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Evaluating the efficacy of therapy in experimental inflammatory
bowel disease (IBD) requires information about inflammatory ac-
tivity in bowel segments or leukocyte recruitment and about kinet-
ics in the follow-up of treatment. This study evaluated a noninva-
sive scintigraphic technique able to assess neutrophil trafficking in
a mouse model of dextran sulfate sodium (DSS)–induced colitis.
Methods: Groups of 4 BALB/c mice were assessed at baseline
and after 1, 3, 5, and 8 d of treatment with DSS. Donor neutrophils
were harvested by rinsing of the peritoneal cavity with phosphate-
buffered saline 5 h after intraperitoneal injection of proteose
peptone contained in phosphate-buffered saline and labeled
with freshly prepared 99mTc-hexamethylpropylene amine oxime
(HMPAO). Pinhole SPECT of the abdomen was performed 1 h after
reinjection of 50 MBq of labeled neutrophils. In addition, the se-
verity of inflammation was determined by histologic examination.
The possibilities of the technique were illustrated by scintigraphic
assessment of neutrophil trafficking with and without blocking of
neutrophil migration by a CD97 monoclonal antibody in mice with
DSS-induced colitis. Results: Colonic uptake of 99mTc-HMPAO
neutrophils was determined with dedicated animal pinhole SPECT
in mice with DSS-induced colitis and correlated well with histologic
findings (R � 0.81) and wet colon weight (R � 0.87) and moder-
ately with clinical weight loss (R � 0.62). The neutrophil uptake
ratio was reduced significantly (P � 0.01) by blocking of neutrophil
migration capacity with the CD97 antibody. Conclusion: Animal
pinhole SPECT can be used to study inflammatory activity and
neutrophil recruitment in vivo in experimental colitis.
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Ulcerative colitis and Crohn’s disease are chronic in-
flammatory bowel diseases (IBDs) characterized by periods
of acute attacks and remission (1,2). Although the initiating

events of IBD are still unknown, evidence is increasing that
mucosal CD4� T cells activated by enteric bacteria initiate
and perpetuate the inflammation in genetically susceptible
individuals (3). Extravascular recruitment of neutrophils
into the inflamed tissue plays a crucial role in the develop-
ment of tissue damage (4). Molecular understanding of the
mechanisms that guide leukocyte trafficking into the gut is
rapidly increasing (5,6). This knowledge has led to the
development of specific biologic therapies that mechanisti-
cally target individual inflammatory pathways (7,8). These
designer drugs for IBD are created and subsequently tested
for clinical potential (9).

A noninvasive technique able to assess inflammatory
activity in bowel segments or leukocyte recruitment and
kinetics in the follow-up of experimental treatment for IBD
would not only benefit longitudinal studies but also reduce
the number of animals required for testing (10). White blood
cell scintigraphy, combining imaging of the affected colon
with semiquantitative scoring of disease activity, can reli-
ably and accurately determine the extent and intensity of
ulcerative colitis lesions (11,12). Furthermore, white blood
cell scintigraphy can monitor response to therapy at an early
stage (13).

The mouse model of dextran sulfate sodium (DSS)–
colitis reproduces many of the histopathologic and clinical
features of acute colitis in humans (14) and is used for
biologic evaluation of experimental treatment of IBD
(15,16). Evaluation of inflammation and the effects of ther-
apy implicates sacrificing the animal and prohibits a longi-
tudinal study within the same animal.

Dedicated pinhole SPECT cameras can image radioactiv-
ity distribution in vivo in small animals with a spatial
resolution on the order of a few millimeters (17,18). The
system has been used successfully in experiments assessing
lymphocyte homing in experimental colitis (19,20).

Therefore, the aim of this study was to construct and
validate an animal model for IBD in which intestinal neu-
trophil recruitment can be monitored noninvasively in vivo
by pinhole SPECT. To illustrate use of the technique for
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imaging the effect of neutrophil migration modulation, we
scanned DSS colitis mice after anti-CD97 monoclonal an-
tibody blocking of neutrophil migration.

MATERIALS AND METHODS

Female BALB/c mice (8–10 wk old and weighing 20–25 g;
Charles River) were housed and maintained under standard con-
ditions at our animal care facility starting 1 wk before the exper-
iments began. Food and water were given ad libitum. All animal
experiments were performed with the approval and following the
guidelines of the Animal Research Ethics Committee of the Uni-
versity of Amsterdam.

The study was divided into 2 experimental protocols. First,
neutrophil recruitment in relationship to disease severity was as-
sessed. Therefore, groups of 4 mice were scanned at baseline and
after 1, 3, 5, and 8 d of treatment with DSS. The weight of each
mouse was recorded on arrival and before scintigraphy. After
scintigraphy, the mice were sacrificed and the colon was removed,
measured, weighed, and processed for histologic examination.
Second, as an example, neutrophil recruitment into the colon was
assessed in 4 mice after blocking of neutrophil influx with an
anti-CD97 monoclonal antibody (21,22). The neutrophils of con-
trol mice were incubated with a nonspecific control antibody. Mice
were scanned 8 d after induction of colitis.

For injection and scintigraphy, each mouse was sedated by a
single intraperitoneal administration of fentanyl and fluanisone
(0.375 �g/g and 12 �g/g, respectively; Hypnorm; Janssen Phar-
maceutica) and midazolam (6 �g/g; Roche). 99mTc-Neutrophils
were administered by injection via the tail vein.

Mouse Model of DSS-Induced Colitis
DSS-induced acute colitis exhibits several morphologic and patho-

physiologic features that resemble human colitis, including superficial
ulceration, mucosal damage, production of cytokines and other in-
flammatory mediators, and leukocyte infiltration (14). The exact
mechanism of induction and pathogenesis of DSS-induced colitis
remain unknown. However, a direct toxic action on colonic epithe-
lium, macrophage activation by DSS, and altered colonic microflora
have all been implicated (14,23). Focal crypt lesions and secondary
mucosal and submucosal inflammation with granulocytes and mac-
rophages characterize the acute phase of DSS-induced colitis (24).
Strain differences can influence the induction phase of DSS colitis;
however, in BALB/c mice the disease is located mainly in the distal
colon (24). For induction of DSS colitis, mice were continuously fed
4% (w/v) DSS (TdB Consultancy) in their drinking water until un-
dergoing scintigraphy (25).

Peritoneal neutrophils were harvested in donor mice (BALB/c)
by rinsing of the peritoneal cavity with 5 mL of sterile phosphate-
buffered saline 5 h after intraperitoneal injection of 1 mL of 10%
proteose peptone (Difco) in phosphate-buffered saline (26). We
used 1 donor mouse for every DSS colitis mouse. For mice
scanned on the same day, donor cells were pooled and together
labeled to reduce the possibility of labeling variability and to
reduce costs. A small sample of cells from the peritoneal exudate
was analyzed by flow cytometry in a FACS (Becton Dickinson).
Forward- and side-scatter properties were used to identify the
neutrophils. Approximately 5 � 106 cells per mouse were har-
vested and labeled with freshly prepared 99mTc-hexamethylpro-
pylene amine oxime (HMPAO) (27). After 15 min, the cells were
washed and resuspended in 0.2 mL of saline. Approximately 50

MBq of 99mTc-HMPAO-labeled neutrophils were reinjected into a
tail vein of mice with DSS colitis. For the blocking study, labeled
neutrophils were incubated in vitro in saline containing 5 �g of
aCD97 monoclonal antibody per milliliter for 15 min. Hamster
immunoglobulin (Rockland) was used as a control.

Camera Design
For imaging small laboratory animals, a previously described

high-resolution pinhole SPECT technique was used (18). Briefly,
we used a mechanism in which the gantry and the collimator were
fixed and the animal rotated. The animal was fixed in an acrylic
cylinder mounted on a step motor–driven system and positioned
exactly above the pinhole collimator of a �-camera. The step motor
was controlled by a HERMES acquisition and processing system
(Nuclear Diagnostics). After each projection had been acquired, a
signal was given to rotate the step motor to the desired number of
angular degrees. The system allowed adjustment of the radius of
rotation and adjustment along the axis of the cylinder to select the
field of view. The mechanical support was designed such that the
midline of the cylinder was exactly in the middle of the pinhole.
The SPECT acquisition could thus be regarded as a conventional
circular orbit acquisition with a rotating camera head.

Scintigraphy and Interpretation
An ARC3000 scintillation camera (Philips) was used with a

circular field of view of 400-mm diameter. The pinhole collimator
had a diameter of 300 mm and an opening angle of 60°. A tungsten
pinhole insert of 3-mm aperture was used. All studies were ac-
quired with a 15% energy window on the 111In 173- and 247-keV
photopeaks. A HERMES workstation was used to control both the
camera and the step motor.

The SPECT acquisition was performed 1 h after intravenous
injection of neutrophils. Immediately before scintigraphy, the uri-
nary bladder was emptied by manual compression. Fifty projec-
tions (25 s per view, 64 � 64 matrix) were made in a 360° orbit.
Reconstruction was performed using a HERMES application pro-
gram adapted to pinhole SPECT, with filtered backprojection (18)
and a Butterworth filter (order, 5; 0.8 cycles/cm).

To determine the uptake ratio, we selected and summed the 5
consecutive transverse slices with the highest colon uptake for
each mouse. Regions of interest were set for the colon and for
abdominal background adjacent to the colon. The colon uptake
ratio was calculated by subtracting background activity from colon
activity and subsequently dividing the corrected colon uptake by
the background activity to yield a specific uptake ratio: (counts
colon –background counts)/background counts.

Histologic Examination
After scintigraphy, the animals were sacrificed by cervical dis-

location, and the colons were removed through a laparotomy and
opened through a midline incision. The isolated colons were rinsed
with saline. The wet weight of each colon was recorded and used
as an index of disease-related intestinal wall thickening. An expe-
rienced pathologist microscopically evaluated formalin-fixed he-
matoxylin- and eosin-stained tissue sections in a masked fashion.
Two sections of rolled colon were evaluated, and grading from 0
to 26 points was used to indicate the incidence and severity of
inflammatory lesions based on the extent of the involved area, the
number of follicle aggregates, edema, fibrosis, erosion/ulceration,
crypt loss, and infiltration of mononuclear or polymorphonuclear
cells (25).
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Statistical Analysis
Values are given as mean and SEM per treatment group.

Changes in weight and in histologic and scintigraphic character-
istics over time were analyzed by 1-way ANOVA. Differences
between 2 groups were analyzed by the nonparametric Mann–
Whitney U test. All statistical tests were 2-tailed, and differences
were evaluated at the 5% level of significance.

RESULTS

Clinical and Pathologic Parameters
The weight of the mice before they entered the trial was

22.83 � 0.26 g. The mice were randomly assigned to 4 groups
(groups A–D) and treated with DSS for 1–8 d (Table 1). There
was a significant loss of weight after 5 and 8 d of DSS (P �
0.01; Fig. 1A). After resection and cleaning of the resected
colon, the colon weight (g/cm) was found to have increased
with increasing duration of DSS administration. There was a
significant increase in colon weight after 8 d (P � 0.05; Fig.
1B). The histologic score increased significantly with increas-
ing duration of DSS administration (P � 0.01; Fig. 2A).

Scintigraphy
The percentage of neutrophils in the peritoneal lavage

fluid was 90% of peritoneal exudate cells. The radiochem-
ical purity of 99mTc-HMPAO was greater than 95%. Cell
labeling was reproducible. The labeling efficiency of neu-
trophils was enough for pinhole SPECT. An average of
6.0 � 0.6 � 106 cells containing 52.9 � 4.8 MBq of
99mTc-HMPAO in 0.2 mL was reinjected into a tail vein
without clinical consequences. There was no bowel uptake
of any significance 1 h after reinjection of labeled cells in
control animals (mean uptake ratio, 0.11 � 0.02).

Neutrophil Recruitment in Relation to Disease Severity.
Figure 3 shows transverse SPECT slices at various dura-
tions of DSS administration. The colonic uptake of labeled
cells was clearly visible, besides physiologic uptake in bone
marrow. Other physiologic uptake such as in the kidney and
urinary bladder did not cause any practical problems on
SPECT acquisitions. 99mTc-HMPAO–labeled neutrophil up-
take in the colon increased with time (Fig. 2B). The uptake
was significantly higher (P � 0.01) after 5 and 8 d of DSS
administration than in controls. The scintigraphic uptake
ratio correlated well with the histologic score of inflamma-
tion (R � 0.81) and the wet weight of the resected and
cleaned colon specimens (R � 0.87) and moderately with
clinical weight loss (R � 0.62).

Blocking Experiment. The mice, research circumstances,
and procedures for the blocking experiment were identical
to those for the first experiment. DSS was administered for
8 d before scintigraphy. In mice with DSS-induced colitis,
the uptake ratio of labeled neutrophils incubated with the
control antibody was not significantly different from that of
untreated neutrophils (4.00 � 1.05 and 5.40 � 1.58, respec-
tively). After neutrophil migration had been blocked with
the aCD97 monoclonal antibody, the uptake ratio of 99mTc-
HMPAO–labeled neutrophils was significantly decreased
(1.16 � 0.26, P � 0.01; Figs. 4 and 5).

DISCUSSION

DSS is a heparinlike polysaccharide containing up to 3
sulfate groups per glucose molecule. Depending on the time
course of oral administration in the drinking water, DSS can
induce in mice both acute and chronic colitis that exhibits

TABLE 1
Experiment 1: Characteristics

Group DSS (d) Weight loss (g) Colon weight (g/cm, �100) Histologic score Scintigraphic uptake ratio

A 1 0.00 � 0.07 1.045 � 0.005 0.37 � 0.13 1.11 � 0.02
B 3 0.08 � 0.11 1.053 � 0.046 3.25 � 0.52* 1.21 � 0.17
C 5 1.17 � 0.11* 1.170 � 0.105 8.13 � 1.23* 1.96 � 0.21
D 8 1.98 � 0.62* 1.993 � 0.137* 17.17 � 0.60* 5.40 � 1.58*

*P � 0.05.

FIGURE 1. First experiment. (A) Bar
graph showing mean loss of body weight
(�SEM) for mice treated 1, 3, 5, and 8 d
with 4% (w/v) DSS in their drinking water.
Weight loss after 5 and 8 d of DSS admin-
istration is significant (P � 0.01). (B) Bar
graph showing mean increase in wet colon
weight (�SEM) for mice treated 1, 3, 5, and
8 d with 4% (w/v) DSS in their drinking
water. Weight increase after 8 d of DSS
administration is significant (P � 0.05).
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several morphologic and pathophysiologic features resem-
bling human colitis (23). This model has proved useful for
examining fundamental mechanisms underlying the inflam-
matory pathophysiology associated with IBD and for
screening potential therapeutic interventions (15,23). In our
series, induction of acute colitis was successful and repro-
ducible. This is not, however, always the case, since sus-
ceptibility and responsiveness to DSS differ with the strain
of the mouse, the concentration and molecular weight of the
DSS, and the duration of exposure to it (23). The exact
mechanism of induction and pathogenesis of DSS-induced
colitis is unknown. A direct toxic action on colonic epithe-
lium, macrophage activation by DSS, and altered colonic
microflora have all been implicated (23). Histologically, the

colon shows inflammatory cell infiltration that includes
neutrophils and mononuclear cells (24).

Large amounts of polymorphonuclear neutrophils can be
harvested from the murine abdominal cavity 3 h after an
intraperitoneal injection of proteose peptone (26). We ob-
tained an average of 6 � 106 cells/mL, a number that is not
different from numbers reported in the literature (26). In-
creasing the number of donor mice to increase the number
of cells for labeling is a possibility. However, labeled cells
have to be reinjected into a tail vein of a recipient mouse,
limiting cell suspension viscosity and the volume injected to
a maximum of 0.2 mL. Cells were labeled with 99mTc-
HMPAO. Compared with 111In-oxinate, use of 99mTc-
HMPAO as a label has the advantages of greater availabil-
ity, superior imaging characteristics, and superior biologic
properties but is less efficient (28). Labeling efficiency can
be maximized using freshly prepared 99mTc-HMPAO with
the highest possible specific activity and in our experiments
was good. An average yield of 9.2 MBq per 106 cells is
superior to the average yield in clinical practice (28). Re-
porting a labeling efficiency based on radioactivity counting
of the cell pellet and supernatant would not be appropriate,
since a maximal dose of 99mTc-HMPAO with highest spe-

FIGURE 2. First experiment. (A) Bar
graph showing histologic score of colon
resection specimens (�SEM) for mice
treated 1, 3, 5, and 8 d with 4% (w/v) DSS
in their drinking water. Increase after 5 and
8 d of DSS administration is significant
(P � 0.01). (B) Bar graph showing increase
in scintigraphic uptake ratio (�SEM) for
mice treated 1, 3, 5, and 8 d with 4% (w/v)
DSS in their drinking water. Increase in
colon uptake ratio of neutrophils after 8 d
of DSS administration is significant (P �
0.05).

FIGURE 3. First experiment. Images are representative trans-
verse pinhole SPECT slices of abdomen of mice treated for 1 d
(A), 3 d (B), 5 d (C), and 8 d (D) with 4% (w/v) DSS in their
drinking water. Increasing uptake of 99mTc-HMPAO–labeled
neutrophils is seen in colon (arrows). Physiologic uptake of
activity is seen in bone marrow of pelvis (p), spine (s), or limbs
(l). Activity in urinary bladder (D) has been masked.

FIGURE 4. Second experiment. Images are representative
transverse pinhole SPECT slices of abdomen of mice treated for
8 d with 4% (w/v) DSS and injected with labeled neutrophils
incubated with control antibody (A) or with aCD97 (B). Signifi-
cant decrease in uptake of 99mTc-HMPAO–labeled neutrophils is
seen in colon of mice with aCD97-blocked neutrophil migration
(arrow, B). Physiologic uptake of activity is seen in bone marrow
of pelvis (p) or limbs (l).
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cific activity in a minimal volume exceeding by far the
volume containing the limited number of cells has no ad-
ditional value.

An average of 53 MBq of 99mTc-HMPAO in 6 � 106 cells
was sufficient for pinhole SPECT 1 h after reinjection. This
timing was based on knowledge of physiologic cell migra-
tion, with initial lung retention and possible physiologic
bowel excretion of label over time (27,29,30). Image acqui-
sition and reconstruction proved feasible using a methodol-
ogy comparable to that used for imaging of lymphocyte
homing (20). The use of 99mTc-HMPAO instead of 111In-
oxinate is associated with physiologic uptake and excretion
in the urinary system and the secondary possible reconstruc-
tion or contamination artifacts. Manual bladder emptying
before scintigraphy, however, minimized the magnitude of
this problem.

The presence of leukocytes in the colon can be deter-
mined visually and, by means of an uptake ratio, semiquan-
titatively on transverse SPECT slices. The uptake ratio of
colon to surrounding tissue eliminates variables dependent
on the exact amount of radioactivity injected intravenously
and normalizes subjects within and between groups. Neu-
trophil uptake in the colon increased with increasing dura-
tion of DSS administration, as was consistent with the
described DSS colitis model (23). The close correlation
between scintigraphic uptake, clinical (body weight) param-
eters, and pathologic parameters demonstrates that pinhole
SPECT can be used as a noninvasive imaging tool to assess
intestinal inflammation in this murine colitis model.

CD97 is a member of the epidermal growth factor 7
transmembrane family. It is found on granulocytes with
high expression at sites of inflammation (22). CD97 plays a
role in the onset of protective as well as destructive immune
responses and is believed to play an essential role in the
migration of neutrophils (22). By blocking this receptor

with an anti-CD97 monoclonal antibody, we were able to
illustrate the application of leukocyte scintigraphy in the
DSS colitis model. When a nonspecific immunoglobulin
was used as a control, neutrophil uptake was not different
from the model validated in the first experiment.

Looking at our results, one could state that histology is
more sensitive than scintigraphy for the assessment of dis-
ease severity. However, detection of colitis is not the only
issue. The purpose of the DSS colitis model is to assess
experimental treatment on induced colitis. Therefore, colitis
has to be induced, and this induction is known to be depen-
dant on multiple factors, influencing the induction time
needed (23). Currently, weight loss is the noninvasive pa-
rameter used most frequently to estimate the success of
induction of colitis. However, weight loss is a secondary
parameter, which will be replaced by histology at the end of
the experiment. Scintigraphy is able to quantify the severity
of induced colitis and assess the effect of therapy within the
same animal without the need to sacrifice the animal, mak-
ing repetitive assessment possible.

The recognition of cellular messengers, including nuclear
factors, cytokines, chemokines, and adhesion molecules,
offers novel targets for therapy of IBD (31). Antiinflamma-
tory strategies based on blunting the multistep adhesion
cascade of lymphocytes to reduce aberrant homing have
been proposed (5,8,9). For in vivo evaluation of these strat-
egies, most preclinical studies have involved animal dissec-
tion and histologic examination. Preclinical studies using
radioisotopes have involved either animal dissection and
specimen counting or autoradiography, since image resolu-
tion obtained using conventional �-camera techniques has
been less than optimal for small laboratory animals. There-
fore, prepharmacologic and postpharmacologic studies
could not be performed on the same animal (10). White
blood cell pinhole SPECT of mice, besides being used to
evaluate lymphocyte homing (20), can now be used to
noninvasively evaluate experimental biologic IBD therapy
aimed at decreasing neutrophil recruitment into inflamed
tissue.

CONCLUSION

The data presented here show that dedicated animal pin-
hole SPECT can be used to study neutrophil homing in vivo
in experimental colitis. Migration of neutrophils isolated
from donor mice to the inflamed intestine could be detected
1 h after injection of labeled cells by visual analysis and
calculation of the radioactivity uptake ratio. The possibility
of assessing the intensity of inflammation in vivo before and
after treatment in this model is interesting for longitudinal
studies of the efficacy of novel treatment strategies in IBD
and will reduce the number of animals needed.
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