreatic section (three
sections per animal) were analyzed to determine the total number
of BrdU-positive cells and total islet count per section.

Measurement of pancreatic insulin content

Pancreatic insulin content was determined as previously de-
scribed (17). Briefly, a portion of the pancreatic tail was homog-
enized in acidic ethanol (0.18 mol/liter HCl in 95% ethanol) and
was extracted for 24 h at 4 C. The homogenate was centrifuged
at 2000 X g for 15 min. Insulin levels in the supernatant were
assayed as described above.

Measurement of total vitamin C levels in the liver
Livers were homogenized in 14 vol 5.4% metaphosphate,and
then the homogenate was centrifuged at 21,000 X g for 15 min
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at 4 C. Ascorbic acid in samples was treated with 0.1% dithio-
threitol to reduce the dehydroascorbic acid to ascorbic acid and
was analyzed by HPLC using an Atlantis dC18 S-um column
(4.6 X 150 mm; Nihon Waters, Tokyo, Japan) (11). The mobile
phase was 50 mm phosphate buffer (pH 2.8}, 0.2 g/liter EDTA,
and 2% methanol at a flow rate of 1.3 ml/min, and electrical
signals were recorded by using an electrochemical detector with
a glassy carbon electrode at +0.6 V.

Static insulin secretion from isolated islets

Male SD-fed SMP30/GNL KO mice and C57BL/6CrSl¢ mice
(14-15 wk of age) were used for islets isolation. Islets were iso-
lated using collagenase (type V collagenase; Sigma Chemical Co.,
St. Louis, MO), digested in Hanks’ buffer, followed by separa-
tion of islets from exocrine tissue in a Histopaque (Histopaque
1077; Sigma) gradient (18). Islets of similar size were hand
picked under a stereomicroscope into groups (n = 5) of five islets
in triplicate. The islets were preincubated for 60 min at 37 Cin
Krebs-Ringer bicarbonate HEPES buffer {equilibrated with 95%
0, and 5% CO,, pH 7.4) supplemented with 2 mg/ml BSA (frac-
tion V; Sigma) and 2 mM glucose. After preincubation, five islets
were incubated with 200 pl of the same buffer for 15 min. After
samples from the buffer were removed for measurement of in-
sulin, the islets were incubated in the presence of 20 mM glucose
or 20 mm KCl plus 2 mum glucose for another 15 min. At the end
of this period, the supernatant was collected. All samples were
stored at —80 C until the insulin assay (Morinaga ultrasensitive
mouse insulin assay kit).

ATP measurement from isolated islets

Cultured islets were preincubated at 37 C for 60 min in Krebs-
Ringer bicarbonate HEPES buffer with 2 mum glucose, and then
triplicate batches of 10 islets were incubated at 2 or 20 mm
glucose for another 60 min. ATP was extracted from islets ac-
cording to the methods described by Uchizono et al. (19). ATP
levels were measured using the Enliten ATP assay system (Pro-
mega, Madison, WI) with a bioluminometer (GloMax 20/20n
luminometer; Promega).

Statistical analysis

The data are expressed as means * sE. Significance was de-
termined by one-way ANOVA with Dunn’s multiple compari-
sons post hoc or unpaired Student’s ¢ test where appropriate. A
two-way ANOVA was used to compare the glucose and insulin
levels on the same time point in ip glucose tolerance test. A value
of P < 0.05 was considered to be significant.

Results

Energy intake, body weight, and adipose tissue
The mean energy intakes of the WT mice fed a SD, WT
mice fed a HFD, SMP30/GNL KO mice fed an SD, and
SMP30/GNL KO mice fed an HFD throughout the study
were 9.1 £ 0.1, 13.1 £ 0.2, 8.5 = 0.1, and 11.8 = 0.2
kcal/d, respectively. All four groups of mice gained weight;
however, the increase in body weight in the HFD-fed WT
and HFD-fed SMP30/GNL KO mice was significantly
higher than that in SD-fed WT and SD-fed SMP30/GNL
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FIG. 1. Body weight changes of SD-fed and HFD-fed WT and SMP30/
GNL KO mice. Experimental diets were started at 7 wk of age and
continued for 8 wk (until 15 wk of age). *, P < 0.01 vs. SD-fed WT
and SMP30/GNL KO mice. Data are means = se (n = 10 per group).

KO mice (Fig. 1). The weight gain in the SD-fed WT, SD-
fed SMP30/GNL KO, HFD-fed WT, and HFD-fed
SMP30/GNL KO mice after 8 wk on the diets was 8.4 *
0.4,8.2 = 0.4, 16.5 = 0.7, and 14.7 = 0.7 g/mouse, re-
spectively. The HFD-fed WT mice gained 51% more
weight than the SD-fed WT mice, and HFD-fed SMP30/
GNL KO mice gained 56% more weight than the SD-fed
SMP30/GNL KO mice.

Epididymal fat pads from HFD-fed WT and HFD-fed
SMP30/GNL KO mice after 8 wk on the diet were signif-
icantly heavier than fat pads from the SD-fed WT and
SD-fed SMP30/GNL KO mice (Table 1). The ratio of ep-
ididymal fat mass to sc fat mass in HFD-fed WT and HFD-
fed SMP30/GNL KO mice was also larger than in SD-fed
WT and SD-fed SMP30/GNL KO mice, although the dif-
ferences were not significant.

Total vitamin C levels in the liver

To examine the vitamin C status of the SMP30/GNL
KO mice, we determined the total vitamin C content in the
liver after 8 wk on the diets. The total vitamin C levels in
the liver from SD-fed and HFD-fed WT mice and SD-fed
and HFD-fed SMP30/GNL KO mice were 188.2 = 12.3,
176.6 + 8.9, 160.2 * 7.4, and 150.4 = 6.9 pug/g tissue,
respectively. There were no significant differences among
the four groups.

Blood glucose and plasma lipid levels

Fasting glucose levels of HFD-fed WT and HFD-fed
SMP30/GNL KO mice after 8 wk on HFD were signifi-
cantly increased in both groups compared with SD-fed
WT and SD-fed SMP30/GNL KO mice (Table 1).

After 8 wk on HFD, HFD-fed WT and HFD-fed
SMP30/GNL KO mice showed significant increases in to-
tal plasma cholesterol levels from 61-67% compared
with SD-fed WT and SD-fed SMP30/GNL KO mice; how-

ever, there was no significant difference in plasma total
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TABLE 1. Fasting glucose, plasma lipids, and adipose tissue weight after 8 wk on diet (15 wk of age)

SD HFD
Wt SMP30/GNL KO WT SMP30/GNL KO

Fasting glucose (mg/dl) 109.5 = 3.7 1016 5.0 129.6 *+ 6.4° 1383 +6.7¢
NEFA {mEg/liter) 1487.0 = 79.0 1439.2 + 56.6 927.9 * 40.6° 882.1 + 39.8°
Triglycerides (mg/dl) 106.4 = 3.2 93.8x45 746 £ 5.4° 69.8 * 4.8%
Total cholesterol (mg/dl) 17.3%x27 1081 24 191.5 + 10.2° 161.5 + 6.6°
Epididymal fat (mg/g BW) 126 £ 15 9.0=x 1.0 23.5x1.9° 188+ 2.1°
sc fat (mg/g BW) 59+1.1 3.3+0.5° 75+0.5 55+04
Epi/Sub 25*04 29+03 3304 34x03

Data are means = se from 10 mice. BW, Body weight; Epi/Sub, ratio of epididymal fat mass to sc fat mass.

2 P < 0.05 vs. SD-fed WT and SMP30/GNL KO mice.
5 p < 0.05 vs. the other three groups.

cholesterol levels between SD-fed WT and SD-fed SMP30/
GNL KO mice (Table 1). Compared with the mice fed SD,
mice fed HFD had lower triglyceride and NEFA levels. How-
ever, there was no difference in triglyceride and NEFA levels
between WT and SMP30/GNL KO mice. This paradoxical
decrease in triglycerides and NEFAs is consistent with a pre-
vious report showing that the C57BL/6 strain has a unique
metabolic response to HFD (20). These data indicate that
deficiency of SMP30 has no influence on lipid profile either
in SD-fed or in HFD-fed animal.

Intraperitoneal glucose tolerance test

Blood glucose levels at 30 min after glucose adminis-
tration were 25 % higher in SD-fed SMP30/GNL KO mice
than in SD-fed WT mice (P < 0.05, Fig. 2A). And blood
glucose levels at 30, 60, and 120 min after glucose admin-
istration were significantly higher in HFD-fed WT and
HFD-fed SMP30/GNL KO mice than in SD-fed WT and
SD-fed SMP30/GNL KO mice. Moreover, the blood glu-
cose levels of HFD-fed SMP30/GNL KO mice at 60 and
120 min after glucose administration were significantly
higher than those of HFD-fed WT mice. The areas under
the curve (AUC, 0-120 min) in SD-fed and HFD-fed WT

mice and SD-fed and HFD-fed SMP30/GNL KO mice
were 417.1 * 18.3, 721.2 = 41.7, 496.1 + 36.2, and
900.2 * 40.6 mg-h/dl, respectively (ANOVA, P <
0.0001). It is noteworthy that the AUC did not differ be-
tween SD-fed WT and SD-fed SMP30/GNL KO mice (P =
0.128). This result indicates that the significantly high
blood glucose levels appeared restrictively at 30 min after
glucose administration in SD-fed SMP30/GNL KO mice.
There were no significant differences in fasting insulin
levels between SD-fed WT and SD-fed SMP30/GNL KO
mice (Fig. 2B). However, insulin levels of SD-fed SMP30/
GNL KO mice at 30 min after glucose were 37% lower
than those of SD-fed WT mice (P < 0.05). HFD feeding
increased fasting insulin levels in both W' and SMP30/
GNL KO mice; however, those of SMP30/GNL KO mice
were 39% lower than those of WT mice. Similarly, in-
sulin levels at 30 min after glucose were 27% lower in
HFD-fed SMP30/GNL KO mice compared with those
of HFD-fed WT mice. The AUC (0-30 min) in SD-fed and
HFD-fed WT mice and SD-fed and HFD-fed SMP30/GNL
KO mice were 1.09 + 0.08,1.86 = 0.19,0.71 £ 0.11, and
1.19 %= 0.12 ng - 30 min/ml, respectively (ANOVA, P <
0.0001). The AUC in SD-fed SMP30/GNL KO mice was
lower than that in SD-fed WT mice, al-
though the difference was not statisti-

cally significant (P = 0.052).

Insulin tolerance test

We next assessed insulin sensitivity us-
ing an insulin tolerance test. Blood glu-
cose levels in SD-fed SMP30/GNL KO
mice were significantly reduced to 49 and
51% of the levels of SD-fed W'T mice af-
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FIG. 2. Impaired glucose tolerance in WT and SMP30/GNL KO mice after 8 wk of SD or HFD
feeding. A, Intraperitoneal glucose tolerance test; B, insulin levels at baseline and at 30 min
after glucose. *, P < 0.05 vs. the other three groups; t, P < 0.05 vs. SD-fed WT and SMP30/
GNL KO mice; #, P < 0.05 vs. SD-fed and HFD-fed WT mice; %, P < 0.05 vs. HFD-fed WT

mice. Data are means * se (n = 7 per group).

ter 30 and 60 min, respectively, indicat-
ing high peripheral insulin sensitivity
(Fig. 3). HFD-fed SMP30/GNL KO mice
showed similar insulin tolerance to that
of SD-fed WT mice.

30 min
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FIG. 3. Intraperitoneal insulin tolerance test after 8 wk of SD or HFD
feeding. Data are expressed as percentage of basal (0 min) glucose
levels. *, P < 0.05 vs. HFD-fed WT and SMP30/GNL KO mice; **, P <
0.05 vs. the other three groups. Data are means = S (n = 7 per

group).

B-Cell mass and proliferation

The pancreas weight per body weight was significantly
lower in SD-fed SMP30/GNL KO mice than in SD-fed WT
mice (Table 2). Eight weeks of HFD feeding increased the
pancreas weight of SMP30/GNL KO mice to the same
level as SD-fed and HFD-fed WT mice. Morphometric
analyses of B-cell mass, as assessed by immunohistochem-
ical analysis, revealed no differences between SMP30/
GNL KO mice and WT mice (Table 2). HFD feeding sig-
nificantly increased B-cell mass in both WT and SMP30/
GNL KO mice to similar levels. Similarly, there were no
significant differences in pancreatic insulin content in re-
sponse to HFD feeding between WT and SMP30/GNL KO
mice (Table 2).

Hematoxylin and eosin staining revealed no differences
in islet morphology among the four groups. The prolifer-
ation of islet cells, which was determined by the frequency
of BrdU-positive cells per islet, in both HFD-fed WT and
SMP30/GNL KO mice was significantly higher than in
animals fed SD (Fig. 4 and Table 2). In addition, there was
no difference in islet proliferation between SMP30/GNL
KO and WT mice. This finding demonstrates that the pro-
liferation of B-cells to compensate for increased insulin
demand is not impaired in SMP30/GNL KO mice. How-
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FIG. 4. Immunohistochemical staining of BrdU in pancreas sections.
Mice were injected with BrdU 12 h before being killed. BrdU-positive
cells (brown) were observed in the islets of both WT (B) and SMP30/
GNL KO mice (D) on the HFD. A and C, WT (A) and SMP30/GNL KO
mice (C) on the SD. Magnification, X 100.

ever, insulin levels of SD-fed SMP30/GNL KO mice at 30
min after glucose were 37% lower than those of SD-fed
WT mice.

Insulin secretion and ATP measurements from
isolated islets

To confirm B-cell dysfunction in SMP30/GNL KO
mice, we measured insulin secretion in response to glucose
and KClI from the isolated islets. The basal insulin secre-
tion in SD-fed SMP30/GNL KO and WT mice were §9.3 +
9.8 and 93.3 *+ 10.4 pgf/islet - 15 min (n = 10), respec-
tively. There were no significant differences between the
two. Similar to iz vivo results, insulin secretion of SD-fed
SMP30/GNL KO mice in 20 mM glucose for 15 min was
significantly reduced compared with those of SD-fed WT
mice (P < 0.05, Fig. SA). Insulin secretory response to 20

TABLE 2. Morphometric analysis and insulin contents of pancreases after 8 wk of SD or HFD feeding

Pancreas weight (mg/g Pancreatic insulin content -Cell mass BrdU index (%),
body weight), n = 10 (rg/g pancreas), n = 10 mg),n =5 n=>5
SD
WT 5404 42.1+39 1.21 +0.21 44+28
SMP30/GNL KO 4.1 *0.2¢2 40.4 = 4.6 1.14 £ 0.13 6.9 *35
HFD
WT 5402 56.7 * 4.9° 3.28 + 0.85° 373+ 11.7°
SMP30/GNL KO 5604 53.1 = 4.1° 2.83 £ 041° 47.3 = 10.6°

BrdU index: total BrdU positive islet cells/total islet counts per section.
? P < 0.05 vs. the other three groups.
bp < 0.05 vs. SD-fed WT and SMP30/GNL KO mice.
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shown by their impaired acute insulin
secretion after a glucose load and sim-
ilar insulin resistance to WT mice when
fed an HFD. It has been reported that
vitamin C treatment has no effect on
insulin secretion in diabetic CS7BL/
KsJ-db/db mice or nondiabetic control
mice (21). Thus, the differential vita-
min C status seen in this study is un-
likely to be the cause of the impairment

20 mM Glucose 20 mM KCI 2 mN Glucose

FIG.

(n = 5 per group).

mM KCl was also reduced significantly in SMP30/GNL
KO mice (P < 0.05, Fig. SA).

Islet ATP content was significantly elevated at 20 mm
glucose compared with 2 mMm glucose in SD-fed SMP30/
GNL KO and WT mice. However, there were no signifi-
cant differences in ATP content at 2 or 20 mM glucose
between the two (Fig. 5B).

Discussion

This is the first report documenting impaired glucose tol-
erance in SMP30/GNL-deficient mice and provides new
insight into the possible role of SMP30/GNL in glucose
homeostasis. Qur in vitro data using isolated islets con-
firmed that deletion of SMP30/GNL was responsible for
the reduced insulin secretory response to glucose. The
present study differs from previous studies using SMP30/
GNL KO mice, in that the mice were maintained with a
sufficient supply of vitamin C. This eliminated the con-
founding secondary effects of vitamin C on glucose ho-
meostasis and made this experimental model more rele-
vant to human disease.

SMP30/GNL KO mice at 15 wk of age demonstrated
mild glucose intolerance compared with WT mice. They
also showed an impairment in acute insulin secretion after
glucose administration and better peripheral insulin sen-
sitivity as assessed by an insulin tolerance test. These data
suggest that an impairment of the early phase of insulin
secretion underlies the glucose intolerance seen in SMP30/
GNL KO mice. In HFD-fed WT mice as well as in SMP30/
GNL KO mice, HFD feeding increased fat mass and wors-
ened glucose tolerance. However, this impairment of
glucose tolerance was more pronounced in SMP30/GNL
KO mice. This difference likely reflects SMP30/GINL KO
mice’s intrinsic reduction in insulin secretion capacity, as

5. Insulin secretion and ATP content in islets isolated from WT (black bars) and SD-fed
SMP30/GNL KO mice (gray bars) (14-15 wk of age). A, Static islet incubation for 15 min in 20
mm glucose or 20 mm KCI. The data are expressed as ratio of 15 min to basal insulin
(picograms per islet per 15min). *, P < 0.05 vs. WT mice. Data are means = st (n = 5 per
group). B, ATP content at 2 and 20 mm glucose. There were no significant differences in ATP
content at 2 or 20 mm glucose between WT and SMP30/GNL KO mice. Data are means * st

20 mM Glucose . . .
of insulin secretion.

It is interesting that SMP30/GNL
KO mice had the higher peripheral in-
sulin sensitivity. The better insulin sen-
sitivity might partially compensate for
the decreased insulin secretion and
made the moderate impairment of glu-
cose tolerance. Although the present data could not refer
to its mechanism, the lower epididymal and sc fat mass in
SMP30/GNL KO mice may help account for the result.
Now, we can just assume that absence of SMP30/GNL in
insulin-sensitive tissues, including liver, kidney, fat, and
muscle, may directly affect insulin signaling pathway or
secondarily affect insulin action through metabolic path-
ways. Also, an increased insulin clearance from the liver is
another possibility. It is well known that increased insulin
resistance is a major factor involved in impaired glucose
tolerance in the elderly. So we would say that SMP30/
GNL KO mice is not an appropriate animal model of im-
paired glucose tolerance in normal aging.

The static incubation study of islets demonstrated the
reduced insulin secretory response to glucose and KCl in
SMP30/GNL-deficient mice. KCl depolarizes the B-cell
plasma membrane, which initiates a series of events such
as Ca?* influx, mobilization of Ca®* from intracellular
stores, and insulin exocytosis. On the other hand, glucose-
stimulated insulin secretion from the B-cell occurs after
generation of ATP from metabolism of glucose through
glycolysis and the Krebs cycle. The intracellular rise in
ATP/ADP ratio leads to closure of the K rp channels,
Ca®* influx, and subsequent activation of insulin secre-
tion. The reduced insulin secretory response to KCl, to-
gether with the preservation of ATP production, suggests
that events in the distal portion of the insulin secretion
pathway are impaired in SMP30/GINL-deficient mice. The
mechanism underlying B-cell dysfunction in SMP30/GNL
KO mice has not been fully explored. However, previous
reports have proposed the possibility of dysregulation of
Ca®* homeostasis. SMP30/GNL maintains Ca®* ho-
meostasis by enhancing plasma membrane Ca® " -pumping
activity (3, 4). Therefore, taken together with the present
results of in vitro islet study, a deficiency of SMP30/GNL
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may induce dysregulation of Ca®* homeostasis, resulting
inimpairment of the increase in Ca®* influx resulting from
a high glucose concentration and of Ca®*-dependent sig-
naling pathways, which are involved in the mechanisms of
insulin secretion. Additional studies, such as intracellular
calcium levels in B-cells may allow for a more precise lo-
calization of these abnormalities.

It has been well documented that HFD feeding induces
compensatory B-cell hyperplasia in response to insulin re-
sistance in mice (22, 23). In the present study, too, HFD
feeding caused insulin resistance in both WT and SMP30/
GNL KO mice, but there were no differences in the degree
of compensatory increase in S-cell mass and proliferation
between WT and SMP30/GNL KO mice. These findings
suggest that SMP30/GNL deficiency causes B-cell dys-
function without impairment of the mechanism responsi-
ble for islet hyperplasia.

Both decreased insulin secretion and increased insulin
resistance are two major factors involved in impaired glu-
cose tolerance in the elderly. Increased adiposity and de-
creased physical activity contribute to insulin resistance in
the elderly (15). Recent reports indicate that the age-as-
sociated decline in muscle mitochondrial function is a
mechanism for insulin resistance {24). On the other hand,
the molecular mechanism for the development of age-de-
pendent B-cell defects is still unknown. Aging could be
associated with a loss of B-cell mass or impaired S-cell
function or a combination of these two factors {25-27).
The present results suggest the possibility that a reduction
in SMP30/GNL with age contributes to the age-related
impairment of B-cell function. If this is the case, SMP30/
GNL could be a novel molecule that is involved not only
in the impaired insulin secretion that occurs with normal
aging but also in the pathogenesis of type 2 diabetes.

In summary, SMP30/GNL KO mice have modestly im-
paired glucose tolerance with an impairment of acute insulin
secretion due to dysfunction of the distal portion of the se-
cretion pathway. The increase in B-cell mass and prolifera-
tion to compensate for insulin resistance is equivalent to that
of WT mice. The present results suggest that reduction in
SMP30/GNL could be a factor that contributes to the wors-
ening of glucose tolerance with normal aging and that this
mechanism may provide new insights into the age-as-
sociated pathophysiology of B-cell function.
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Peptidylarginine deiminases (PADs) are a group of
posttranslational modification enzymes that citrullinate
(deiminate) protein arginine residues in a Ca’*-de-
pendent manner. Enzymatic citrullination abolishes
positive charges of native protein molecules, inevitably
causing significant alterations in their structure and
functions. Among the five isoforms of PADs, PAD2
and PAD4 are proved occupants of the central nerv-
ous system (CNS), and especially PAD2 is a main
PAD enzyme expressed in the CNS. We previously
reported that abnormal protein citrullination by PAD2
has been closely associated with the pathogenesis of
neurodegenerative disorders such as Alzheimers dis-
ease and prion disease. Protein citrullination in these
patients is thought to play a role during the initiation
and/or progression of disease. However, the contribu-
tion of changes in PAD2 levels, and consequent cit-
rullination, during developmental and aging processes
remained unclear. Therefore, we used quantitative
real-time RT-PCR, Westemn blot analysis, and immuno-
histochemical methods to measure PAD2 expression
and localization in the brain during those processes.
PAD2 mRNA expression was detected in the brains
of mice as early as embryonic day 15, and its
expression in cerebral cortex, hippocampus, and cer-
ebellum increased significantly as the animals aged
from 3 to 30 months old. No citrullinated proteins
were detected during that period. Moreover, we found
here, for the first time, that PAD2 localized specifi-
cally in the neuronal cells of the cerebral cortex and
Purkinje cells of the cerebellum. These findings indi-
cate that, despite PAD2’s normally inactive status, it
becomes active and c:trulllnates cellular protems but
only when the intracellular Ca®" balance is upset dur-
ing neurodegenerative changes. © 2008 Wiley-Liss, Inc.

Key words: cerebellum; citrullination; neurodegenerative
disorder; PAD2; Purkinje cells

© 2009 Wiley-Liss, Inc.

Because concentrations of peptidylarginine deimi-
nases (PADs; EC 3.5.3.15) become altered during devel-
opmental and aging processes and have been linked to
abnormal accumuIauons of citrullinated proteins in de-
generative diseases of the brain, we sought to establish in
detail the levels and impact of PADs in neonatal and
aging mice. PADs are posttranslational modification
enzymes that citrullinate (deiminate) protein arginine
residues in a calcium ion-dependent manner, yleldlncr
citrulline residues (Watanabe et al,, 1988; Vossenaar
et al., 2003). Enzymatic citrullination abolishes positive
charges of native protein molecules, thereby altering
their structure and functions over time (Tarcsa et al.,
1996) Although the five isoforms of PADs (i.e., types 1,
2, 3, 4/5, and 6) reside in multiple mammalian tissues
(Watanabe et al., 1988; Vossenaar et al., 2003), their tis-
sue-specific expression differs 1ccordmg to analysis by
reverse transcriptase-polymerase chain reaction (RT-
PCR;; Ishiganu et al., 2001). However, all these isoforms
display nearly identical amino acid sequences (Ishigami
et al., 2002). Among them, PAD2 and PAD4 occupy
the central nervous system (CNS), and especially PAD2
1s a main PAD enzyme expressed in the CNS.

These 1soforms are present in myelin sheath, and
hypercitrullination of myelin basic protein (MBP) resulted
in loss of myelin sheath integrity in multiple sclerosis (MS)
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patients (Moscarello et al., 1994; Musse et al., 2008; Wood
et al., 2008). Moreover, PAD4, the nuclear isoform of this
family of enzymes, is involved in histone citrullination in
the MS brain (Mastronardi et al., 2006). Immunocytochem-
ical studies have localized PAD2 in glial cells, especially
astrocytes (Asaga and Ishigami, 2000, 2001), microglial cells
(Asaga et al., 2002), and oligodendrocytes (Akiyama et al.,
1999). Additionally, PAD2 expression was later detected in
cultured Schwann cells (Keilhoff et al., 2008). However,
although the presence of PAD2 in glnl cells should have
imbued them with citrullinated proteins, such proteins were
rarely i1dentfied in those cells examined with our sensitive
detection method (Senshu et al, 1992). Therefore, we
assumed that PAD?2 is normally inactive (Asaga and Ishi-
gami, 2000, 2001; Asaga et al, 2002). However, under
abnormal conditions, glial fibrllary acidic protein (GFAP)
was highly susceptible to the attack of PAD?2 in excised rat
brains deliberately left at room temperature (Asaga and Sen-
shu, 1993). Under hypoxic condittons (Asaga and Ishigami,
2000) and during kainic acid-evoked neurodegeneration
(Asaga and Ishigami, 2001; Asaga et al., 2002), PAD2
became activated in regions undergoing neurodegeneration
and functioned to citrullinate various cerebral proteins, indi-
cating the involvement of protein citrullination in neurode-
generative processes. These findings provided an important
clue; that is, PAD?2 nommally remains inactive but becomes
active and citrullinates cellular proteins only when the intra-
cellular calcium balance is upset during neurodegenerative
changes. In fact, our previous report indicated that
citrullinated proteins including GFAP, vimentin, and mye-
lin basic protein (MBP) accumulated to an abnormal extent
in the Alzheimer’s disease (AD)-afflicted hippocampus and
that the expression of PAD?2 increased during related neuro-
degenerative changes (Ishigami et al., 2005). We subse-
quenﬂy described increases of the citrullinated proteins
GFAP, MBP, enolases, and aldolases in the brains of mice
infected with scrapie as a model of prion disease along with
the increased expression and activity of PAD2, suggesting
that accumulated citrullinated proteins and abnormal activa-
tion of PAD2 may play a role in the pathogenesis of prion
diseases. Moreover, in patients with MS, citrullinated MBP
was increased to 45% of total MBP compaxed with much
smaller amounts in healthy adults (Moscarello et al., 1994)
and was later regarded as a pathological mechanism of MS
(Moscarello et al., 2007).

Because PAD2 activation and accumulation of cit-
rullinated proteins in the brain are increasingly associated
with the progression of neurodegenerative disorders such
as AD, prion disease, and MS, 1t is very important to
clarify the expression and localization of PAD2 in the
brain during the developmental and aging process. For
compartson of PAD2 expression and characteristic local-
ization, we used microtubule-associated protein 2
(MAP2) and neurofilament 3 (Nef3) as neuronal cell
markers and GFAP as a marker of astrocyte in this study.
After applying quantitative real-time RT-PCR,, Western
blot analysis, and immunohistochemical methods, we
found that PAD2 mRNA expression levels increased sig-
nificantly in the cerebral cortex, hippocampus, and cere-
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bellum during aging. Moreover, for the first time, PAD2
was identified in neuronal cells of the cerebral cortex
and Purkinje cells of the cerebellum.

MATERIALS AND METHODS
Animals

Male C57BL/6 mice 3, 6, 12, 24, or 30 months of age
were obtained from the Animal Facility at Tokyo Metropoli-
tan Institute of Gerontology, and pregnant female mice were
obtained from Japan SLC (Shizuoka, Japan). Mice at the em-
bryonic days 15, 16, 17, and 18; postnatal days 1, 2, 3, 7, and
30; and ages 3, 6, 12, 24, and 30 months were used in this
study. Throughout the experiments, animals were maintained
on [2-hr hght/dark cycles in a controlled environment. All
experimental procedures using laboratory animals were
approved by the Animal Care and Use Comumittee of Tokyo
Metropolitan Institute of Gerontology.

Brain Sample Preparation

Mice were anesthetized and systemically perfused with
phosphate-buffered saline to wash out blood cells. Their brains
were quickly excised and divided into cerebral cortex, hippo-
campus, and cerebellum. Brain sections were homogenized in 10
mM Tris-HCI (pH 7.6) containing 1 mM phenylmethylsulfonyl
fluoride and centrifuged at 21,000¢ for 10 min at 4°C. For West-
e blot analysis, the supernatants were boiled for 5 min with a
lysis buffer containing 0.125 M Tris-HCI (pH 6.8), 4% SDS,
20% glycerel, 10% 2-mercaptoethanol, and 0.2% bromophenol
blue in a ratio of 1:1 and kept at —80°C until use. The protein
concentration was determined by BCA protein assay (Pierce Bio-
technology, Rockford, IL) using bovine-serum albumin as a
standard. To prepare total RNA, the brain sections were imme-
diately frozen in liquid nitrogen and stored at —80°C until use.
For immunohsstochenucal staining, bramn tissues were immersed
in 10% formalin (Wako Pure Chemical, Osaka, Japan) and left
standing for 48 hr. Each fixed brain was cut in half laterally, then
embedded in paraffin, and finally cut serally into 6-Lm-thick
cryosections. Human brain samples were obtained from the Brain
Bank for Aging Research (BBAR) organized by the Tokyo Met-
ropolitan Genatric Hospital and Tokyo Metropolitan Insticute of
Gerontology (TMIG). Human studies were approved by the
Ethics Comumittees of the TMIG.

PAD2 Monoclonal Antibody

The entire coding sequence of human PAD2 (hPAD2;
GenBank AB030176) was amplified by PCR. using primers,
pENTR-hPAD2 forward primer 5'-CACCATGCTGCGC-
GAGCGGACCGTGCGGCTG-3  and  pENTR-hPAD?2
reverse  primer  5-CCGGAATTCGCGGCCGCTCTGGG
CGTGTGAGGGAGGGTCTGGAG-3. The PCR. products
were subcloned in pENTR/D-TOPO vector (Invitrogen,
Carlsbad, CA). To produce N-termunal 6X his-tagged
hPAD2-recombinant protein, hPAD2 cIDINA was subcloned
to pDEST17 vector (Invitrogen) and transformed with the
BL21-Al strain of Escherichia coli. The transformants were
grown overnight, then treated for 4 hr with 0.2% L-arabinose
at 37°C. The bacteria were then disrupted by sonication, and
the recombinant proteins were purified by using Ni-NTA
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Fig. 1. Characterization of the anti-hPAD2 monoclonal antibody
hPAD2-2110 and distribution of PAD2 protein in the CNS. A:
Purified recombinant hPAD2 protein was separated on 10% SDS-
PAGE, followed by Coomassie brilliant blue staining. B: Mouse and
human brain samples were prepared as described in Materials and
Methods. Ten micrograms of extracted proteins were separated on
10% SDS-PAGE and then electrotransferred onto a PVDF mem-
brane. PAD2 was detected by using anti-hPAD2 monoclonal anti-
body. C: Under the stereoscopic microscope, each brain from 3-
month-old mice was divided into nine parts: the cerebral cortex, cer-
ebellum, hippocampus, thalamus, midbrain, pons, medulla oblongata,
spinal cord, and olfactory bulb. From each part, 10 pg of extracted
proteins was separated on 10% SDS-PAGE. PAD2 was detected by
using anti-hPAD2 monoclonal antibody. Analyses were performed in
duplicate with samples from two individual mice.

agarose beads (Qiagen, Valencia, CA). The identity of
recombinant hPAD?2 proteins was verified by sodium dodecyl
sulfate (SDS)- polyacrylamide gel electrophoresis (PAGE), fol-
lowed by Coomassie brilliant blue staining (see Fig. 1A).

Purified recombinant hPAD2 (50 ug) in complete
Freund’s adjuvant was injected into BALB/c mice, which
were then given a booster injection of the same antigen in
incomplete Freund’s adjuvant. Three days after the last injec-
tion, spleen cells were fused with mouse P3U1 myeloma cells
by using polyethylene glycol, and fused cells were cultured
with HAT medium (Invitrogen). The specificities of hPAID?2
monoclonal antibody-producing cells, hPAD2-264, hPAD2-
2110, hPAD2-2111, hPAD2-2147, hPAD2-2153, hPAD2-
2167 clones, were determined by enzyme-linked immunosor-
bent assays and Western blot analysis. Only the anti-hPAD?2
monoclonal antibody hPAD2-2110 was purified from ascites
by protein G Sepharose 4 Fast Flow columns (GE Healthcare,
Piscataway, NJ). Anti-hPAD2 monoclonal antibody hPAD2-
2110 reacted with both human and mouse PAD?2 in the brain
as confirmed by Western blot analysis (Fig. 1B).

Western Blot Analysis

Equal amounts of protein (10 pg/lane) were separated
by SDS-PAGE on vertical slab 10% polyacrylamide gels (1

mm X 9 cm) by the method of Laemmli (1970). Proteins
were then electrophoretically transferred from polyacrylamide
gels onto a membrane of poylvinylidene difluoride (PVDF;
Millipore, Billerica, MA) by the method of Towbin et al.
(1979). The membrane was then incubated successively with
anti-hPAD2 monoclonal antibody (hPAD2-2110; 1:1,000)
and horseradish peroxidase-labeled goat anti-mouse IgG (Bio-
Rad, Hercules, CA). Chemiluminescence signals were
detected with a LAS-3000 imaging system (Fujifilm, Tokyo,
Japan) using ECL Western Blotting Detection Reagents (GE
Healthcare UK Ltd. Amersham, Little Chalfont, Buckingham-
shire, United Kingdom). Signal intensity was analyzed by
using Multi Gauge software (Fujifilm).

RT-PCR

Total RNA was extracted by using Isogen (Wako Pure
Chemical, Osaka, Japan). Brain samples were homogenized
with a Teflon-pestle homogenizer in Isogen, and total RNA
was extracted according to the supplier’s instructions. The
final RNA pellet was dissolved in diethyl pyrocarbonate-
treated H-O, and the RNA concentration was determined
and confirmed to be free from protein contamination by
measuring absorbance at 260 and 280 nm. Five micrograms of
total RINA from each sample was treated with Turbo DNase
I (Ambion, Austin, TX) to eliminate any trace of genomic
DNA. RT-PCR was performed with a Takara mRNA Selec-
tive PCR Kit (Takara, Kyoto, Japan) according to the suppli-
er'’s instructions. Reverse transcription was performed with
antisense oligonucleotide primers. Mouse PAD?2 primers were
designed in the 3’ noncording region of the cDNA after
checking the absence of homology with any other PAD
sequences by using the Blast program. The sense and antisense
primers used were, for mouse PAD2, 5-CTGCGG
TCTCTGGGTCCTTCCTGTA-3 and 5-GACCAGGC-
GAGAGAACAGAAATAGC-3 (expected size 665 bp; Wata-
nabe and Senshu, 1989); for mouse GFAP, 5-CTGGAGG
TGGAGAGGGACAACTT-3 and 5-CCGCATCTCCA-
CAGTCTTTACCA-3 (expected size 840 bp; Balcarek and
Cowan, 1985); for mouse MAP2, 5-GTGAACAAGA-
GAAGGAAGCCCAACA-Y and 5-GGACCTGCTTGGG-
GACTGTGTGATG-3' (expected size 956 bp; Lewis et al.,
1988); and, for mouse glyceraldehyde-3-phosphate dehydro-
genase (GAPDH), 5-GTGAAGGTCGGTGTGAACGGAT-
3 and 5'-GCCGCCTGCTTCACCACCTTCTT-3'
(expected size 788 bp; Tso et al., 1985). PCR conditions
were 30 sec at 94°C, followed by 25, 30, or 40 cycles at
94°C for 30 sec, 60°C for 30 sec, and 72°C for | min, and a
terminal extension period (72°C, 5 min). PCR products were
visualized by gel electrophoresis in 1.2% agarose with ethi-
dium bromide staining. To confirm their identity, PCR prod-
ucts were subcloned and sequenced.

Quantitative Real-Time PCR Analysis

A final preparation of 1.8 Hg for each total RNA was
subjected to two-step quantitative real-time PCR. In the first
step, reverse transcription reaction was carried out with a ran-
dom primer and SuperScript [I (Invitrogen) in the presence of
RNase inhibitor. For the second step, synthesized cDNA was
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applied to the inventoried TagMan gene expression assay by
using the real-time PCR equipment (Applied Biosystems
7300 Real Time PCR System; Applied Biosystems, Foster
City, CA). For quantitative analysis, a standard curve method
was designed using a common standard prepared by mixing
an aliquot of all samples from the experiment, and the stand-
ard was diluted serially to compute the threshold cycle cover-
ing the range between 18 and 35. The samples were also
diluted properly for each of the target genes and GAPDH to
be measured on the linear range of the semilogarithmic stand-
ard curve. All assays were performed under the standard curve
correlation factor above 0.990. Values of unknown samples
were corrected for dilution factor and normalized to the
GAPDH level assumed as a constant. The expression of
PAD2, GFAP, and Nef3 was analyzed, and the results are
shown as percentage value; i.e., the level at postnatal day 30
and hippocampus at 3-months-old was considered as 100%.
All assays were performed in duplicate.

Immunohistochemical Staining

After removal of paraffin, the brain sections were heated
by microwave in 0.1 M citrate buffer (pH 7.0), followed by
inactivation of endogenous peroxidase during incubation with
1% hydrogen peroxide in methanol. The primary antibodies
used were mouse monoclonal PAD2 antibody (hPAD2-2110,
1:1,000), rabbit polyclonal GFAP antibody (1:1,000; Cosmo
Bio, Tokyo, Japan), and mouse monoclonal MAP2 antibody
(1:1,000; Chemicon, Temecula, CA). PAD2, GFAP, and
MAP2 were detected by indirect immunoperoxidase staining
using corresponding Histofine Simple Stain MAX-PO kits
(Nichirei Biosciences, Tokyo, Japan) and 3,3’-diaminobenzi-
dine (DAB) as a chromogenic substrate. After DAB staining,
nuclei were counterstained with Myer’s hematoxylin.

For double staining of PAD2 and calbindin-1D-28K (cal-
bindin), rabbit anticalbindin antibody (Thermo Fisher Scien-
tific, Fremont, CA) was reacted first, and the alkaline phos-
phatase-conjugated anti-rabbit IgG (Histofine; Nichirei Bio-
sciences) was reacted to stain with a Red Alkaline Phosphate
Substrate Kit I. Second, anti-PAD2 monoclonal antibody
(hPAD2-2110) was reacted, then horseradish peroxidase-con-
Jjugated anti-mouse IgG was reacted to stain with DAB.

Statistical Analysis

Results are expressed as mean = SEM. The probability
of statistical differences between experimental groups was
determined by Bonferroni’s multiple-comparisons test subse-
quent to one-way ANOVA. A statistical difference was con-
sidered significant at P < 0.05.

RESULTS

Distribution of PAD2 Protein in the CNS

We searched for PAD2 protein throughout the
CNS by examining the cerebral cortex, cerebellum, hip-
pocampus, thalamus, midbrain, pons, medulla oblongata,
spinal cord, and olfactory bulb of 3-month-old mice.
Western blot analysis revealed PAD2 protein in all these
regions (Fig. 1C). Specifically, we calculated a ratio of
PAD2 protein in the cerebellum, hippocampus, thala-
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mus, midbrain, pons, medulla oblongata, spinal cord,
and olfactory bulb compared with the amount of PAD2
protein in the cerebral cortex as 1.3-fold, 1.4-fold, 1.7-
fold, 2.3-fold, 3.8-fold, 5.6-fold, 9.9-fold, and 1.6-fold,

respectively.

Developmental Change of PAD2 mRNA
Expression Level in the Whole Brain

To assess our assumption that PAD2 mRNA
expression levels undergo developmental changes, we
examined whole brains of mice from embryonic day 15
to postnatal day 30 by both RT-PCR and quantitative
real-time PCR. Small amounts of PAD2 mRNA were
detected at 15 days of embryonic life and increased
slightly until birth (Fig. 2A,B). After birth, the PAD2
mRNA level was constant until the third postnatal day
and then significantly increased 2.5-fold at day 7 and
9.9-fold at day 30 compared with value at postnatal day
3 (Fig. 2B). Moreover, the PAD2 mRNA level at 30
days after birth was a statistically significant 3.9-fold
higher than that at the seventh postnatal day. Similarly,
amounts of PAD2 protein in the whole brain were small
at embryonic day 16, held constant until the third post-
natal day, then significantly increased to 5.9-fold at 7
days and to 17-fold at 30 days after birth compared with
the amount of PAD2 protein at the third postnatal day
(Western blot analysis; Fig. 3).

GFAP as a marker of astrocyte mRINA was
detected at 16 days of embryonic life and increased until
3 postnatal days, then continued to increase until reach-
ing a significant increment at the seventh and again at
the thirtieth postnatal days (Fig. 2A,C). The GFAP
mRNA level at 7 days and 30 days after birth also rose
significantly to 3.4-fold and 2.4-fold higher levels than
that at 3 days after birth (Fig. 2C). On the other hand,
mRNAs for MAP2 and Nef3, the neuronal cell markers,
were detectable in 15-day-old embryos and increased
slightly until birth (Fig. 2A,D). The Nef3 mRNA level
at 30 days of postnatal was a significant 1.3-fold higher
than that at postnatal day 7 (Fig. 2D).

Age-Related Change of PAD2 mRNA
Expression Level

The age-related changes of PAD2, GFAP, and
Nef3 mRNA in the cerebral cortex, cerebellum, and
hippocampus of 3-month-old to 30-month-old mice
were analyzed by quantitative real-time PCR. PAD2
mRNA expression was detected in the cerebral cortex,
cerebellum, and hippocampus, but the cerebral cortex
contained significantly less PAD2 mRNA than was
found in the cerebellum and hippocampus regardless of
the animals’ ages (Fig. 4A). Moreover, PAD2 mRNA
levels at all three sites gradually increased during aging.
PAD2 mRNA levels in the cerebral cortex, cerebellum,
and hippocampus at 30 months were about 1.6-fold,
1.5-fold, and 1.6-fold higher, respectively, than in 3-
month-old animals.
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Fig. 2. Developmental changes of PAD2, GFAP, MAP2, and Nef3
mRNA expression levels in the whole brains of mice. A: RT-PCR
was carried out with 1 ug of total RNA and specitic oligonucleotide
primer of PAD2, GFAP, MAP2, and GAPDH as described in Mate-
rials and Methods. An aliquot of each PCR product was electropho-
resed in 1.2% agarose gel and stained with ethidium bromide for
detection under UV light. B=D: Quantitative real-time PCR analysis
was carried out with TagMan primers and probes specific to PAD2
(B), GFAP (C), and Nef3 (D). As the endogenous control, GAPDH
was quantified simultaneously and used to normalize each raw data
point. Data from quantitative real-time PCR@ are shown as the per-
centage of each value, with postnatal day 30 taken as 100%, and rep-
resent mean = SEM of five animals. *P < 0.05 compared with 15—
19 days of embryonic life and 1-3 or 7 days after birth. **P < 0.05
compared with 15-19 days of embryonic life and 1-3 days after
birth.
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Fig. 3. Western blot analysis of PAD2 protein in the whole brain
during development from embryonic day 16 to postnatal day 30.
Ten micrograms of protein extracted from the whole brain was sepa-
rated on 10% SDS-PAGE and then electrotransferred onto the PVDF
membrane. PAD2 was detected by using anti-hPAD2 monoclonal
antibody, hPAD2-2110.
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Fig. 4. Age-dependent changes of PAD2, GFAP, and Nef3 mRNA
expression in the brain. Total RNA from the cerebral cortex, cere-
bellum, and hippocampus of 3-, 6-, 12-, 24-, and 30-month-old
mice was prepared. Quantitative real-time PCR analysis of PAD2
(A), GFAP (B), and Nef3 (C) was carried out as described in Materi-
als and Methods. As the endogenous control, GAPDH was quantified
simultaneously to normalize each raw data. Data are expressed in per-
centages, with values in the hippocampus of 3-month-old mice taken
as 100%, and represent a mean * SEM of five animals. *P < 0.05
compared with 3-month-old mice. **P < 0.05 compared with 6-
month-old mice. "P < 0.05 compared with 12-month-old mice. {{P
< 0.05 compared with 24-month-old mice.
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Similarly, GFAP mRNA expression in the cerebral
cortex, cerebellum, and hippocampus gradually increased
during aging, although the GFAP mRNA content in the
cerebral cortex was significantly lower than that in the
cerebellum and hippocampus at all ages (Fig. 4B). GFAP
expression in the cerebral cortex, cerebellum, and hippo-
campus at 30 months was about 4.2-fold, 3.1-fold, and
2.5-fold higher than in 3 month-old-mice, respectively.
On the other hand, Nef3 mRNA expression was
detected in the cerebral cortex, cerebellum, and hippo-
campus and was abundantly expressed in the hippocam-
pus of mice at all ages tested. Moreover, Nef3 mRNA
expression levels in all regions did not change during
aging (Fig. 4C).

Immunohistochemical Localization of PAD2
in the Cerebral Cortex, Cerebellum,
and Hippocampus

To establish firmly that PAD2-positive cells are
present in the cerebral cortex, hippocampus, and cere-
bellum of 3-month-old mice, we performed immunohis-
tochemical staining of serial sections by using PAD?2-,
GFAP-, and MAP2-specific antibody (Fig. 5). In the
cerebral cortex and hippocampus, PAD2-positive signals
were detected in neuronal cell bodies that costained
with MAP2 (Fig. 5G,H,M,N) but not in dendrites. Not
only was MAP2 staining positive in both the neuronal
cell bodies and the dendrites, but the cerebral cortex,
hippocampus, and cerebellum were also MAP2-positive
(Fig 5SM-0). However, GFAP-positive cells, which are
considered to be reactive astrocytes, were PAD2 nega-
tive in the cerebral cortex, hippocampus, and cerebellum
(Fig. 5G-L).

In the cerebellum, PAD2-positive staining was
present on morphologically characteristic Purkinje-like
cells along dense granule cell layers that were not posi-
tive for either MAP2 or GAFP (Fig. 5I,L,0). To con-
firm that these were actually Purkinje cells, we per-
formed double immunostaining with PAD2 and calbin-
din, a known marker of Purkinje cells and limited to
localization in those cells (Servais et al., 2005; Whitney
et al., 2008; Fig. 6). Calbindin staining was evident as a
light magenta coloration on the alkaline phosphate sub-
strate (Fig. 6A). These Purkinje cells appeared as huge,
round cell bodies located between the bottom of the
molecule layer and surface of the granule cell layer of
cerebellar tissue. PAD2 was stained brown by the DAB
used as a chromogenic substrate (Fig. 6B). Double im-
munostaining allowed detection of both calbindin- and
PAD2-positive cells in the same Purkinje cells from the
cerebellum (Fig. 6C), thus ensuring the existence of
PAD?2 in clearly identified Purkinje cells of the cerebel-
lum. Additionally, the characteristic localization of
PAD2, GFAP, and MAP2 in the cerebral cortex, hippo-
campus, and cerebellum did not change during aging
from 3 months to 30 months (data not shown).

Journal of Neuroscience Research

Developmental and Age-Related Changes of PAD2 803

DISCUSSION

We report here, for the first time, that PAD2
mRINA expression increases significantly in the cerebral
cortex, hippocampus, and cerebellum during aging and
that PAD2 localizes in neuronal cells of the cerebral cor-
tex and Purkinje cells of cerebellum. Activation of the
PAD?2 enzyme is a known cause of protein citrullination
(Watanabe et al., 1988; Vossenaar et al., 2003). The
potential clinical importance of the findings presented
here lies in the close association previously found
between abnormal protein citrullination in the CNS and
the neurodegenerative disorders AD (Ishigami et al.,
2005), MS (Moscarello et al.,, 2007) and prion disease
(Jang et al., 2008). However, until now, changes of
PAD?2 expression levels have not been linked with the
aging process.

In this study, PAD2 mRNA expression. was
detected in the brains of mice after 15 days of embry-
onic development, and GFAP mRNA expression first
became evident just 1 day later (Fig. 1B,C). Previous
reports indicated that PAD2 appeared mainly in glial
cells, especially astrocytes (Asaga and Ishigami, 2000,
2001), microglial cells (Asaga et al., 2002), and oligoden-
drocytes (Akiyama et al., 1999). However, we detected
PAD2 earlier than GFAP, so PAD2 must be expressed
in cells other than glial cells, possibly astrocytes. MAP2
and Nef3 were also expressed at an early embryonic
stage in amounts that increased slightly until birth and
remained almost constant until postnatal day 7 (Fig.
2A.D). Thus, PAD2 expression did not correlate with
GFAP, MAP2, or Nef3 expression, indicating that
PAD?2 must appear at specific, but still unknown, stages
and conditions of glal and neuronal cell differentiation.

In the cerebral cortex, cerebellum, and hippocam-
pus, PAD2 mRNA expression increased significantly
during the aging process (Fig. 4A). That is, PAD2
mRINA levels at the 30-month-old mark were 1.5-fold
to 1.6-fold higher than in 3 month olds. Although
GFAP mRNA expression also increased significantly
during aging, the increase of GFAP did not correlate
closely with that of PAD?2, because GFAP in 30-month-
old mice was 2.7-fold to 4.7-fold higher than that from
3 month olds, far exceeding the increase of PAD2.
Moreover Nef3 mRINA expression did not change dur-
ing aging. Because the change of PAD2 expression levels
during aging did not correlate with those of GFAP and
Nef3, PAD2 must be expressed only at certain times and
under appropriate conditions by neuronal cells and glial
cells, including astrocytes (Asaga and Ishigami, 2000,
2001), activated microglial cclls (Asaga et al., 2002), and
stage-specific  immature oligodendrocytes  (Akiyama
et al., 1999).

Wood et al. (2008) reported that both PAD?2 and
PAD4 1soforms were present in myeln isolated from
normal and MS white matter, and PAD4 was involved
in histone citrullination in MS brain (Mastronardi et al.,
2006). However, in this study, PAD4 protein was not
detected at all by Western blot analysis with the PAD4-
specific antibody we developed previously (Nakashima
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A

Fig. 5. Immunchistochemical staining of PAD2, GFAP, and MAP2
in the cerebral cortex, hippocampus, and cerebellum of 3-month-old
mice. Each brain section was stained with PAD2 (A,B,G-I), GFAP
(C,D,J-L), and MAP2 (E,F,M-O) antibody. The square area of g-i
in A and B, j-l in C and D, and m—o in E and F were magnified for

et al., 1999). This discrepancy must be due to the differ-
ent antibodies used. Moscarello et al. (1994) reported
that approximately 20% of the total MBP was citrulli-
nated in early developing human brain determined by

presentation in G-I, J-L, and M~O, respectively. Arrows indicate
typical stained objects. Scale bars = 1 mm in A-F; 100 pum in G-O.
[Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

protein sequencing; however, in this study, no citrulli-
nated protein at all was found in the brain during normal
development and aging by Western blot analysis with
antimodified citrulline antibody (Senshu et al., 1992).
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Fig. 6. Identification of PAD2-positive cells in the cerebellum by
double immunostaining. Sections of cerebellum from 3-month-old
mice were double immunostained with PAD2 and calbindin. Rabbit
anticalbindin antibody was applied first, after which alkaline phospha-
tase-conjugated anti-rabbit IgG was applied for staining with the Red
Alkaline Phosphate Substrate Kit [. Next, anti-PAD2 monoclonal
antibody (hPAD2-2110) was applied; then, horseradish peroxidase-
conjugated anti-mouse IgG was added to stain with DAB. The
stained proteins are the following. A: Alkaline phosphate substrate as
a chromogenic substrate (light magenta) for calbin. [Color figure can
be viewed in the online issue, which is available at www.interscience.
wiley.com.]

This discrepancy must be due to the technical differences
between protein sequencing and Western blot analysis.

As described in our previous reports, PAD2 was
detected in activated astrocytes in brains from AD and
scrapie-infected mice (Ishigami et al., 2005; Jang et al.,
2008). Many reports have, in fact, indicated that PAD2
normally remains inactive but becomes active and citrul-
linates cellular proteins only when the intracellular cal-
cium balance is upset during neurodegenerative changes
such as AD, prion disease, and MS (Moscarello et al.,
1994; Ishigami et al., 2005; Jang et al., 2008). Thus, cit-
rullinated protein has become a useful marker for neuro-
degenerative disorders of humans.

For the first ttme, PAD2 has been detected in Pur-
kinje cells of the cerebellum, as we found by applying
double-immunohistochemical staining for PAD2 and
calbindin (Fig. 6). The cerebellum functions as the cen-
ter of learning and control over motion, sensory input,
and cognition. Purkinje cells of the cerebellum are its
sole output neurons and are important as the integrators
and fine tuners of diverse input signals (Cheron et al.,
2008). Accumulated evidence indicates that the dynamlc
movement of Ca®" plays a key role in the function of
Purkinje cells (Matsushita et al., 2002; Erickson et al.,
2007)." Intracellular Ca®* concentzatlons become ele~
vated via voltage-dependent calcium channels of plasma
membranes  or  inositol-1,4,5-triphosphate-dependent
Ca®™ release from intracellular Ca®” storage sites such as
the endoplasmic reticulum (Cheron et al., 2008). Eleva-
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tions of intracellular Ca®" activate an intracellular signal
cascade leading to such functional events as neurotrans-
mitter release (Cheron et al., 2008). The relevance of
this background is that the PAD enzyme 1eqmres ~100-
fold hlgher than the normal intracellular Ca®" level for
its activation (Inagaki et al., 1989). Insofar as Purkinje
cells store large amounts of Ca’ corresponding to phys-
10logical stnnuh (Matsushlta et al,, 2002), conceivably
those intracellular Ca®" concentrations become elevated
transiently in specific, limited areas, such as near the
endoplasmic reticulum and plasma membrane. When
such a condition prevails, PAD2 enzyme would become
activated and citrullinate various proteins, leading to cell
death (Asaga et al., 1998). In fact, quantities of PAD2
and citrullinated proteins have been shown to increase in
the brain in vivo during such abnormal conditions as
scrapie-infection of mice and AD of humans (Ishigami
et al., 2005; Jang et al., 2008).

In conclusion, we detected PAD2 mRNA in the
brains of mice beginning at embryonic day 15 and
tracked its ever-increasing expression in the cerebral
cortex, hippocampus, and cerebellum until the animals
were 30 months old. Moreover, we found here, for the
first time, that PAD2 localized in neuronal cells of the
cerebral cortex and Purkinje cells of the cerebellum.
PAD2 may play a role in the onset and progression of
nemodeoeneratlve disorders by abnormally disrupting
Ca®* homeostasis and thereby increasing the production
of citrullinated proteins.
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Abstract Peptidylarginine deiminases (PADs)-mediated
post-translational citrullination processes play key roles in
protein functions and structural stability through the con-
version of arginine to citrulline in the presence of excessive
calcium concentrations. In brain, PAD2 is abundantly
expressed and can be involved in citrullination in disease.
Recently, we have reported pathological characterization
of PAD2 and citrullinated proteins in scrapie-infected
mice, but the implication of protein citrullination in the
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pathophysiology in human prion disease is not clear. In the
present study, we explored the molecular and biological
involvement of PAD2 and the pathogenesis of citrullinated
proteins in frontal cortex of patients with sporadic
Creutzfeldt-Jakob disease (sCJD). We found increased
expression of PAD2 in reactive astrocytes that also con-
tained increased levels of citrullinated proteins. In addition,
PAD activity was significantly elevated in patients with
sCJD compared to controls. From two-dimensional gel
electrophoresis and MALDI-TOF mass analysis, we found
various citrullinated candidates, including cytoskeletal and
energy metabolism-associated proteins such as vimentin,
glial fibrillary acidic protein, enolase, and phosphoglycer-
ate kinase. Based on these findings, our investigations
suggest that PAD2 activation and aberrant citrullinated
proteins could play a role in pathogenesis and have value as
a marker for the postmortem classification of neurode-
generative diseases.

Keywords Citrullination - Peptidylarginine deiminase -
Creutzfeldt-Jakob disease - Prion - Astrocytes

Abbreviations

PAD Peptidylarginine deiminase

CJD Creutzfeldt-Jakob disease

PrP Prion protein

CNS Central nervous system

2-DE Two-dimensional gel electrophoresis

MALDI-TOF mass Matrix-assisted laser desorption/
ionization-time of flight mass
BAEE Benzoyl-L-arginine ethyl ester

SDS Sodium dodecyl sulfate

anti-MC Anti-modified citrulline

GAPDH Glyceraldehyde-3-phosphate

dehydrogenase
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GFAP Glial fibrillary acidic protein
MBP Myelin basic protein

AD Alzheimer’s disease
Introduction

Prion diseases are a group of progressive neurodegenera-
tive diseases that affect the central nervous system (CNS)
in humans and animals. These are rare, infectious, and fatal
neurodegenerative diseases that are characterized by
spongiform changes, neuronal degeneration, reactive glio-
sis, and accumulation of disease-associated misfolded
prion proteins (termed PrPS°) in the CNS [51]. In prion
diseases, PrP*° is a factor in causation and is thought of as
an unconventional infectious agent. Sporadic Creutzfeldt-
Jakob disease (sCJD) is the most common of the human
diseases, accounting for approximately 85% of human
prion cases; it occurs at a rate of approximately one per
million [34]. The etiological factor of sCJD remains
unknown; in contrast, variant CJD is transmitted from
bovine spongiform encephalopathy, and familial CJD
(fCJD) is caused by a point mutation at a codon of the prion
protein [1, 51].

The post-translational modifications of various proteins
are important events required in the regulation of many
cellular processes. Aberrant and excessive modifications
can provoke abnormal conditions; in particular, these
modifications have emerged as key events of CJD devel-
opment and pathogenesis. These modifications include
glycosylation, nitration, phosphorylation, and lipoxidation
[17, 20, 45, 46]. Among various post-translational modi-
fications, citrullination (or deimination) is an irreversible
process that converts protein-bound arginine residues to
citrulline which results in loss of their positive charge,
provokes a conformational change, and alters the isoelec-
tric point (pI) value and electrophoretic-mobility [58].
Peptidylarginine deiminases (PADs) regulate this process
by their activation along with up-regulation of intracellular
calcium (Ca’") distribution [60]. PADs are found as five
different isoforms (types 14, and 6) that are distinct in
substrate and tissue specificity [60]. Among them PAD2
and PAD4 are localized in the CNS [24, 25, 36, 40, 60, 62]
and PAD? is also ubiquitously distributed in other mam-
malian tissues such as muscle, dermis, spleen, and
hematopoietic cells [37, 60]. Especially PAD2 is abun-
dantly expressed in brain which citrullinates various
cytoplasmic proteins such as glial fibrillary acidic protein
(GFAP) and myelin basic protein (MBP) [24, 38]. PAD2
has been reported to contribute to pathogenic events in
abnormal conditions [5, 7, 24, 25, 32, 38], and is abun-
dantly increased in reactive astrocytes during several

@ Springer

neurodegenerative conditions [24, 25, 43]. Distinctively,
PAD4 is the only type of PAD that has a nuclear locali-
zation signal sequence at N-terminal domain [2], resulting
in localization in cell nuclei where the enzyme citrullinates
histones [36, 41, 61]. Since the five Ca®>"-binding sites
were found in PAD4 by structural analysis [2] and were
conserved with several other isoforms [37], it is presumed
that PAD2 also contains five Ca”-binding sites. Under
abnormal conditions, PADs-mediated citrullinations have
been shown to affect various biological functions, such as
the change of proteolytic susceptibility, binding affinity to
target molecules, inflammatory processes induced by
autoantibodies, regulation of gene expression, and cellular
structural changes [31, 35, 49, 50, 61].

Increased citrullination and/or upregulated PAD have
been reported in a number of human diseases including
multiple sclerosis [36, 38, 43], rheumatoid arthritis [23,
32], Alzheimer’s disease (AD) [24], cancer [10, 11], der-
matosis [37, 60], and an experimental mouse model of
prion disease [25]. The occurrence of citrullinated proteins
is associated with disease development or progression, and
it could serve as a useful marker or therapeutic target for
human diseases.

Recently, we reported pathological characterization of
PAD2 and citrullinated proteins that were abnormally
accumulated in various brain regions of ME7 scrapie-
infected mice [25]. For human prion diseases, the role of
citrullination remains to be assessed. In the present study,
we explored the molecular and biological involvement of
PAD?2 and citrullinated proteins in frontal cortex of patients
with sCID.

Materials and methods
Patients

Human brain tissues were obtained from the Biosafety
Level-III Autopsy Center for CJD (Hallym University
Sacred Heart Hospital, Republic of Korea). The sliced
brain tissues were stored at —80°C until analysis. The study
was approved by the Institutional Review Board at Hallym
University. The pathologic features of the CJD patients are
summarized in Table 1 and Fig. 1.

Western blot analysis

Brain tissues were homogenized in 50 mM Tris—HCI, pH
7.4, 150 mM NaCl, | mM EDTA, 1 mM sodium vanadate,
1% Triton X-100, 1% Nonidet P-40, 0.25% sodium
deoxycholic acid, and protease inhibitors (Roche diagnos-
tics, Indianapolis, IN, USA). For detection of PrP%
samples were digested with 20 pg/ml proteinase-K (PK)
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Table 1 Clinical details of controls and CJD patients specimens

No. Diagnosis Sex Age Brain Postmortem
weight (g) interval (h)

1 Non-CJD M 83 1,220 12.0

2 Non-CJD F 67 1,400 4.0

3 Non-CJD M 71 1,225 7.0

4 Non-CID M 55 1,280 12.0

CIDI Sporadic M 77 1,600 2.5

CJD2 Sporadic M 49 1,150 120.0

CJD3 Sporadic F 66 1,380 13.0

CID4 Familial F 66 1,450 13:5

All non-CJD cases are normal brains. Familial CJD has a point
mutation of valine to isoleucine at codon 203 of the prion protein

for 40 min at 37°C and then were probed with mouse
monoclonal anti-PrP (3F4, 1:500) [29]. For detection of
citrullinated proteins, 50 pug of protein was subjected to
12% SDS-PAGE, transferred to PVDF membrane fol-
lowed by incubation in modification reagent [1 v of a
mixture of 1% diacetyl monoxime/0.5% antipyrine/l1 M
acetic acid, and 2 v of a mixture of 85% H;P0,/98%
H,SO4/H,0O (20/25/55) containing 0.1% FeCl;-6H,0] and
probed with a rabbit polyclonal anti-modified citrulline
antibody (anti-MC) at 1:1,000 (Upstate, Lake Placid, NY,
USA) as described previously [54]. For the detection of
other target proteins, the transferred PVDF membranes
were directly probed with mouse monoclonal anti-PAD2
(1:5,000) [56], rabbit polyclonal anti-GFAP (1:7,000, Dr.
Ishigami generation) or rabbit polyclonal anti-GAPDH
(1:1,000) (Santa Cruz Biotechnology, Santa Cruz, CA,

Fig. 1 Pathological a

non-CJD sCJD1 sCJD2 sCJD3 b

USA). The membranes were then incubated with the
appropriate secondary antibody-conjugated HRP. Bound
antibodies were visualized by chemiluminescent substrate
as described by the manufacturer (Amersham Biosciences,
Piscataway, NJ, USA).

Immunohistochemistry

Neutral buffered formalin-fixed brains were cut into 6-pum
thick slices and the sections were used for immunohisto-
chemical staining. For staining of citrullinated proteins, the
experiment was performed as described previously [25]. For
negative control of staining of citrullinated proteins, the
sections were incubated with dH,O instead of | v of a
mixture of 1% diacetyl monoxamine, 0.5% antipyrine, and
I N acetic acid. After incubation with primary antibodies
including mouse monoclonal anti-PrP (3F4, 1:200), rabbit
polyclonal anti-GFAP (1:500, Dako, Copenhagen, Den-
mark), mouse monoclonal anti-PAD2 (2110, 1:100), and
rabbit polyclonal anti-MC (1:400), the sections were washed
and then treated sequentially with biotinylated anti-mouse
IgG or anti-rabbit IgG, and then incubated with avidin—
biotin peroxidase complex using the ABC kit (Vector,
Burlingame, CA, USA), developed with 0.003% 3,3-diam-
inobenzidine and 0.03% H,O, in 50 mM Tris buffer, and
finally hematoxylin-counterstained sections were examined
under light microscope (BX51; Olympus, UK). For immu-
nofluorescence  staining, primary antibodies-exposed
sections were labeled with LRSC-conjugated donkey anti-
rabbit IgG (1:200) or FITC-conjugated goat anti-mouse IgG
(1:200) (Jackson ImmunoResearch, West Grove, PA, USA),

characterization of brain non-CJD sCJD
samples from sCJD patients. KD -+ -+ - -+ PK - [ 1 T 7
a Proteinase K-(PK)-resistant 50“ AT e : T
PrP5¢ analysis by Western 50 g

blotting using anti-PrP antibody. 37|

b Western blot analysis of 25 37

GFAP expression using anti-

GFAP antibody. c-e 20

Histological characterizations 15

including PrP5¢ deposition in :

the PK-treated brain slice (c¢),

cell bodies and processes of
reactive astrocytes (d), and
vacuolation by hematoxylin—
eosin staining (e) in frontal
cortex of sCID patients. Arrows
indicate PrP%° (c), GFAP-
positive astrocytes (d), and cell
body and nucleus of neuronal
cell or glial cell in the section.
Asterisks indicate vacuoles as
distinct holes. Original
magnification x20
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