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Rheumatoid arthritis is associated with chronic synovial in-
flammation due to the abnormal accumulation of macro-
phages and autoreactive T lymphocytes in joints. The auto-
reactive cells cause an inflammatory proapoptotic response
to self-antigens resulting in eventual bone, cartilage, and
soft-tissue loss and destruction. The goal of our study was to
determine the timing and intensity of apoptosis in joints using
9mTc-labeled annexin V, an in vivo marker of apoptosis, in a
murine model of immune arthritis. Methods: We used %mTc-
annexin V and autoradiography to study the extent and se-
verity of apoptosis in the front and rear paws of DBA/1 mice
with type Il collagen-induced rheumatoid arthritis. Results:
Compared with control values (n = 10), there was a signifi-
cant (P < 0.002) nearly 3-fold increase in uptake of °mTc-
annexin V in the front foot pads, rear toes, rear foot pads, and
heels at the time of maximal extremity swelling as determined
by serial caliper measurements at 4 wk after inoculation with
type Il bovine collagen (n = 9). The front toes had a 5- to
6-fold increase in uptake compared with control values (P <
0.001). Histologic analysis revealed only scattered rare lym-
phocytes in the periarticular soft tissues, without joint de-
struction. Dual autoradiography with '2%I-bovine serum albu-
min as a control showed that 9™Tc-annexin V localization
was specific. Treatment with methylprednisolone for 1 wk
(n 8) at 4 wk after immunization with type Il collagen
decreased %mTc-annexin V uptake by 3- to 6-fold compared
with control values (P < 0.002). Conclusion: ®*™Tc-annexin V
can detect collagen-induced immune arthritis and its re-
sponse to steroid therapy before joint destruction.
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R heumatoid arthritis (RA) is a chronic progressive dis-
ease associated with substantial morbidity and an acceler-
ated incidence of atherosclerotic disease due to persistently
elevated serum levels of homocysteine (1,2). The disease
often requires therapy with drugs associated with significant
side effects (3). To date, steroids, nonsteroidal anti-inflam-
matory drugs, and methotrexate are the most common
agents used to temporarily aleviate symptoms, but these
agents rarely improve the quality of life. Investigators are
performing clinical trials of novel therapies such as anti-
bodies directed against tumor necrosis factor-a or interleu-
kin-1 in the hope of developing a treatment that will have
less morbidity than those in current use (4,5). The design of
studies to test these new therapies is complex because the
disease commonly waxes and wanes with respect to inflam-
mation and because objective measurements of disease ac-
tivity such as plain-film radiography, nuclear scintigraphy
with bone scanning and nonspecific inflammatory radio-
pharmaceuticals, and contrast-enhanced MRI are either in-
sensitive or impractical guides for the assessment of therapy
or disease monitoring (6,7).

The inflammation associated with RA is caused by ab-
normal collections of immune cells responding inappropri-
ately to idiotypic antigens (8,9). These inflammatory cells
often induce apoptosis of target tissues before their own
apoptotic cell death. The role of apoptosis in both the
pathogenesis and the treatment of RA is only now beginning
to be understood. Several studies have indicated that thereis
an increase in apoptotic cell death in the synovial membrane
in RA (10,11). Apoptosis of both the synovial membrane
lining and the sublining cells has been demonstrated. There-
fore, determining the presence and the degree of apoptotic
cell death in affected joints and periarticular tissues may
prove crucia for both the study and the clinical evaluation
of RA. Our god in this investigation was to determine the
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incidence of immune cell and target tissue apoptosis in
relation to the severity of local joint swelling.

To detect apoptosis in vivo, we have previously applied
an imaging technique using radiolabeled annexin V (12,13),
a human protein commonly labeled with fluorescent mark-
ersfor invitro detection and quantification of apoptotic cells
(14,15). These investigations have demonstrated a high
correlation between the intensity of radiolabeled annexin V
localization at sites of apoptosis in vivo as confirmed by
staining with terminal deoxynucleotidyl transferase-medi-
ated deoxyuridine triphosphate nick end labeling, a marker
of DNA ladder formation and degradation in the apoptotic
cell nucleus (16,17).

Annexin V has a reversible, strictly calcium-dependent
nanomolar affinity for the membrane aminophospholipid,
phosphatidylserine (PS). PS comprises 10%-15% of the
total phospholipid content of the plasma cell membrane and
is normally restricted to the inner leaflet of the plasma
membrane lipid bilayer by an adenosine triphosphate—de-
pendent translocase (18,19). With the onset of apoptosis,
however, PS is rapidly redistributed onto the cell surface
(20). 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
(21,22). PS exposure on the cell surface closely follows
caspase-3 activation and occurs well before DNA fragmen-
tation (23). Radiolabeled 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 immune-mediated apoptosis induced by anti-Fas an-
tibody (Jo2) and alloreactive T lymphocytesin the course of
acute transplant rejection of the heart (24), liver (25), and
lung (26).

In this study, we used intravenously administered *™Tc-
annexin V to detect the presence and amount of apoptosisin
the extremities of DBA/1 mice with collagen-induced RA.

MATERIALS AND METHODS

Murine Model of Collagen-Induced RA

Male 8- to 12-wk-old DBA/1 mice were purchased (Jackson
Laboratories, Bar Harbor, ME) and were housed and treated in a
humane manner in accordance with National Institutes of Health
and institutional guidelines on animal subjects (27). A total of 27
mice were anesthetized with an intraperitoneal sodium pentobar-
bital injection of 50 mg/kg, after which they received multiple
intradermal injections of an emulsion containing bovine type 1l
collagen (1 mg/mL; Biogenesis, Brentwood, NH) suspended in
complete Freund's adjuvant (0.1 mL total volume; Difco Labora-
tories, Detroit, MI) according to the methods of Walmsley et al.
(28). After collagen inoculation, the front and rear paws of the
mice were observed every 2 d for signs of redness and swelling.
Maximal swelling was observed at 4 wk. Just before the time of
sacrifice and imaging, electronic caliper measurements of each
paw were recorded for each mouse. Sacrifice followed by autora-
diographic imaging was performed at 2 (n = 5), 3 (n = 5), and 4
(n = 9) wk on 19 collagen-inoculated mice. The remaining 8
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collagen-inoculated mice were treated with a 5-d course of meth-
ylprednisolone (5 mg/kg/d intraperitoneally) starting 4 wk (25 or
26 d) after collagen injection (time of maximal swelling). Steroid-
treated mice were sacrificed and imaged on day 31. A group of 10
uninoculated mice (controls) was sacrificed and imaged at week 4.

Preparation of %mTc-Hydrazinonicotinamide Annexin V

Human annexin V (molecular weight, 35,806) was produced by
expression in Escherichia coli as previously described (29). This
recombinant material binds to membrane-bound PS with an &ffin-
ity equivalent to that of native annexin V. Hydrazinonicotinamide-
derivatized annexin V was prepared as previously described with-
out affecting membrane-bound PS activity and was radiolabeled
with a®¥MTc-tricine precursor complex according to the method of
Larsen et al. (30). After chelation with the %™Tc-tricine precursor
complex, the volume of the reaction mixture was brought up to 1
mL with phosphate-buffered saline, pH 7.4, and was collected in
1-mL fractions eluted from a Sephadex G-25 column (Pharmacia,
Piscataway, NJ). Fractions 3 and 4 contained 70%—80% of the
total derivatized protein and 95.7%-99.4% of total **™Tc activity
as determined from previously described methods (31). The pool
of fractions 3 and 4 had a radiopurity of 92%-97%, determined by
instant thin-layer chromatography using 0.9% phosphate-buffered
saline as a solvent. The prepared radiolabeled material had calcu-
lated specific activities ranging from 3.7 to 7.4 MBq (100—200
wCi)/ng protein.

9mTc-Annexin V Autoradiography

One hour after intravenous injection of 55-74 MBq (1.5-2.0
mCi) of radiolabeled annexin V, mice were sacrificed by cervical
dislocation and the paws were removed, embedded in optimal-
cutting-temperature medium (Miles, Inc., Tarrytown, NY), and
frozen at —20°C on dry ice. Pairs of frozen sections were prepared
by alternately cutting 50- and 5-pm sections through the coronal
plane of each paw. The 50-p.m specimens were then placed on a
storage phosphor screen for 18—24 h (Phosphorlmager SI system
with storage phosphor screens, Molecular Dynamics, Mountain
View, CA). After exposure, the storage phosphor screen images
were “developed” with a laser digitizer at a resolution of 50 um
per pixel. The remaining 5-pm slices underwent histologic study.

125]-Bovine Serum Albumin (BSA) Autoradiography

To determine whether ®™Tc-annexin V localization was due to
nonspecific membrane permeability, dual-tracer autoradiographic
studies were performed with 1251-BSA in addition to ™ Tc-annexin
V in a subgroup of 5 mice. Four weeks after collagen injection,
these mice were coinjected with 0.74 MBq (20 pCi) of 151-BSA
(80—120 pg/kg of protein) along with ®™Tc-annexin V. Initial
autoradiographs (recorded for atotal of 21 h, commencing 3 h after
injection) defined the distribution of %®™Tc-annexin V in the paw.
The 50-pm histologic sections were then allowed to decay for 4 or
5 d and were again placed on a storage phosphor screen for an
additional 4-d exposure to define the albumin (i.e., inert protein)
distribution.

Region-of-Interest (ROI) Analysis

The relative localization of radiotracer in the paws was quanti-
fied by ROl anaysis using ImageQuant software (version 5.1;
Molecular Dynamics). ROIs were drawn over each digit, paw pad,
and Achilles tendon sheath using the corresponding histologic
sections to ensure proper anatomic orientation (Fig. 1). The total
number of counts was recorded for each digit and pad of the front
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1) Inoculation

3) ROI Analysis

FIGURE 1. Diagrammatic schema of experiments. First,
DBA/1 mice are inoculated with emulsion of killed Mycobacte-
rium tuberculosis and bovine type Il collagen dissolved in in-
complete Freund’s adjuvant. Autoimmune response results in
polyarticular rheumatoid arthritis in 3-4 wk. Second, %mTc-
annexin V is injected, and autoradiographic images are obtained
from frozen coronal sections of paw. Third, ROls are drawn over
each digit, paw pad, and Achilles tendon sheath and are used to
analyze counts.

and rear paws as well as each Achilles tendon sheath. The counts
obtained for each anatomic region were then normalized to the
total counts (also obtained by ROI analysis) of a 5-pL blood
sample taken at the time of sacrifice from each mouse and placed

adjacent to the 50-pm histologic sections during their exposure on
the storage phosphor screen for autoradiography. The digit, pad, or
Achilles tendon sheath with the highest ®™Tc-annexin V activity
was recorded for each mouse. These maximal values were then
averaged for each anatomic location and expressed as the mean
percentage of the 5-pL blood standard = 1 SD from the mean.

Histologic Analysis

Five-micrometer coronal frozen histologic sections were stained
with hematoxylin—eosin for microscopic analysis. The presence,
degree, and location of inflammatory cells and erosive changes
were qualitatively noted for each paw.

Statistical Analysis

All variables were expressed as average values = 1 SD from the
mean. All statistical comparisons of average values were per-
formed with the Student t test (2-tailed) for significance using the
null hypothesis. P < 0.05 was considered statistically significant.

RESULTS

Some degree of swelling and redness of the paw joints
developed in al mice. The degree of swelling and redness
varied from joint to joint and from mouse to mouse within
each inoculated group of mice. The maximal degree of paw
pad swelling occurred between 4 and 5 wk after inoculation
as previously described by Walmsley et al. (28). Treatment
with a short course of methylprednisolone was initiated at 4
wk in a group of arthritic mice.

Measurements of Paw Pad Thickness

The thickness (swelling) of the front and rear pads of
arthritic mice was 11% and 18%, respectively, of baseline
values by day 13 and increased to maximal values on day 25
or 26 (Figs. 2 and 3). Little change in the degree of paw
swelling before and after treatment occurred with methyl-
prednisolone, although both groups of mice had signifi-
cantly thicker front (8%-16%) and rear (35%—36%) pads
compared with age-matched control mice.
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25 | 1 Baseline and Day 18
[} Baseline and Day 25-26
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FIGURE 2. Front pad thickness after col-
lagen injection. Bars represent average val-
ues of front pad thickness, expressed in
millimeters, of each group of mice immedi-
ately before and after collagen injection.
Error bars represent =1 SD from mean
value. N.S. = no significant difference from
baseline measurements; TX = treatment.

Baseline

**Highly significant difference (P < 0.004)
from baseline measurements.
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FIGURE 3. Rear pad thickness after col-
lagen injection. Bars represent average val-
ues of rear pad thickness, expressed in
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millimeters, of each group of mice immedi-
ately before and after collagen injection.
Error bars represent =1 SD from mean
value. N.S. = no significant difference from

Rear Pad Thickness (mm)

-

baseline measurements; TX = treatment. 05
*Significant (P < 0.05) difference from
baseline measurements. **Highly signifi- 0
cant difference (P < 0.01) from baseline
measurements.

Baseline

FIGURE 4. Autoradiographic study of
representative coronal histologic sections
of front paws of 3 individual mice: 1 control
(A), 1 with untreated arthritis at day 26 (B),
and 1 with steroid-treated arthritis (C). Mice
were sacrificed 1 h after tail vein injection
of 37-55 MBq (1-1.5 mCi) of %mTc-annexin
V. Frozen sections (50 wm) were obtained
and exposed overnight on tritium phosphor
screen. Screens were then read out with
resolution of 50 pm.

FIGURE 5. Representative time course A
of 99mTc-annexin V uptake in hind paws of
representative mice: 1 with untreated ar-
thritis at week 2 (A), 1 with untreated arthri-
tis at week 3 (B), 1 with untreated arthritis
at week 4 (C), 1 control (D), and 1 with
steroid-treated arthritis (E). Mice were sac-
rificed 1 h after tail vein injection of 37-55
MBq (1-1.5 mCi) of %mTc-annexin V. Fro-
zen sections (50 um) were obtained and
exposed overnight on tritium phosphor
screen. Screens were then read out with
resolution of 50 pm.

Autoradiographic Study of Frozen Coronal Histologic
Sections

Autoradiography of the front and rear paws from inocu-
lated mice demonstrated marked random, multifocal periar-
ticular and ligamentous uptake of *"Tc-annexin V at 13,
18, and 25 or 26 d after collagen injection as shown in
Figures 2 and 3. As shown in Figures 4—6, peak uptake of
9mTc-annexin V occurred on day 25 or 26, when, in com-
parison with control values, there were significant (P <
0.002) 2- to 6-fold increases in *mTc-annexin V uptake
within the digits and pads of the front and rear paws and the
Achilles tendon sheaths as observed by ROI analysis. Age-
matched control mice demonstrated minimal random focal
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uptake of %MTc-annexin V centered about the physeal
growth plates of the digits. The Achilles tendon sheath also
demonstrated focal ™ Tc-annexin V uptake in control mice.

Five days of daily methylprednisolone treatment of ar-
thritic mice (25 or 26 d after collagen injection) reduced
®mTc-annexin V uptake in the front and rear paws to that
observed in control mice (non—collagen-injected mice), as
shown in Figures 4—6.

Five control and 5 arthritic mice (day 25 or 26) were
coinjected with 15]-BSA and *MTc-annexin V. Autoradio-
graphs of %MTc activity showed random multifocal periar-
ticular and ligamentous uptake of ®™Tc-annexin V in ar-
thritic and control mice as noted above. However,
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FIGURE 6. Graph of time course of
9mTc-annexin V uptake as seen by ROI
analysis after collagen injection. Number of
mice sacrificed at each time point is shown
in parentheses. *Significantly increased
(P < 0.002) ®mTc-annexin V uptake com-
pared with age-matched control mice.
#Significantly increased %°mTc-annexin V
uptake (P < 0.02) compared with untreated
arthritic mice at 25 or 26 d.

Treated (N=8)

corresponding autoradiographs of 1%l activity, presented in
Figure 7, showed no focal regions of increased uptake of
BSA, athough in comparison with control mice, arthritic
mice showed an overall diffuse and dlight increase in soft-
tissue uptake of BSA that confirmed the specific nature of
®mTc-annexin V uptake.

Histologic Study of Inoculated Mice

Arthritic mice demonstrated scattered lymphocytes and
macrophages (3-5 mononuclear cells per high-power field)
within the dermis and subdermal soft tissues of the front and
rear paws 2—4 wk after collagen inoculation, as shown in
Figure 8. Bone or cartilage erosion or destruction was not
evident. Control and treated mice demonstrated fewer than
1 or 2 mononuclear cells per high-power field.

DISCUSSION

These data suggest that the activity of collagen-induced
arthritis can be monitored using radiolabeled annexin V
imaging. Surprisingly, we found that localization of *™Tc-

A .

annexin V occurred at a time when there was a paucity of
immune cells histologically and no evidence of bone or joint
destruction. The swelling due to polyarticular arthritisin our
study was relatively mild (documented by pad thickness
measurements and histologic analyses) compared with that
found by previous investigators using the same model of
collagen-induced arthritis (28). Despite mild polyarticular
inflammation in our study, marked random focal uptake of
M®mTc-annexin V was seen about the joints and Achilles
tendons. The uptake of ®™Tc-annexin V at these sites was
specific and not simply due to the nonspecific capillary
leakage of protein commonly seen at sites of severe inflam-
mation.

The minimal random uptake of **™Tc-annexin V in con-
trol paws appeared to localize to the physeal and metaphy-
seal regions. Prior studies have shown that these regions are
sites of normal programmed cell death (32,33). The mild
focal uptake of ®mTc-annexin V seen consistently in control
mice was unexpected. It is possible that in growing mice

WEEK4 CONTROL WEEK4 CONTROL

FIGURE 7. %mTc-annexin V uptake (A) vs. nonspecific 125-BSA uptake (B) within representative rear paws of arthritic and
age-matched control mice. Mice were sacrificed 1 h after tail vein injection of 37-55 MBq (1-1.5 mCi) of ®*®*™Tc-annexin V. Frozen
sections (50 w.m) were obtained and exposed overnight on tritium phosphor screen. Screens were then read out with resolution of
50 wm. Five days later, after complete decay of ®°™Tc activity, same sections were placed on fresh tritium phosphor screen for 1
wk to determine 25| activity. Screens were then read out with resolution of 50 um.
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FIGURE 8. Representative 5-pm hema-
toxylin- and eosin-stained histologic sec-
tions of arthritic footpad 25 or 26 d after
collagen injection. Scattered mononuclear |
cells (arrows) are seen within dermis and
subdermal tissues.

(physes in mice do not fuse in adulthood as they do in
higher mammalian species), these sites have correspond-
ingly higher rates of apoptosis to maintain the structural
integrity of these ligaments or tendinous insertions.

On the basis of the data presented above, localization of
®mTc-annexin V to sites of mononuclear cell inflammation
appears to be highly sensitive and specific. It is unclear,
however, from the design of our study whether uptake of
9mTc-annexin V is related to apoptotic death of the mono-
nuclear infiltrate, to destruction of periarticular structures,
or to both (34,35). Apoptosis of cells in both the synovial
membrane lining and the sublining has been demonstrated
in RA (10,11). In the lining, apoptotic cells were mainly
macrophages, although some apoptotic fibroblastlike cells
were also found. In the sublining, apoptotic cells were
macrophages and fibroblasts. Other studies have shown
increased apoptosis of fibroblasts in the RA synovia sub-
lining and reduced apoptosis in the lining (36). In addition
to macrophage and fibroblast apoptosis, chondrocyte apop-
tosis has also been described in RA (37), and such chon-
drocyte apoptosis may contribute to the destruction of car-
tilage in RA.

Finally, apoptosis in RA may also involve neutrophils, as
extensive apoptosis of such cells has been demonstrated in
RA synovial fluids of patients (38). The above studies on
RA patients used synovial membranes from surgical joint
replacement and therefore reflected the chronic and destruc-
tive nature of the disease. Coinjection of annexin V labeled
with biotin or fluorescein isothiocyanate would further clar-
ify this issue in our experimental model.

CONCLUSION

Radiolabeled annexin V preferentially localizes to re-
gions of collagen-induced arthritis in the extremities of
DBA/1 mice. Radiolabeled annexin V may have a future
role in the serial noninvasive assessment of early RA before
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Arthritis Day 25 — Low Power

Arthritis Day 25 — High Power

joint and soft-tissue destruction and as a surrogate marker of
the therapeutic efficacy of novel anti-inflammatory agents.
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