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Type 1 diabetes mellitus is characterized by a significant deficit
in pancreatic B-cell mass, presumably caused by B-cell apo-
ptosis. We investigated the incidence of B-cell apoptosis in
streptozotocin-treated mice and nonobese diabetic (NOD) mice
with 99MTc-annexin A5. Methods: Vehicle-treated mice, strepto-
zotocin-treated mice, and NOD mice at the ages of 5, 9, 16,
and 20 wk (5-8 mice per group) were injected with 99mTc-
annexin A5 and sacrificed 6 h later for autoradiography, and
the regional ®*mTc-annexin A5 level in the pancreas was eval-
uated. Pancreatic islets were identified by insulin immunohis-
tochemical staining, and apoptotic cells were determined by
terminal deoxynucleotidyl transferase-mediated dUTP nick-
end labeling (TUNEL) staining. The ®9™Tc-annexin A5 level in
pancreatic islets was expressed as the percentage injected
dose per area of pancreatic islets and normalized by animal
body weight (%ID x 108/mm?2/kg). The level of apoptotic cells
in pancreatic islets was expressed as the number of TUNEL-
positive cells per area of pancreatic islets (cells/mm?). Results:
The °°™MTc-annexin A5 accumulation level was significantly
higher (2.5 + 0.7 vs. 0.7 = 0.1 %ID x 108/mm?/kg, P < 0.05)
and the number of TUNEL-positive cells was significantly higher
(1,170 = 535 vs. 5 * 6 cells/mm?, P < 0.05) in the pancreatic
islets of the streptozotocin-treated mice than in those of the
vehicle-treated mice. The 9¥™Tc-annexin A5 accumulation level
was significantly higher (1.1 = 0.4 vs. 0.5 = 0.1 %ID x 108/mm?/
kg, P < 0.05) and the number of TUNEL-positive cells was
significantly higher (152 + 82 vs. 4 = 9 cells/mm?2, P < 0.05)
in the pancreatic islets of 16-wk-old NOD mice than in those of
5-wk-old NOD mice. In addition, the level of ®®™Tc-annexin A5
correlated with the number of TUNEL-positive cells in the pan-
creatic islets of the streptozotocin-treated mice (r = 0.821, P <
0.001) and NOD mice (r = 0.721, P < 0.001). Conclusion: There
is significant islet cell apoptosis with 9mTc-annexin A5 accu-
mulation in the pancreas of both streptozotocin and NOD mice.
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Type 1 diabetes mellitus (T1DM) is typically an autoim-
mune disease resulting from specific destruction of B-cells
in pancreatic islets (Z,2). Once a threshold of -cell loss is
reached, the pancreas is no longer able to secrete a sufficient
amount of insulin to maintain glucose homeostasis, resulting
in diabetes mellitus. 3-cell apoptosis has been demonstrated
in experimental models of TIDM (3-5), suggesting the po-
tential role of apoptosis in the progression of the disease.
However, understanding of the relationship of 3-cell apopto-
sis to the onset of TIDM is limited. In recent years, molec-
ular imaging techniques have been developed to visualize
apoptosis. One method uses the intravenous administration
of %MTc-annexin A5, which binds with nanomolar affinity
to phosphatidylserine expressed on the outer leaflet of the
cell membrane of cells undergoing apoptosis (6). In this
study, we have applied this technique to evaluate apoptosis
of B-cells in the following 2 murine models of T1DM:
streptozotocin-treated mice, as a well-established acute
model of TIDM (4,7,8), and nonobese diabetic (NOD)
mice, as a model of spontaneous T1DM (2,3).

Previously, Medarova et al. were able to detect the apo-
ptosis of B-cells in the animal models of TIDM in vitro and
ex vivo by conjugating a commercially available fluorescent
substance, Cy5.5, with annexin A5 (7). However, for the in
vivo detection of (3-cell apoptosis, a radionuclide label may
be better because of its ability to detect the sites of locali-
zation externally. Annexin A5 labeled with a radionuclide
such as ®™Tc has been used for the noninvasive imaging of
apoptosis in various human diseases, such as myocardial
infarction (9), atherosclerosis (/0,11), and tumor response
to chemotherapy (/2—14). To evaluate the feasibility of
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using **™Tc-annexin A5 for the assessment of the degree of
B-cell apoptosis in the pancreas, we compared the accumu-
lation of “°™Tc-annexin A5 with histopathologic changes of
B-cells in the pancreas of both the streptozotocin-treated and
the NOD murine models.

MATERIALS AND METHODS

Preparation of °"Tc-Annexin A5

Recombinant human annexin AS derivatized with hydrazino-
nicotinamide was kindly donated by the National Cancer Institute
(NCI-Frederick Cancer Research and Development Center).
Hydrazinonicotinamide-annexin A5 was labeled with *™Tc using
tricine as the coligand as described previously (specific activity,
4.2 MBqg/pg of protein) (I5).

Animal Studies

Animal care and all experimental procedures were performed
with the approval of the Animal Care Committee at Hokkaido Uni-
versity. Male BALB/c mice and female NOD mice were obtained
from Clea Japan Inc. The mice were kept under a 12-h light cycle
with free access to a standard diet and water in a temperature-
controlled facility at the Laboratory of Animal Experiments at
Hokkaido University. In this study, we used 2 animal models of
T1DM. The first was a streptozotocin-induced model generated
by an intraperitoneal injection of streptozotocin (120 or 200 mg/kg
of body weight) in 10-wk-old BALB/c mice (n = 5); a vehicle was
used for the control (n = 5) (4,7,8). Islet cell apoptosis was eval-
vated 30 h after the streptozotocin injection. The second was the
NOD model of spontaneous T1DM, evaluated in 5-, 9-, 16-, and
20-wk-old NOD mice (n = 5-8 animals per group) (2,3). Blood
glucose level was measured by tail snip in the fed state at 10:00 am
daily using Glucocard (Arkray Inc.).

Autoradiographic Studies

For injection of **™Tc-annexin A5 (18.5 MBg/mouse), the mice
were anesthetized with light ether and injected intravenously. Six
hours after ™Tc-annexin A5 injection, the animals were sacrificed,
and the pancreas was harvested under pentobarbital anesthesia (0.025
mg/kg of body weight, intraperitoneally), frozen, and cut into 10-pm-
thick sections using a cryomicrotome. To visualize the distribution of
99mTc-annexin A5 in the pancreas, the sections were placed on phos-
phor imaging plates (Fuji Imaging Plate, BAS-SR 2025; Fuji Photo
Film Co., Ltd.) for 15 h together with the calibrated standards (16).
The exposed imaging plates were scanned with a Fuji Bio-Imaging
Analyzer (BAS-5000 [Fuji Photo Film Co., Ltd.]; internal resolution,
25 pm). The autoradiograms were analyzed using image analysis
software (Multi Gauge, version 3.0; Fuji Photo Film Co., Ltd.).

Histopathologic Studies

After the autoradiographic exposure, the same sections were
fixed with 4% paraformaldehyde and underwent immunohisto-
chemical staining of insulin for confirmation of the presence of
pancreatic islets. The immunohistochemical staining of insulin
was performed using a polyclonal rabbit antiinsulin antibody
(H-86; Santa Cruz Biotechnologies) with a Vectastain Elite ABC
kit (Vector Laboratories, Inc.). Apoptotic cells were determined by
terminal deoxynucleotidyl transferase—mediated dUTP nick-end
labeling (TUNEL) staining using a section adjacent to the section
that was used for the autoradiographic study (/7). The sections
were fixed with 4% paraformaldehyde and stained in accordance
with a standard protocol using a commercially available kit (an in

situ apoptosis kit; Takara Bio Inc.). The number of TUNEL-positive
cells in pancreatic islets was counted under a Biozero BZ-8000 mi-
croscope (Keyence Corp.), and the obtained images were analyzed
with image analysis software (VH-H1AS, version 2.6; Keyence
Corp.) for calculation of TUNEL-positive cell density (cells/mm?).

Coregistration of Images and Evaluation of
99mTc-Annexin A5 Accumulation Level

As described previously (/8), the raw data from the autoradio-
graphic images were digitally scanned using a BAS-5000 device,
and the corresponding histopathologic images captured using the
Biozero BZ-8000 microscope were transferred to a computer. Au-
toradiographic images were magnified and analyzed using Multi
Gauge image analysis software (version 3.0; Fuji Photo Film Co.,
Ltd.). Histopathologic images were simultaneously magnified and
analyzed using VH-H1AS5 image analysis software. Both autora-
diographic images and corresponding histopathologic images
were magnified and displayed side by side on the same screen.
Autoradiographic images were converted into color-coded images,
and the positive areas were traced as exposed cross-sections. With
an interactive threshold operation available in Multi Gauge, we
used the autoradiographic images to manually set threshold val-
ues, isolating the structures of cross-sections from the background.
After the autoradiographic images and histopathologic figures
were aligned, regions of interest were manually drawn on pancre-
atic islets. The radioactivity in each region of interest was deter-
mined as photostimulated luminescence per unit area (PSL = a x
D x t, where a is a constant, D is the radioactivity exposed on the
imaging plate, and t is the exposure time). Each count (PSL/mm?)
from a pancreatic islet was recorded and converted to percentage
injected dose per area of the pancreatic islet (%1D/mm?) using the
activity of the standards. The data were normalized by animal
body weight (%ID/mm?/kg).

Statistical Analyses

All numeric parameters were expressed as mean * SD. To
test the significance of differences in body weight and blood
glucose level among streptozotocin (120 mg/kg)-, streptozotocin
(200 mg/kg)-, and vehicle-treated mice or among NOD mice at
different ages, the data were first subjected to a Bartlett test for
homogeneity of variance. Because the Bartlett test indicated ho-
mogeneity of variance (i.e., Bartlett test value, >0.05), 1-way
ANOVA followed by the Bonferroni post hoc test were performed.
In addition, to test the significance of differences in **™Tc-annexin
A5 accumulation and apoptosis levels among these 3 treated
groups of mice or among NOD mice at different ages, the data
were first subjected to a Bartlett test for homogeneity of variance.
Because this test indicated heterogeneity of variance (i.e., Bartlett’s
test value, <0.05), the nonparametric Kruskal-Wallis test followed
by the Games—Howell multiple-comparisons test was performed.
The correlation between **™Tc-annexin A5 accumulation level and
the number of TUNEL-positive cells was assessed with the Spear-
man correlation coefficient by rank analysis. A 2-tailed P value
of less than 0.05 was considered statistically significant.

RESULTS

Body Weight and Blood Glucose Level

The body weight and blood glucose level of streptozo-
tocin-treated mice, vehicle-treated mice, and NOD mice at
different ages are shown in Table 1. Among streptozotocin-
and vehicle-treated mice, no significant difference was ob-
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TABLE 1
Body Weights and Blood Glucose Levels in
Streptozotocin-Treated Mice and NOD Mice

Body Blood glucose
Mouse group weight (g) level (mg/dL)
Vehicle-treated (n = 5) 252 +1.0 103 + 16
Streptozotocin-treated
120 mg/kg (n = 5) 23.8 = 1.6 124 + 37
200 mg/kg (n = 5) 25.7 = 1.0 90 = 30
NOD
5-wk-old (n = 8) 16.6 = 1.1 119 + 44
9-wk-old (n = 6) 20.6 = 0.9* 132 = 30
16-wk-old (n = 8) 24,1 = 1.3t 119 = 14
20-wk-old (n = 5) 22.2 £1.3%* 119 = 30

*P < 0.05 vs. 5-wk-old group.

TP < 0.05 vs. 9-wk-old group.

*P < 0.05 vs. 16-wk-old group.

Data represent mean * SD (n = 5-8/group).

served in body weight or blood glucose level. In the NOD
mice, body weight gradually increased with age up to 16
wk and declined at 20 wk, whereas no significant difference
was observed in blood glucose level among all groups.

99mTc-annexin A5

Autoradiographic Studies of 29mTc-Annexin A5

Figure 1 shows the autoradiograms and corresponding
images of immunohistochemical staining of insulin in the
pancreas of streptozotocin- and vehicle-treated mice in-
jected with °°™Tc-annexin A5. In the pancreas of strepto-
zotocin (200 mg/kg)-treated mice, °°™Tc-annexin A3
preferentially accumulated in the regions showing insulin
staining (pancreatic islets). In contrast, the accumulation
level of ®™Tc-annexin A5 in the pancreatic islets of vehicle-
treated mice was as low as that of the exocrine pancreas.

Figure 2 shows the autoradiograms and corresponding
images of immunohistochemical staining of insulin in the
pancreas of NOD mice injected with °™Tc-annexin AS5.
99mTc-annexin A5 preferentially accumulated in the pan-
creatic islets of 16-wk-old NOD mice. In contrast, the ac-
cumulation level of ?°MTc-annexin A5 in the pancreatic
islets of 5-wk-old NOD mice was as low as that of the
exocrine pancreas.

TUNEL Staining of Pancreatic Islets

Figure 3 shows the results of TUNEL staining in the
pancreas of streptozotocin-treated mice and NOD mice
injected with °™Tc-annexin A5. The number of TUNEL-
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FIGURE 1. Autoradiograms and corre-
q‘ sponding immunohistochemical staining of
o v -r-‘ insulin in pancreas of mouse treated with
. 3 ‘;‘-‘300 2 vehicle (A), mouse treated with 120 mg/kg
;E a of streptozotocin (B), and mouse treated
% b b i with 200 mg/kg of streptozotocin (C) and
£ E 7 T b injected with 99mTc-annexin A5. Boxes indi-
== : A . cate magnified areas shown in insets. Black
o ,'S - arrows = pancreatic islets (with positive in-
w sulin staining); red arrows = regions with
1,000 um|  high °®™Tc-annexin A5 accumulation (with
— concomitant insulin staining). Red scale
bars = 1,000 um, and black scale bars (in-
set) = 300 pm. STZ = streptozotocin.
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FIGURE 2. Autoradiograms and corre- &
sponding immunohistochemical staining of g
insulin in pancreas of NOD mice at 5 (A), 9 £
(B), 16 (C), and 20 wk of age (D) injected with 8
99mTc-annexin A5. Boxes indicate magnified 2
areas shown in insets. Black arrows = pan- ’;‘
creatic islets (positive to insulin staining); red g'

arrows = regions with high %®™Tc-annexin
A5 accumulation (concordant with insulin
staining). Red scale bars = 1,000 pm, and
black scale bars (inset) = 300 pm.

positive cells markedly increased in the pancreatic islets
of streptozotocin-treated mice, whereas there were few
TUNEL-positive cells in the islets of the vehicle-treated
mice. In the pancreatic islets of NOD mice, the number of
TUNEL-positive cells increased with age up to 16 wk and
declined at 20 wk (Supplemental Fig. 1; supplemental mate-
rials are available online only at http://jnm.snmjournals.org).

Quantitative Analysis of ®™Tc-Annexin A5
Accumulation and TUNEL Staining

99mTc-annexin A5 was nearly 3-fold higher in the pan-
creatic islets of streptozotocin (200 mg/kg)-treated mice

Low

Immunohistochemical
staining of insulin

1,000 pm

[
4 {i
300 pm

1,000 pm

1,000 pm

M High

than in those of vehicle-treated mice (2.5 = 0.7 vs. 0.7 =
0.1 %ID x 10%mm?kg, P < 0.05) (Fig. 4A). Moreover,
99mTc-annexin A5 was nearly 2-fold higher in the pancre-
atic islets of 16-wk-old NOD mice than in those of 5-wk-
old NOD mice (1.1 = 0.4 vs. 0.5 = 0.1 %ID x 105/mm?/kg,
P < 0.05) (Fig. 4B).

The number of TUNEL-positive cells in the pancreatic
islets was significantly higher in streptozotocin (200 mg/kg)-
treated mice (1,170 *+ 535 cells/mm?) than in vehicle-treated
mice (5 * 6 cells/mm?, P < 0.05) (Fig. 4C). In the pan-
creatic islets of NOD mice, the number of TUNEL-positive
cells was significantly higher in mice at 16 wk than in mice
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FIGURE 3. TUNEL staining in pancreas of streptozotocin-treated
mice and NOD mice injected with 9¥mTc-annexin A5. Arrows show
TUNEL-positive cells. Boxes indicate magnified areas shown in
insets. Blue scale bars = 100 um, and black scale bars in inset =
25 um. STZ = streptozotocin.

at 5 wk (152 £ 82 vs. 4 = 9 cellsymm?, P < 0.05)
(Fig. 4D), consistent with the results of *™Tc-annexin A5
accumulation.

The accumulation level of ®™Tc-annexin A5 correlated
with the number of TUNEL-positive cells in the pancreatic
islets of streptozotocin- and vehicle-treated mice (r =

0.821; P < 0.001) (Fig. 5A). In the pancreatic islets of [Fig. 5]

NOD mice, the accumulation level of %°™Tc-annexin A5
also positively correlated with the number of TUNEL-pos-
itive cells (r = 0.721; P < 0.001) (Fig. 5B).

DISCUSSION

In this study, we demonstrate apoptosis of insulin-
producing pancreatic islet cells in 2 experimental models
of TIDM. The relation of the accumulation level of *°™Tc-
annexin A5 and the number of TUNEL-positive cells in the
pancreas of the streptozotocin-treated mice and NOD mice
can be summarized as follows. First, a significantly higher
99mTc-annexin A5 accumulation level was observed in ap-
optotic B-cells than in other types of pancreatic cells. Then,
regional °°™Tc-annexin A5 accumulation level correlated
significantly with the number of TUNEL-positive cells in
the acute model mice after streptozotocin treatment and in
the spontaneous NOD model. In 5-wk-old NOD mice, there
was neither localization of *™Tc-annexin A5 nor histologic
evidence of apoptosis. In 16-wk-old animals, there was
localization of ®™Tc-annexin A5 and histologic evidence
of apoptosis. These changes occurred without a significant
increase in blood glucose level (e.g., before the onset of
T1DM).

Medarova et al. used annexin A5 conjugated to the
fluorescence marker Cy 5.5 to detect apoptotic B-cells in
streptozotocin-treated and NOD mice of different ages (7).
The accumulation level of fluorescence-labeled annexin A5
in apoptotic B-cells was supported by TUNEL staining. In
the current study, we correlated autoradiography of radio-
labeled annexin with TUNEL staining in our animal mod-
els. Compared with the optical imaging, nuclear imaging
offers the advantage of good tissue penetration of +y-rays.
Although the current study used autoradiography to vali-
date the tissue localization of annexin A5, the potential to
use this tracer in vivo with external imaging may be helpful
to test various therapies to reduce the 3-cell apoptosis that
results in TIDM.

A limitation of our study is the lack of in vivo planar or
SPECT images of the mice. Noninvasive imaging was not
conducted in this study because the mouse pancreas is
irregularly shaped and small, making it difficult to identify
without high-resolution and high-sensitivity small-animal
SPECT equipment. It may be technically feasible to nonin-
vasively image the pancreas using **™Tc-annexin A5 SPECT
with contemporaneous CT because the human pancreas is
large. It should be noted, however, that the limited spatial
resolution of SPECT cannot resolve small pancreatic islets
(100-300 wm) containing B-cells that are scattered in the
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of TUNEL-positive cells in pancreatic islets of streptozotocin-
treated mice and NOD mice injected with 9®™Tc-annexin A5.
9mTc-annexin A5 accumulation levels in pancreatic islets of
streptozotocin-treated mice (A) and NOD mice (B) injected with
9mTc-annexin A5 and number of TUNEL-positive cells in pancre-
atic islets of streptozotocin-treated mice (C) and NOD mice (D)
injected with 9°mMTc-annexin A5 are shown. Data represent mean
+ SD (n = 5-8/group). STZ = streptozotocin.

pancreas, suggesting that SPECT can be used only to mea-
sure the radioactivity of **™Tc-annexin A5 averaged over
the entire pancreas. Regarding this point, in our preliminary
biodistribution study using the ex vivo counting method in
streptozotocin-treated mice, the average radioactivity of
99mTc-annexin A5 in the entire pancreas was also signifi-
cantly higher in streptozotocin-treated mice than in vehicle-
treated mice (Supplemental Fig. 2). In SPECT, however,
this average radioactivity also suffers from the partial-volume
effects and the scatter from surrounding tissues, although the
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FIGURE 5. Correlations between 9™Tc-annexin A5 accumulation
levels and number of TUNEL-positive cells in pancreatic islets of
streptozotocin-treated mice (A) and NOD mice (B) injected with
99mTc-annexin A5. Data represent mean + SD (n = 5-8/group).

human pancreas is relatively large in volume (average, 80
cm?) (19). The signal intensity is important for successful
imaging and signal quantification (20), and that obtained in
our study was relatively low. With respect to the signal in-
tensity, PET is more advantageous than SPECT. The devel-
opment of PET tracers for apoptosis with high affinity and
signal intensity might be an alternative approach. The fea-
sibility of noninvasive imaging of the pancreas using **™Tc-
annexin A5 SPECT should be confirmed in future studies.
Regarding nuclear imaging in DM, 'C-labeled dihydrote-
trabenazine was also reported as a potential tracer of viable
B-cells for the assessment of pancreatic 3-cell mass (21,22).
Dihydrotetrabenazine binds specifically to vesicular mono-
amine transporter type 2, which is expressed at the vesicles
that contain insulin and dopamine in pancreatic (3-cells but is
absent in the exocrine tissues of the pancreas and many other
abdominal tissues (23,24). ''C-dihydrotetrabenazine PET
can clearly visualize the pancreas in control rats and healthy
subjects. However, results of a study on the feasibility of
HC-dihydrotetrabenazine PET quantification of pancreatic
vesicular monoamine transporter type 2 binding in healthy
subjects and patients with long-standing T1DM showed that
the functional vesicular monoamine transporter type 2 bind-
ing capacity appears to overestimate 3-cell mass in view of
the known near-complete depletion of (3-cell mass in patients
with long-standing TIDM (25). Instead of imaging B-cell
mass, we explored the possibility of imaging [-cell apopto-
sis. As DM progresses, the increase in the level of (3-cell
apoptosis occurs in parallel with the decrease in (3-cell mass.
With respect to monitoring therapy, apoptosis tracers would
be useful in monitoring therapy that targets the prevention
of B-cell apoptosis in T1DM, and tracers of viable 3-cells
would be useful in monitoring therapy that targets the pro-
motion of neogenesis and regeneration of 3-cells and islet
transplant in T1DM (21,26). The use of both **™Tc-annexin
A5 SPECT/CT and !'C-dihydrotetrabenazine PET/CT
should enhance the armamentarium to study T1DM.

CONCLUSION

In the present study, we demonstrated that regional *®™Tc-
annexin A5 accumulation level significantly correlated with
the number of TUNEL-positive cells in both the acute model
and the spontaneous model of T1IDM. *’™Tc-annexin A5
may be useful for diagnosis and possibly for response as-
sessment of individual patients with T1DM to therapy.
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