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Intramedullary apoptosis of hematopoietic tissue is believed to
play a major role in the pathophysiology of myelodysplastic
syndrome. Annexin V, a specific marker of the early to interme-
diate phases of apoptosis, has been applied to the in vitro study
of bone marrow aspirates. A noninvasive measure of intramed-
ullary apoptosis in vivo that could serially monitor the clinical
progression of myelodysplastic syndrome may be helpful.
Methods: We used %mTc-radiolabeled annexin V and radionu-
clide gamma camera imaging to serially study the sites, extent,
and severity of intramedullary apoptosis induced by cyclophos-
phamide treatment. Results: Intravenously administered radio-
labeled annexin V localized preferentially in the femur, pelvis,
vertebrae, and spleen; increased uptake in these organs was
easily visualized as early as 8 h after injection of 100 mg/kg
cyclophosphamide in 8- to 10-wk-old animals. Higher doses of
cyclophosphamide (150 mg/kg) in animals of the same age
increased annexin V uptake in the bone marrow and splenic
tissue and delayed recovery of these organs as seen histolog-
ically compared with lower doses. Older animals, 5-6 mo old,
showed a slower response to cyclophosphamide treatment and
delayed recovery of bone marrow and splenic tissues. Conclu-
sion: Radiolabeled annexin V can be used to detect and directly
quantify the degree of intramedullary and splenic apoptosis in a
noninvasive fashion using current clinical radionuclide imaging
equipment. Annexin V imaging may be useful clinically in the
diagnosis and management of myelodysplastic syndrome.
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using annexin V (13,14), a human protein commonly la-
beled with fluorescent markers for in vitro detection and
quantification of apoptotic cellslb,16). Radionuclide im-

ages of sites of apoptotic cell death can be recorded in vivo
after intravenous administration of radiolabeled annexin V.

Annexin V has a reversible, strictly calcium-dependent,
nanomolar affinity for the membrane aminophospholipid,
phosphatidylserine (PS)L%). PS comprises 10%-15% of
the total phospholipid content of plasma cell membrane and
is normally restricted to the inner leaflet of the plasma
membrane lipid bilayer by an adenosine triphosphate—de-
pendent translocase (17,18). However, with the onset of
apoptosis, PS is rapidly redistributed onto the cell surface
(19). The number of annexin V binding sites per cell with
the onset of apoptosis increases 100- to 1,000-fold during
apoptosis, reaching values of 3—4 million in some cell lines
(20,21). PS exposure on the cell surface closely follows
caspase-3 activation and occurs well before DNA fragmen-
tation (22). Annexin V, therefore, is a sensitive marker of
the early to intermediate phases of apoptosis.

Apoptosis has been imaged in vivo after intravenously
administered radiolabeled annexin V in experimental mod-
els of apoptosis induced by anti-Fas antibody (J&3) énd
alloreactive T lymphocytes in the course of acute transplant
rejection of the heart (23), liver (24), and lung (25). During
our imaging investigation of the effects of chemotherapy on
experimental murine tumors we also observed an increase in
the localization of radiolabeled annexin V within the bone

I ncreased rates of intramedullary apoptosis have be®arrow (13). This observation suggested that intramedul-
reported in a variety of bone marrow disorders, includind@ry apoptosis could be evaluated with annexin V imaging.

myelodysplasia (1-9), aplastic anemia (10), Fanconi’s ane-The current study was undertaken to compare the degree
mia (11), andx- and B-thalassemia (12). These diseases agé annexin V uptake with the induction of apoptosis in the

usually investigated with bone marrow aspiration or biopgpdent bone marrow and spleen after a single dose of
to make a definitive diagnosis. We recently described cyclophosphamide. We also studied the effects of age and
radionuclide imaging technique to detect apoptosis in viviose on the time course of annexin V uptake within these
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organs. Our results indicate that radiolabeled annexin V
may provide noninvasive serial assessments of cell death in
the bone marrow and spleen using existing protein radiola-
beling and imaging technologies.
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MATERIALS AND METHODS dards of 1% of injected activity (1 mL in a 100-mL dilution of
Animal Model injected dose) were counted along with samples from each sub-

Young male (150-200 g: 810 wk old) and older male (3509roup of animals. Data were recorded as percentage injected

0 .
450 g: 5-6 mo old) Sprague-Dawley rats (Simonsens, Gilroy, C&ose/gram (%ID/q) of tissue corrected for background and decay.
were housed and treated in a humane manner in accordance ‘mgtologic Analyses

institutional guidelines for animals. Young males were treated with \yhole femurs and spleens from each animal were placed in
one dose of 100 or 150 mg/kg cyclophosphamide (Sigma, S, phosphate-buffered formalin before scintillation well count-
Louis, MO) reconstituted in 1 mL physiologic phosphate-buffereghg Fixed specimens were then decalcified (i.e., only the femur)
saline (PBS) injected intraperitoneally. Older males were treatgg?ng standard media and embedded in paraffiprhistologic

with a single dose of 100 mg/kg cyclophosphamide injected intrgactions were obtained subsequently and stained with hematoxylin
peritoneally. All animals were killed immediately after imaging atng eosin for microscopic analysis.

8, 24, and 72 h after injection of cyclophosphamide for biodistri-

bution or scintillation well counting assay. Control animals foStatistical Analyses

each experimental group did not receive cyclophosphamide andAll variables were expressed as average valteSDs. All

were imaged and killed within 24 h of experimental animals. statistical comparisons of average values were performed with the

i . Studentt test (two tailed) for significance using the null hypoth-

Preparation of ®"Tc-HYNIC-Annexin V esis. Linear correlation coefficients were calculated using a least-
Human annexin V (molecular weight, 35,806) was produced Ry, ares linear regression analysis. The significance of the linear

expression inEscherichia colias described (26); this mate”alcorrelation was calculated using the null hypothesis wgith

retains membrane-bound PS binding activity equivalent to that féflope): 0,n — 2 degrees of freedom, thedistribution, and a

native annexin V. Derivatized hydrazinonicotinamide (HYN|C)Two-taiIed test of significance® < 0.05 was considered signifi-
annexin V was prepared as described without affecting membrangy

bound PS activity (13). Derivatized HYNIC—annexin V was ra-
diolabeled with a " Tc]tricine precursor complex according to

Larsen et al. (27). After chelation with th&]Tc]tricine precursor RESULTS
complex, the volume of the reaction mixture was brought to 1 mRQI Analysis and Scintillation Well Counting of Femur

with PBS, pH 7.4, and collected in 1-mL fractions eluted from activity

Sephadex G-25 column (Pharmacia, Piscataway, NJ). Fractiongoontrol ROI values were comparable in all three groups,

3 and 4 contained 70%-80% of total derivatized protein a'&though there was borderline, but not significaRt €

95.7%-99.4% of total®"Tc activity as determined by previously0 0615), elevation in annexin V femoral uptake in older

described methods (28). The pool of fractions 3 and 4 had _a. . .
radiopurity of 92%—-97%, determined by instant thin-layer chroa-lr"ma'S (Fig. 1). Eight hours after treatment, young adult

matography using 0.9% PBS as a solvent. The radiolabeled me[f@t-s h"‘_‘d highly significant (R 0.005) elevati(_)ns of fem(O)raI
rial prepared as above had calculated specific activities rangiﬂg”ex'n V uptake (as seen by ROI analysis) of 58.2% and
from 3.7 to 7.4 MBgag protein. 105.9% above control animals in the 100 and 150 mg/kg

cyclophosphamide groups, respectively. Increased annexin

Radionuclide Imaging o V uptake in the femurs, pelves, and vertebrae was also
Animals were injected in the tail vein with 18.5-37 MBq (0.5-T o jly visualized on the scintigraphic images of young
mei; 20_.404““9”9 pmte'n). '.radwlabeleq ann@w ! h before adult rats 8 h after treatment (Fig. 2). At 24 h, femoral

radionuclide imaging and killing. At the time of imaging rats were nexin V uptake reached plateau values of 60%, and 122%

sedated with a mixture of 80 mg/kg acepromazine and 40 mg/ A
ketamine injected intramuscularly. A Technicare 420 mobile scif?0Ve control activity in the 100 and 150 mg/kg young adult

tillation camera (Technicare; Solon, OH) equipped with a lowd'oOups, respectively, after V‘_/hiCh there was a recovery to-
energy, high-resolution, parallel-hole collimator was used toard control values. The fall in femoral annexin V Uptake at

record the®"Tc-HYNIC—annexin V distribution. Data were-re 72 h was significantly less rapid in the 150 mg/kg young
corded using a 20% window centered on the 140-keV photopeallult group compared with that of the 100 mg/kg group
of 9°9"T¢ into a 256X 256 matrix of a dedicated computer systen{104% vs. 42% above control values, respectivély=<
for digital display and analysis (ICON; Siemens, Hoffman Estateg,0005).
IL). All images were recorded for a preset time of 10 min. The time course of femoral annexin V uptake as seen by
Image Analysis ROl analysis in old adults was markedly different from that of
Region-of-interest (ROI) image analysis was performed to d¥0ung animals receiving the same dose of cyclophosphamide
termine relative counts in one femur (corrected for background (he., 100 mg/kg). Peak annexin V uptake occurred at a later
the adjacent soft tissue of the thigh) in comparison with that of tHeme in the older animals. At 8 h, annexin V uptake increased
whole body. The result was expressed as the percentage of ¢irdy 9% above control values. Annexin V uptake reached a
whole-body activity. plateau between 24 and 72 h, 43% and 46% above control
Scintillation Well Counting values, respec_tively. Howc_aver, the a_bsolute average values of
Samples were weighed and then counted in a Cobyatiunter femoral annexin V uptake in older animals at 24 and 72 h were
(Packard Instrument Company, Meriden, CT). The energy wigignificantly greater than those of younger adults also receiving
dows were set at a lower level of 120 keV and an upper level 800 mg/kg cyclophosphamide, as shown in FigureP1<{
170 keV for%"Tc for the counting of annexin V activity. Stan 0.005 andP < 0.0005, respectively).
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Femoral annexin V uptake, observed by ROI analysisjononuclear cells to a greater degree than RBC precursors,
correlated with the well counting data presented in Figure &lthough both cell lineages showed marked nuclear atypia and
The 100 and 150 mg/kg young animals and the 100 mg/kggmentation characteristic of apoptosis. Apoptotic changes at
old rat groups had linear regression correlation coefficierzd h were also associated with further increases in sinusoidal
of r = 0.639 (P< 0.005;n = 23),r = 0.863 (P< 0.0005; dilation and hemorrhage. At 72 h, marrow from all groups was
n = 21), andr = 0.544 (P< 0.01;n = 21), respectively. hypocellular with dilated sinusoids and variable degrees of

Histologic Study of Treated Bone Marrow fibroblast proliferation, hemorrhage, and cellular atypia.

The number of rats studied at each dose and time poinfTitne Course of Splenic Uptake of Annexin V
shown in Table 1. Young adult control animals had highly Because the rat spleen was superimposed over the left
cellular marrow with homogeneous nuclei and few red blodddney on radionuclide imaging, the time course of annexin
cells (RBCs) with little to no fat (€0% of total marrow V activity of the spleen was obtained solely from well
volume) as shown in Figure 4. Older adult control animals haunting data (Fig. 5). Average splenic weights in young
decreased cellularity compared with that of young controhts decreased after treatmert50% of control values 24 h
animals with more fat (:30%) and RBCs. Eight hours afterafter treatment) as shown in Figure 6. The young adult 100
therapy all groups showed mild decreases in marrow cellulardppd 150 mg/kg treatment groups also had highly significant
predominately affecting mononuclear cells, scattered hem@® < 0.0005) increases in the specific activity of the spleen
rhages with dilation of sinusoids, and mild cellular atypia. Bgs early as 8 h after cyclophosphamide treatment (60.4%
24 h, there was a marked marrow hypocellularity affectingnd 92.1% of control specific activities, respectively). Spe-

Control

. FIGURE 2. AnnexinV images of treated
Treated with 150mg/kg animals. Representative annexin V radio-
2 ; : nuclide images of animals from time
__ 72 hours befre nnen Iagm course of young rats treated with 150
L mg/kg cyclophosphamide injected intra-
peritoneally. Rats were imaged in supine
posterior projection using 10-min acquis-
tions, 256 X 256 imaging matrix, parallel-
hole, high-sensitivity collimation 1 h after
intravenous injection of 18.5-37 MBq
(0.5-1.0 mCi) radiolabeled annexin V.
Standards (1/100 of injected activity)
were placed adjacent to right flank of
each pair of animals during image acqui-
sition.
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FIGURE 3. Change in annexin V biodis-
tribution with treatment. Time course of
uptake of radiolabeled annexin V as de-
termined by scintillation well counting of
femurs is represented by bar graph for
each of three treatment groups. Vertical
axis represents percentage injected ac-
tivity from one femur of each animal per
gram of femoral weight. Student t tests
compared controls and each time point
after treatment separately for three
groups of experimental animals: *P <
0.025; **P < 0.005; ***P < 0.0005. Error o ‘ ‘ 84 ‘ b3
bars represent =1 SD of mean value at CONTROL 8 HRS 24 HRS 72HRS
each time point.
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cific activity within these groups peaked at 24 h; this watgrn). At 72 h in both groups of young adult males, there
followed by a trend toward control values at 72 h. Thesgas a significant number of regions showing recovery of
groups also had parallel decreases in splenic weight at 8 awitite pulp mass toward normal and a marked fall in the
24 h after treatment but remained<a50% of control values number of atypical nuclei. The splenic tissue of the older
at 72 h. male group showed hemorrhagic eosinophilic exudate with
Old adult rats treated with 100 mg/kg cyclophosphamidiérotic bands but little nuclear atypia.

had a markedly different time course with no significant

rises in splenic activity or decreases in weight at 8 h (12.54SCUSSION

above and 87.9% of control values, respectively). At 24 h, These data suggest that cyclophosphamide-induced in-
there was a modest increase of 24.5% in splenic activity aﬂgmedullary apoptosis in the long bones, pelvis, and verte-
a fall in splenic weight to 70.4% of control values. At 72 hprae can be monitored noninvasively using radiolabeled
there was a further increase in splenic activity (34% Qfynexin V and gamma camera imaging. Annexin V detects
control) and a decrease in weight (61.7% of control valueg)yspiotic cells by binding to PS, a constitutive membrane

Histologic Study of Treated Splenic Tissue aminophosholipid selectively exposed during the early and
The red and white splenic pulp was sharply demarcatediffermediate phases of apoptosis before DNA fragmentation
control animals of all groups as shown in Figure 7. At 8 H19). The number of receptor sites for annexin V increases
all three groups showed mild decreases in white pulp mda% @ factor of 100-1,000 with the onset of apoptosis,
with scattered pyknotic fragments and focal areas of apometimes reaching-4 X 10° sites per cell (20,21). In
optotic cells as well as increased numbers of RBCs wiffeheral, in vivo radionuclide receptor imaging requires a
expansion of red pulp. At 24 h, the white pulp continued t@linimum of 50,000-100,000 receptor sites per cell with a
decrease as red pulp and the number of splenic RBRI§ding affinity of better than 16 mol/L (29). Annexin V
increased. There was also marked apoptosis with multii¥ceeds by several orders of magnitude these theoretic

sites of phagocytosis of apoptotic bodies (starry sky pd€duirements for receptor imaging in vivo.
Annexin V radionuclide imaging demonstrated apoptosis

in the bone marrow and spleen with both organs showing

TABLE 1 uptakes of>150% of control values as early as 8 h after
Treatment Group Sizes cyclophosphamide administration. The imaging data corre-
_ lated with well counting data and the observed histologic
Size L
changes within the bone marrow and spleen. The type of
Group Control 8h 24h 72h Total  gyomg) vascular (endothelial), and hematopoietic injuries
Young adults (100 mg/kg) 6 5 6 6 23 and cell depletion found in our study were similar to those
Young adults (150 mg/kg) 6 5 6 4 21 of prior animal studies on the response of the bone marrow
Old adults (100 mg/kg) 6 (5" 6(4)° 6 6 24@1) 5 single doses of cyclophosphamic20(31). The precise

- temporal relationships of different cell types, cell number,
“Number in parenthesis indicates number of animals that under- and fraction of cells undergoing apoptosis to annexin V

went biodistribution assay and imaging. uptake could not be determined from our set of experiments.
Dose of cyclophosphamide is indicated for each group. Apoptosis of endothelial, stromal, and other bone marrow
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FIGURE 4. Histologic changes of bone
marrow with treatment. Representative
5-um histologic sections of coronally ori-
ented decalcified bone marrow speci-
mens are shown (hematoxylin and eosin,
X40). Femurs of young adult animals at
0h(A),8h(C), 24 h (D), and 72 h (E) after
cyclophosphamide treatment (100 mg/kg
intraperitoneally). Femurs of older adult
animals at 0 h (B) and 72 h (F) after cy-
clophosphamide treatment (100 mg/kg
intraperitoneally). Note hypercellularity of
young (A) compared with older (B) control
rats in which there was markedly more
adipose tissue and RBCs. At 8 h (C) and
24 h (D), there was progressive decrease
in marrow cellularity affecting white blood
cell nuclei with increasing atypia and nu-
clear fragmentation (apoptosis) and areas
of hemorrhage of both groups. At 72 h,
bone marrow of young animals (E) was
markedly hypoplastic with few white
blood cells (normal in appearance) and
fibroblasts seen against backgound of
RBCs. In contrast, older animals (F) had
marked fatty fibrotic changes in hypo-
plastic marrow with numerous RBCs.

tissues likely contributed to femoral uptake, which waseen histologically. Although fewer cells are present, the
noted to plateau or increase at 24 h after cyclophosphami@enaining cells bind more annexin V, suggesting that they
injection, despite the marked loss of hematopoietic tissaee apoptotic.
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- FIGURE 5. Change in splenic uptake of
6 annexin V. Well counting data of annexin
+ V uptake of spleen expressed as percent-
age injected activity per gram of splenic
4 x tissue for each of three groups of exper-
7 imental animals are shown. Student t
: tests compared controls and each time
+ point after treatment separately for three
: groups of experimental animals: *P <
0 . : ‘ . L 0.025; **P < 0.005; **P < 0.0005. Error
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FIGURE 6. Change in splenic weight
(wt) after treatment. Average weights *+ 0.3 1
SDs of each experimental group after cy-
clophosphamide treatment are plotted. 0.2 i ‘ .
Error bars represent =1 SD of mean control 8 hrs 24 hrs 72 hrs
value at each time point.

Anton (30) observed marked dilation of sinusoids asseras also observed in our older animals. Fatty replacement
ciated with apoptosis of endothelial cells as well as th&f the bone marrow has been well described as part of
presence of mature RBCs within regions of hematopoietimrmal maturation in rabbits (34,35) and in humans (36,37).
parenchyma after cyclophosphamide treatment. Because s unclear how these and other unknown factors contribute
optosis of endothelial cells is associated with increasestm the slow response to cyclophosphamide treatment and
annexin V binding (32), endothelial cells may contribute tdelay in marrow and splenic recovery of the older animals
the observed increase in annexin V uptake in hematopoiditicour study.
tissues. Anton also noted that recovery and regrowth ofSlow or poor responses to chemotherapy, determined by
stromal tissue and the endothelial cells of the sinusoid®ne marrow biopsy within the first weeks of treatment,
lagged significantly behind the restoration of hematopoietitave correlated with poor outcome in patients with acute
parenchyma that occurred days after cyclophosphamigenphoblastic leukemia (38 —240Serial annexin V imaging
treatment. maybe helpful in these individuals as a noninvasive surro-

Stromal and other supportive cells appear to play majgate marker of treatment response and prognosis. Annexin
roles in the maintenance of normal bone marrow and Wimaging compared with bone marrow biopsy or aspiration
myelodysplastic diseas@)( Intramedullary stromal tissuewould also be free of potential sampling errors in diseases
in particular cannot be aspirated easily and often requires treatment responses of the bone marrow that are not
biopsy to obtain adequate amounts of material for assascessarily uniform.

Annexin V imaging, though not cell specific, may provide We did not quantify the many histomorphometric vari-
serial, noninvasive assessments of stromal and other sgptes of the femur marrow, including marrow cellularity,
portive tissues in many different hematopoietic disordersfatty infiltration, fatty degeneration, osteoid volume, osteoid

The spleen represents another type of tissue that is Batface, osteoid thickness, and so forth. These parameters
easily accessible to biopsy. The results of this study aage known to change significantly with age and rage)(
previous work (13) have shown that apoptosis within tiehe ratio of these parameters, such as marrow cellularity to
spleen can be detected using radiolabeled annexin V. Bee volume of bone, fat, and presumably total femoral
cause of the small size of the rat and the overlap of thgeight, may have directly affected (decreased) the degree of
spleen and the left kidney on planar imaging we could n@hnexin V uptake determined by well counting assay in
directly perform ROI analysis of the spleen. In larger anim@der animals.
models and in patients, SPECT imaging would permit the
direct imaging of splenic parenchymal activity.

The slow response of the bone marrow and spleen wiiPNCLUSION
respect to annexin V uptake in old adult rats after cyclo- Radiolabeled annexin V preferentially localizes to re-
phosphamide administration was unexpected. Age-relatgidns of intramedullary and splenic apoptotic injury induced
susceptibility of CD4 and CD8& human peripheral blood by cyclophosphamide treatment in rats. Radiolabeled an-
lymphocytes to Fas-mediated apoptosis associated with mexin V may have a future role in the serial noninvasive
creased expression of T-cell Fas and FasL has been repoaesessment of chemotherapy-induced intramedullary and
(33). Fatty replacement of hematopoietic marrow with agatrasplenic apoptosis.

314  THe JourNAL oF NUucLEAR MEDICINE * Vol. 42 « No. 2 « February 2001


http://jnm.snmjournals.org/

Downloaded from jnm.snmjournals.org by on March 14, 2017. For personal use only.

S~
ERsaap TR
"..Mlsfﬂ?%e

E

ACKNOWLEDGMENTS

The authors acknowledge the efforts of Bonnie Bell and
Stan D. Spilman for their efforts in the animal care and
preparation of pathologic material for assay and histology.
This work was supported in part by the National Institutes

of Health (grants HL-47151 and HL-61717). 9

REFERENCES

10.

1. Ali A, Mundle SD, Ragasa D, et al. Sequential activation of caspase-1 and
caspase-3 like proteases during apoptosis in myelodysplastic syndrdides.
matother Stem Cell Res. 1999;8:343-356.

2. Tsoplou P, Kouraklis-Symeonidis A, Thanopoulou E, Zikos P, Orphanos V,
Zoumbos NC. Apoptosis in patients with myelodysplastic syndromes: differential

involvement of marrow cells in ‘good’ versus ‘poor’ prognosis patients and2-

correlation with apoptosis-related genesukemia. 1999;13:1554-1563.

3. Aizawa S, Nakano M, lwase O, et al. Bone marrow stroma from refractor%l3-

anemia of myelodysplastic syndrome is defective in its ability to support normal
CD34-positive cell proliferation and differentiation in vitrbeuk Res. 1999;23:
239-246.
4. Yoshida Y, Mufti GJ. Apoptosis and its significance in MDS: controversies
revisited.Leuk Res. 1999;23:777-785.
5. Dar S, Mundle SD, Andric T, et al. Biological characteristics of myelodysplastic

7.

14.

15.

FIGURE 7. Histologic changes of
spleen with treatment. Representative
5-um histologic sections of spleen spec-
imens are shown (hematoxylin and eosin,
X40). Spleens of young adult rats at 0 h
(A), 8 h (C), 24 h (D), and 72 h (E) after
cyclophosphamide treatment (100 mg/kg
intraperitoneally). Spleens of older adult
animals at 0 h (B) and 72 h (F) after cy-
clophosphamide treatment (100 mg/kg
intraperitoneally). (A and B) Both groups
at 0 h had well-defined regions of red and
white splenic pulp. At 8 h (C) and 24 h (D),
there was progressive loss of white pulp
and relative increases in red pulp. Asso-
ciated with these changes were increas-
ing numbers of apoptotic nuclei with in-
gestion of these particles by adjacent
cells in a starry sky pattern. At 72 h,
young animals (E) showed significant re-
covery of white pulp with more normal-
appearing nuclei and absence of starry
sky patterns. However, older animals (F)
showed blunted recovery of white pulp
with hemorrhagic eosinophilic infiltrate
with dense fibrotic bands.

Fontenay-Roupie M, Bouscary D, Guesnu M, et al. Ineffective erythropoiesis
in myelodysplastic syndromes: correlation with Fas expression but not with
lack of erythropoietin receptor signal transducti@&n.J Haematol. 1999;106:
464—-473.

. Gupta P, Niehans GA, LeRoy SC, et al. Fas ligand expression in the bone marrow

in myelodysplastic syndromes correlates with FAB subtype and anemia, and
predicts survivalLeukemia. 1999;13:44-53.

Parker JE, Fishlock KL, Mijovic A, Czepulkowski B, Pagliuca A, Mufti GJ.
Low-risk myelodysplastic syndrome is associated with excessive apoptosis and
an increased ratio of pro- versus anti-apoptotic bcl-2-related prot&nsl
Haematol. 1998;103:1075-1082.

Mundle SD, Shetty VT, Raza A. Is excessive spontaneous intramedullary apo-
ptosis unique to myelodysplasi&xp Hematol. 1998;26:1014-1015.

11. Koh PS, Hughes GC, Faulkner GR, Keeble WW, Bagby GC. The Faconi anemia

group C gene product modulates apoptotic responses to tumor necrosisofactor-
and Fas ligand but does not suppress expression of receptors of the tumor necrosis
factor receptor superfamilfexp Hematol. 1999;27:1-8.

Kuypers FA, Yuan J, Lewis RA, et al. Membrane phospholipid asymmetry in
human thalassemi&lood. 1998;91:3044-3051.

Blankenberg FG, Katsikis PD, Tait JF, et al. In vivo detection and imaging of
phosphatidylserine expression during programmed cell dPatie.Natl Acad Sci
USA. 1998;95:6349—-6354.

Stratton JR, Dewhurst TA, Kasina S, et al. Selective uptake of radiolabeled
annexin V on acute porcine left atrial thromBlirculation. 1995;92:3113-3121.
van Heerde WL, de Groot PG, Reutelingsperger CPM. The complexity of the
phospholipid binding protein annexin rhromb Haemost. 1995;73:172-179.

syndrome in patients who demonstrated high versus no intramedullary apoptodi. Vermes |, Haanen C, Steffens-Nakken H, Reutelingsperger CPM. A novel assay

Eur J Haematol. 1999;62:90-94.
6. Goyal R, Qawi H, Ali I, et al. Biologic characteristics of patients with hypocel-
lular myelodysplastic syndromeseuk Res. 1999;23:357-364.

ANNEXIN V BoNE MarRrROwW IMAGING ¢ Blankenberg et al.

for apoptosis flow cytometric detection of phosphatidylserine expression on early
apoptotic cells using fluorescein labelled annexin)\fmmunol Methods. 1995;
184:39-51.

315


http://jnm.snmjournals.org/

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

316

Downloaded from jnm.snmjournals.org by on March 14, 2017. For personal use only.

. Williamson P, Schlegel RA. Back and forth: the regulation and function d8.

transbilayer phospholipid movement in eukaryotic cédiel Membr Biol. 1994;
11:199-216.

Zwaal RF, Schroit AJ. Pathophysiologic implications of membrane phospholipid
asymmetry in blood cellBlood. 1997;89:1121-1132.
Martin SJ, Reutelingsperger CPM, McGahon AJ. Early redistribution of plasma

29.

30.

Blankenberg FG, Katsikis PD, Tait JF, et al. Imaging of apoptosis (programmed
cell death) with®*™Tc annexin V.J Nucl Med. 1999;40:184-191.

Fischman AJ, Khaw BA, Strauss HW. Quo vadis radioimmune imaging [edito-
rial]. J Nucl Med. 1989;30:1911-1915.

Anton E. Ultrastructural changes of stromal cells of bone marrow and liver after
cyclophosphamide treatment in micEssue Cell. 1997;29:1-9.

membrane phosphatidylserine is a general feature of apoptosis regardless of3theVaghef H, Wisén A-C, Hellman B. Demonstration of benzo(a)pyrene-induced

initiating stimulus: inhibition by overexpression of Bcl-2 Abl. Exp Med.
1995;182:1545-1556.

Bennett MR, Gibson DF, Schwartz SM, Tait JF. Binding and phagocytosis of
apoptotic vascular smooth muscle cells is mediated in part by exposure 3#.
phosphatidylserineCirc Res. 1995;77:1136-1142.

Tait JF, Smith C, Wood BL. Measurement of phosphatidylserine exposure 38.
leukocytes and platelets by whole-blood flow cytometry with annexiBMNod

Cells Mol Dis. 1999;25:271-278.

Naito M, Nagashima K, Mashima T, Tsuruo T. Phosphatidylserine externaliza4.
tion is a downstream event of interleukiB-tonverting enzyme family protease
activation during apoptosi®lood. 1997;89:2060—-2066. 35.
Vriens PW, Blankenberg FG, Stoot JH, et al. The use of 99m technetium labeled
annexin V for in vivo imaging of apoptosis during cardiac allograft rejection36.
J Thorac Cardiovasc Surg. 1998;116:844—853.

Ogura Y, Krams SM, Martinez OM, et al. Radiolabeled annexin V imaging37.
diagnosis of allograft rejection in an experimental rodent model of liver trans-
plantation.Radiology. 2000;214:795-800.

Blankenberg FG, Robbins RC, Stoot JH, et al. Radionuclide imaging of actg8.
lung transplant rejection with annexin Zhest. 2000;117:834—840.

Wood BL, Gibson DF, Tait JF. Increased phosphatidylserine exposure in siclé@.
cell disease: flow-cytometric measurement and clinical associaBtosd. 1996;
88:1873-1880.

Larsen SK, Solomon HF, Caldwell G, Abrams M¥"Tc]tricine: a useful 40.
precursor complex for the radiolabeling of hydrazinonicotinate protein conju-
gates.Bioconjug Chem. 1995;6:635—638.

THE JoURNAL OF NUcLEAR MEDICINE ¢ Vol. 42 « No.

DNA damage in mice by alkaline single cell gel electrophoresis: evidence for
strand breaks in liver but not in lymphocytes and bone marmharmacol
Toxicol. 1996;78:37—43.

Bombeli T, Karsan A, Tait JF, Harlan JM. Apoptotic vascular endothelial cells
become procoagulanBlood. 1997;89:2429-2442.

Aggarwal S, Gupta S. Increased activity of caspase 3 and caspase 8 in anti-Fas-
induced apoptosis in lymphocytes from aging huma&im Exp Immunol. 1999;
117:285-290.

Hertzberg C, Orlic D. An electron microscopic study of erythropoiesis in fetal
and neonatal rabbit#\cta Anat (Basel). 1981;110:164-172.

Bigelow CL, Tavassoli M. Fatty involution of bone marrow in rabbitsta Anat
(Basel). 1984;118:60—64.

Schnitzler CM, Mesquita J. Bone marrow composition and bone microarchitec-
ture and turnover in blacks and whitésBone Miner Res. 1998;13:1300-1307.
Koo KH, Dussault R, Kaplan P, et al. Age-related marrow conversion in the
proximal metaphysis of the femur: evaluation with T1-weighted MR imaging.
Radiology. 1998;206:745-748.

Asselin BL, Ryan D, Frantz CN, et al. In vitro and in vivo killing of acute
lymphoblastic cells by L-asparaginasgancer Res. 1989;49:4363—4368.

Frost BM, Larsson R, Nygren P, Lonnerholm G. Is in vitro sensitivity of blast
cells correlated to therapeutic effect in childhood acute lymphoblastic leukemia?
Adv Exp Med Biol. 1999;457:423—-428.

Panzer-Grumayer ER, Schneider M, Panzer S, Fasching K, Gadner H. Rapid
molecular response during early induction chemotherapy predicts a good out-
come in childhood acute lymphoblastic leukendood. 2000;95:790-794.

2 « February 2001


http://jnm.snmjournals.org/

Downloaded from jnm.snmjournals.org by on March 14, 2017. For personal use only.

The Journal of

NUCLEAR MEDICINE

Imaging Cyclophosphamide-Induced Intramedullary Apoptosis in Rats Using 99m
Tc-Radiolabeled Annexin V

Francis G. Blankenberg, Louie Naumovski, Johnathan F. Tait, Anneke M. Post and H. William Strauss

J Nucl Med. 2001;42:309-316.

This article and updated information are available at:
http://ilnm.snmjournals.org/content/42/2/309

Information about reproducing figures, tables, or other portions of this article can be found online at:
http://ilnm.snmjournals.org/site/misc/permission.xhtml

Information about subscriptions to JNM can be found at:
http://ilnm.snmjournals.org/site/subscriptions/online.xhtml

The Journal of Nuclear Medicineis published monthly.
SNMMI | Society of Nuclear Medicine and Molecular Imaging
1850 Samuel Morse Drive, Reston, VA 20190.

(Print ISSN: 0161-5505, Online ISSN: 2159-662X) SOCIETY OF

NUCLEAR MEDICINE
© Copyright 2001 SNMMI; al rights reserved. Il AND MOLECULAR IMAGING


http://jnm.snmjournals.org/content/42/2/309
http://jnm.snmjournals.org/site/misc/permission.xhtml
http://jnm.snmjournals.org/site/subscriptions/online.xhtml
http://jnm.snmjournals.org/

