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Contrasting Effects of Pseudoephedrine and Papaverine in
Dextran Sodium Sulfate-induced Colitis
Norman R. Harris, PhD, Robert D. Specian, PhD, Patsy R. Carter, BS, and Georgia A. Morgan, BS

Background: Dextran sodium sulfate (DSS) induces submucosal
arteriolar constriction that reduces blood flow to the intestine, and
the relevance of this decrease in flow needs further investigation. In
the present study we examined the effects of a vasoconstrictor
(pseudoephedrine) and a vasodilator (papaverine) on the outcome of
DSS-induced colitis.

Methods: Mice were given DSS in drinking water for 6 days,
with enemas on days 0, 1, 3, and 5 containing pseudoephedrine,
papaverine, or no drug. At the conclusion of the 6-day protocol a
disease activity index comprising weight loss, stool consistency,
and rectal bleeding was evaluated, along with intravital micros-
copy observations of submucosal venular leukocyte and platelet
adherence in the proximal colon and terminal ileum.

Results: Pseudoephedrine and papaverine had several contrasting
effects on the outcome of DSS ingestion: pseudoephedrine induced
the highest levels of weight loss, loose stools, venular platelet
adherence, and overall disease activity index, while papaverine
induced the highest levels of venular leukocyte adherence, but the
lowest levels of rectal bleeding, loose stools, and overall disease
activity index.

Conclusions: The results suggest that vasoconstriction worsens
the pathological consequences of DSS in the mouse model of colitis.

(Inflamm Bowel Dis 2008;14:318–323)
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Ingestion of dextran sodium sulfate (DSS) in experimental
animals is used as a model of intestinal inflammation that

mimics certain aspects of inflammatory bowel disease (IBD).
Recent studies from our laboratory1 and from Mori et al2 have
shown that DSS induces a reduction in flow through the
submucosal arterioles and that the arteriolar vasoconstriction
can be attenuated by an inhibitor of thromboxane synthase.1

The thromboxane-induced constriction appeared to be influ-
enced by the number of venular adherent platelets relative to
the number of adherent leukocytes, with a high ratio of
platelets to leukocytes associated with the largest thrombox-
ane-induced constriction.1

A decrease in intestinal blood flow has been noted in
other chemical models of colitis, including rectal instillation
of acetic acid3,4 or trinitrobenzenesulfonic acid (TNBS),5 and
with systemic administration of indomethacin6 or mitomycin
C.4 The relevance of a decrease in blood flow to human IBD
has been discussed in a review by Hatoum et al,7 who
observed dysfunctional endothelium-dependent vasodilation
in submucosal arterioles obtained from IBD patients.8

Attenuating the vasoconstriction associated with colitis
could prove to be advantageous. In animal models, experimental
strategies aimed at blocking angiotensin II9 or endothelin-110–12

have demonstrated the benefits of inhibiting the actions of va-
soconstrictors. Additionally, the vasoconstrictor pseudoephed-
rine has been reported to induce human ischemic colitis.13–15

In the current study we used the DSS mouse model of
colitis to investigate the result of colonic administration of the
vasoconstrictor pseudoephedrine versus the vasodilator pa-
paverine. The results show that these 2 agents provide a
contrast in several measured parameters including weight
loss, stool consistency, rectal bleeding, and the microvascular
accumulation of leukocytes and platelets.

MATERIALS AND METHODS

Animals
Male C57BL/6 mice were purchased from Jackson

Labs (Bar Harbor, ME) at an age of �2–3 months and
weighing 25–30 g. The mice were placed on a 6-day protocol
in which they were given water ad libitum that was filter-
purified (Millipore, Bedford, MA) with or without addition of
3% (wt/vol) DSS (40 kD; ICN Biomedicals, Aurora, OH). On
days 0, 1, 3, and 5 mice were given an intrarectal enema as
described by Vallance et al16: following anesthesia with ket-
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amine (150 mg/kg) and xylazine (7.5 mg/kg), 100 �L of a
distilled water solution was injected through PE50 tubing
attached to a syringe. The tubing was placed �4 cm proximal
to the anus and the mouse was held vertically for 30 seconds
to help distribute the enema in the colon. The enema solution
included pseudoephedrine, papaverine, or no drug. The de-
sired amounts of pseudoephedrine and papaverine adminis-
tered to the mice were 29 mg/kg and 12.5 mg/kg, respec-
tively, as described previously.17,18 An unknown fraction of
the enema might not be taken up by the colon, and therefore
10-fold concentrations were used to help attain the approxi-
mate desired drug administration. The 4 groups of mice
included controls (no DSS; vehicle enema; n � 40), DSS
mice given pseudoephedrine enemas (n � 27), DSS mice
given papaverine enemas (n � 29), and untreated DSS mice
(vehicle enema; n � 43). The procedures were approved by
the Institutional Animal Care and Use Committee.

Disease Activity Index
At the end of 6 days on the DSS protocol, mice were

evaluated by a disease activity index similar to that described
by Cooper et al.19 Three parameters (weight loss, stool con-
sistency, and occult/gross bleeding) were each evaluated on a
4-point scale and averaged for an overall disease activity
index. Weight loss was attributed a value of 0 if body weight
remained within 1% of baseline or higher, 1 for a 1%–5%
loss, 2 for a 5%–10% loss, 3 for a 10%–15% loss, and 4 for
a loss greater than 15%. Stool consistency was graded 0 for
normal, 2 for loose stools that do not stick to the anus, and 4
for liquid stools that do stick to the anus. Bleeding was
graded 0 for no blood, 2 for occult blood that was detectable
by guaiac paper test (Helena Laboratories, Helena, TX), and
4 for gross bleeding. At the end of the 6-day protocol animals
were killed with an overdose of pentobarbital.

Histology
For histology, tissue was recovered upon sacrifice. The

entire large intestine, from the rectum to the cecum, was
recovered and opened along the anti-mesenteric surface. The
colon was rolled, starting with the rectum, and terminating at
the proximal end of the colon. The tissue was pinned in this
position and fixed in 4% neutral buffered formalin. After
fixation the tissue was rinsed in phosphate buffer, dehydrated
in ethanol, and cleared in zylene. The tissue was embedded in
paraffin and sectioned at 5 �m. The sections were deparaf-
finized and stained with hematoxylin and eosin. The entire
length of the colon was observable in a single section.

Venular Leukocyte and Platelet Adherence
In a subset of animals (4–7 mice per enema group),

leukocytes and platelets adhering to venular walls were mon-
itored by intravital microscopy. As described previously by
us,1 mice were anesthetized with ketamine (150 mg/kg) and

xylazine (7.5 mg/kg) prior to cannulation of the jugular vein.
The jugular cannula was used for injection of rhodamine 6G
(0.6 mg/kg; Acros Organics, Morris Plains, NJ) to label
leukocytes and for an injection of 1 � 108 platelets. The
platelets were obtained from a protocol-matched donor
mouse and labeled with carboxyfluorescein diacetate succin-
imidyl ester (CFSE; Sigma, St. Louis, MO) as described
previously in more detail.1

With the animal placed on its side the ileum and prox-
imal colon were gently exteriorized through an abdominal
incision and positioned for microscopic observation. The
microcirculation was viewed with a Nikon Diaphot micro-
scope using a 20� objective and a dual filter cube (Chroma,
Rockingham, VT) for simultaneous observation of rhodamine
6G-labeled leukocytes (red emission) and CFSE-labeled
platelets (green emission). In each mouse �10 venules hav-
ing diameters in the range from 30–130 microns were video-
recorded using a Sony DXC-990 camera connected to a DVD
recorder (Panasonic DMRE100H). Playback analysis was
performed by dividing the number of adherent leukocytes and
platelets by the inner surface area of the venule: � � � di-
ameter � length.

Statistics
The 4 groups were compared using analysis of variance

(ANOVA) and the Student-Newman-Keuls multiple compar-
ison test (GraphPad Instat Software, San Diego, CA). Minitab
software (State College, PA) was used for linear regression.
Values are presented as means � standard error.

RESULTS
All mice on the enema protocols lost body weight,

although in the control group (no DSS) the drop in body
weight was minimal, remaining within �5% of baseline
throughout the 6-day protocol. As shown in Figure 1, weight
loss was most severe (�14.3 � 0.8%) in the DSS mice given
pseudoephedrine enemas (P � 0.001 versus the weight loss
in untreated DSS mice, �10.7 � 0.6%). Weight loss was not
statistically different in the papaverine mice compared with
the untreated DSS mice.

Papaverine had a noticeable inhibitory effect on rectal
bleeding induced by DSS. With papaverine enemas, gross
bleeding was present in only 7% of the papaverine mice (2
out of 29) versus 48%–49% in the pseudoephedrine and
untreated DSS mice (Fig. 2). Additionally, with papaverine
enemas no signs of occult blood (guaiac test) were found in
41% of mice versus 18% and 7% in the pseudoephedrine and
untreated DSS mice, respectively. No gross bleeding or oc-
cult blood was found in any of the control mice (mice that did
not receive DSS).

Examination of the histopathology slides (Fig. 3A–D)
revealed a dramatic decrease in the mucosal injury after
treatment with papaverine (Fig. 3C). The degree of inflam-
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matory cell infiltrate was markedly reduced and there was a
near absence of hemorrhage in the mucosa. Although crypt
structure had not returned to control levels, the epithelial
layer appeared to be intact. Some of the epithelial cells
appeared squamous or cuboidal rather than columnar, but the
barrier appeared intact. After treatment with pseudoephedrine
the mucosal barrier still had patent breaks as seen with DSS
alone and frank hemorrhage was apparent in the sections
(Fig. 3D).

DSS induced only mild cases of loose stools (P � 0.05
versus controls), with an average score of 0.37 � 0.12 on a
4-point scale. The score was highest in the mice given the
pseudoephedrine enemas (0.59 � 0.18; P � 0.01 versus
controls), and was not statistically different from controls in
the papaverine group (0.14 � 0.10). No loose stools were
observed in the control group (score � 0.0). Figure 4 shows
these scores along with the 0–4 scale of the other 2 factors
(bleeding, weight loss) that comprise the disease activity

index. As shown in Figure 4, the disease activity index was
elevated in all groups of DSS mice, but was significantly
attenuated in the papaverine group compared with the un-
treated DSS group (P � 0.001) due to the reduced frequency
of loose stools and rectal bleeding.

Intravital microscopy was used to quantify endothelial
adherence of leukocytes and platelets in venules ranging from
30–130 microns in diameter in the ileum and proximal colon.
The surface area per unit length of vessel wall can vary by
more than a factor of 4 over this range of diameters, and
therefore adherence was normalized to surface area rather
than length of venule. As shown in Figure 5, we subdivided
the venules into 2 diameter ranges (30–80 microns and
80–130 microns) to determine whether the normalized values
depended on the subset of venule diameter. The largest values
of leukocyte adherence were found in the DSS mice given the
papaverine enemas, with the values statistically different
from controls (P � 0.01) in both small and large venules. In
contrast, the largest values of venular platelet adherence
occurred in the DSS mice given the pseudoephedrine enemas,
with the values statistically greater than in both controls and
untreated DSS mice. The most substantial normalized in-
creases in platelet adherence in the pseudoephedrine mice
occurred in the smaller subset of venules (P � 0.05).

As shown in Figure 5, the y-axis scale is twice as great
for leukocyte adherence compared with platelet adherence,
indicating the general trend for twice as many fluorescent
leukocytes as platelets. However, it should be noted that the
number of fluorescently labeled platelets was �1/10th of the
total number of circulating platelets, and therefore the num-
ber of adherent platelets was likely to have exceeded the
number of adherent leukocytes in all groups. In untreated
DSS mice the platelet-to-leukocyte adherence ratio of fluo-
rescent cells was found to be tightly correlated (r2 � 0.76; P
� 0.011) to the disease activity index (Fig. 6). Pseudoephed-
rine mice had the highest ratio of adherent platelets to adher-
ent leukocytes.

DISCUSSION
DSS has been found to induce a significant decrease in

submucosal flow,1,2 but the relevance of this decrease needs
further investigation. In the present study we examined the

FIGURE 1. Weight change (%) on
days 3, 5, and 6 of the 6-day DSS
protocol in the 4 groups of mice:
control, pseudoephedrine � DSS
(PSE/DSS), untreated DSS, and pa-
paverine � DSS (PAP/DSS). *P
� 0.05 versus control; ***P � 0.001
versus control; †††P � 0.001 versus
untreated DSS.

FIGURE 2. Percentage of mice with gross rectal bleeding (top
panel) or no detectable blood (bottom panel) in the DSS
groups: pseudoephedrine � DSS (PSE/DSS), untreated DSS,
and papaverine � DSS (PAP/DSS).

Harris et al Inflamm Bowel Dis ● Volume 14, Number 3, March 2008

320



effects of a vasoconstrictor (pseudoephedrine) and a vasodi-
lator (papaverine) on the outcome of DSS-induced colitis.
Pseudoephedrine and papaverine had several contrasting ef-
fects: pseudoephedrine induced the highest levels of weight
loss, loose stools, venular platelet adherence, and overall

disease activity index, while papaverine induced the highest
levels of venular leukocyte adherence, but the lowest levels
of rectal bleeding, loose stools, and overall disease activity
index. These results suggest that vasoconstriction could be
detrimental in the DSS mouse model of colitis.

The presence and action of vasoconstrictors have been
noted in several animal models of colitis, as well as in human
IBD. Three such vasoconstrictors include angiotensin II, en-
dothelin-1, and thromboxane. Elevated colonic mucosal lev-
els of angiotensin II have been found in patients with Crohn’s
disease (CD),20 a condition that has been reported to be
perpetuated by chronic microvascular insufficiency, as re-
viewed by Thornton and Solomon.21 In the TNBS model of
colitis the severity of the inflammation and the production of
inflammatory cytokines were attenuated by the angiotensin II
receptor antagonist Losartan and in angiotensinogen knock-
out mice.9 Patients with ulcerative colitis and CD have ele-
vated tissue22,23 and plasma24 levels of the potent vasocon-
strictor endothelin-1, the blockade of which attenuates TNBS
and DSS-induced colitis.10–12 Finally, mucosal biopsies of
patients with active IBD demonstrate a significant upregula-
tion of thromboxane synthase that correlates with endoscopic
and histologic scores.25 Several animal models of colitis,
including DSS, dinitrochlorobenzene, immune complex, and
TNBS administration implicate thromboxane.1,26,27

In a previous investigation from our laboratory1 we
found that DSS-induced arteriolar vasoconstriction could be
attenuated by ozagrel, an inhibitor of thromboxane synthase.
However, the arteriolar response to ozagrel depended on the
relative amounts of leukocyte and platelet adhesion in the
venules, which were located in close countercurrent pairing
with the constricted arterioles. Ozagrel induced the highest
amount of arteriolar relaxation when the ratio of platelet-to-
leukocyte adherence was high, but induced little arteriolar
relaxation when leukocytes outnumbered platelets. Since
platelet adhesion was relatively similar in these vessels the
possible interpretation was that the leukocytes could neutral-

FIGURE 3. Histology of the mouse proximal colon. Scale bar
� 400 �m in A; equal magnification in all panels. A: Control
mouse proximal colon; note the regular arrangement of crypts.
B: After exposure to DSS for 6 days the colon is markedly in-
flamed, the mucosal wall is thickened, and there is a transmural
inflammatory cell infiltration. The mucosal barrier has been de-
stroyed and frank hemorrhaging was histologically apparent. C:
Papaverine effected a dramatic reduction of mucosal infiltra-
tion and the mucosal barrier has been repaired, although many
of the cells have not regained their full columnar stature and are
squamous-cuboidal in shape. There is little sign of hemorrhage.
Although crypt architecture has not returned to control levels it
has clearly improved over DSS treatment. D: Pseudoephedrine
treatment resulted in modest improvements over DSS alone.
Frank breaks in the epithelial barrier were prominent and mas-
sive inflammatory infiltration with frank hemorrhaging was his-
tologically apparent.
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ize the vasoconstricting actions of platelet-derived thrombox-
ane.

The ratio of platelet-to-leukocyte adherence was in-
structive in the current study as well. In DSS mice a tight
correlation was found between the disease activity index and
the platelet-to-leukocyte ratio. Moreover, there was a contrast

in the recruitment of platelets and leukocytes when the va-
soactive molecules pseudoephedrine and papaverine were
administered: the highest levels of platelet adherence were
induced by the vasoconstrictor pseudoephedrine, and the
highest levels of leukocyte adherence were induced by the
vasodilator papaverine. A high level of platelet adherence

FIGURE 4. Components of the dis-
ease activity index (stools, bleed-
ing, weight loss) in the 4 groups of
mice: control, pseudoephedrine
� DSS (PSE/DSS), untreated DSS,
and papaverine � DSS (PAP/DSS).
*P � 0.05 versus control; **P � 0.01
versus control; ***P � 0.001 versus
control; ††P � 0.01 versus untreated
DSS; †††P � 0.001 versus untreated
DSS.

FIGURE 5. Venular leukocyte and platelet adherence in the proximal colon and terminal ileum in the 4 groups of mice: control,
pseudoephedrine � DSS (PSE/DSS), untreated DSS, and papaverine � DSS (PAP/DSS). N � 18 – 43 venules per bar. *P � 0.05, **P
� 0.01, and ***P � 0.001 between indicated groups.
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could be indicative of the increased thrombogenic potential
associated with DSS-induced colitis28 and human IBD.29 In
contrast, the infiltration of leukocytes, while often correlated
with inflammation, could have mixed consequences. Certain
subsets of leukocytes may potentiate the inflammatory re-
sponse, but other subsets may help resolve the inflammatory
response. Further experiments may help determine whether
the mucosal repair that we observed with papaverine admin-
istration might have been a consequence of the high levels of
venular leukocyte adherence.

In summary, DSS-induced colitis was affected in con-
trasting directions by the vasoconstrictor pseudoephedrine
and the vasodilator papaverine. In general, pseudoephedrine
exacerbated the inflammatory consequences of DSS, while
papaverine attenuated the disease activity index, in large part
by significantly reducing rectal bleeding.
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