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SUMMARY: Human recombinant interleukin 11 (rhIL-11) is a cytokine that suppresses the clinical signs of colitis in animal
models of inflammatory bowel disease (IBD) and may be an effective therapeutic agent in the treatment of IBD. The objective of
the current study was to investigate whether rhIL-11 was capable of reversing abnormalities in secretomotor function associated
with gut inflammation. We investigated the effects of rhIL-11 on epithelial electrogenic ion transport in the jejunum and colon.
Application of rhIL-11 (10 to 10,000 ng/ml) at either the luminal or serosal side of mucosal sheets isolated from control rats
induced a concentration-dependent reduction of transmural potential difference (PD) in the jejunum and decreased the
short-circuit current (Isc), representative of active electrogenic transport, in the colon. To investigate the effect of rhIL-11 on an
inflamed gut, we isolated jejunal and colonic tissue from HLA-B27 transgenic rats with active inflammation of the bowel that
represents an animal model of IBD. In jejunum and colon isolated from HLA-B27 transgenic rats, basal electrogenic ion transport
was significantly attenuated and, under these conditions, rhIL-11 caused no changes in either transmural PD or Isc. However, in
HLA-B27 rats, pretreatment with subcutaneous doses of rhIL-11 suppressed the symptoms of diarrhea, normalized myeloper-
oxidase activity in the jejunum and colon and healed mucosal injury. In the jejunum from HLA-B27 rats, healing of the intestinal
inflammatory response enhanced basal transmural PD and the rhIL-11–induced changes in mucosal ion transport resembled
those seen in uninflamed controls. Conversely, in the colon, healing of the mucosa did not normalize basal active ion transport
nor did it reverse the inhibition of rhIL-11–induced changes in colonic Isc. Our results suggest that endogenous IL-11 may act
as a modulator of epithelial transport under physiologic conditions and may act as a potent anti-inflammatory cytokine during
active intestinal inflammation. (Lab Invest 2000, 80:1269–1280).

C rohn’s disease and ulcerative colitis are chronic
immune-mediated disorders described by the

term inflammatory bowel disease (IBD) and character-
ized by an idiopathic inflammation of the gastrointes-
tinal tract. The clinical symptoms of IBD include diar-
rhea, abdominal pain, fever, weight loss, severe
fatigue, and increased risk of developing of colon
cancer (Levin, 1992). Although the etiology of IBD
remains uncertain, factors such as genetically trans-
mitted immunologic susceptibility to infections or au-
toimmune reactions have been implicated (Calkins
and Mendeloff, 1986). Regardless of the initiating
event, the inflammatory injury of the intestinal epithe-
lial mucosal tissue involves abnormal T cell activation
mediated by proinflammatory cytokines (MacDonald
and Spencer, 1988; Targan et al, 1991). However, the
histologic and immunologic evidence of chronic mu-

cosal inflammation in IBD lack an equally strong
functional counterpart because little is known about
the steps leading from mucosal immune activation
and tissue injury to impairment of epithelial barrier and
transport function.

Previous studies have suggested that cytokines, in
addition to their immunomodulating effect, may act
directly to regulate gastrointestinal function including
intestinal water and ion transport. Evidence in support
of this notion is that anti-inflammatory cytokines, such
as interleukin (IL)-10 and IL-4, enhance intestinal ab-
sorption of sodium and chloride and inhibit chloride
secretion (Madsen et al, 1996, 1997; Zund et al, 1996),
whereas pro-inflammatory cytokines, such as IL-1 and
IL-3, stimulate chloride secretion in vitro (Chiossone et
al, 1990; Theodorou et al, 1994). Previous research
with IL-11 suggests that this cytokine may enhance
absorption of water and electrolytes within the gastro-
intestinal tract. Castagliuolo et al (1997) demonstrated
that IL-11 significantly inhibits the secretion of fluids in
rat ileal loops mediated by C. difficile toxin. Moreover,
in rats with IBD, IL-11 was found to normalize stool
consistency (Keith et al, 1994). Additional studies
showed that IL-11 also enhances the gastrointestinal
absorption of iron in rats (Baynes et al, 1995). Al-
though these findings suggest that IL-11 may have a
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direct effect on the neuro-epithelial apparatus regulat-
ing the mucosal transport of electrolytes and water,
there is still no evidence to confirm the possible action
of IL-11 as a direct mediator of changes in intestinal
ion transport.

IL-11 is a hematopoietic growth factor cloned by
Paul et al (1990) that has effects on multiple cell types
both in vivo and in vitro (Leng and Elias, 1997; Quesni-
aux et al, 1993). Recently, the availability of recombi-
nant human interleukin-11 (rhIL-11), a 177-amino acid
protein expressed in Escherichia coli, has enabled the
analysis of structure-function relationships (Czupryn
et al, 1995). In the gastrointestinal tract, rhIL-11 has
been demonstrated to have protective effects in mu-
rine models of ischemic bowel necrosis (Du et al,
1997) and in rodent models of gut inflammation (Albert
et al, 1997; Keith et al, 1994; Orazi et al, 1996; Qiu et
al, 1996; Sonis et al, 1995). In on-going clinical trials,
rhIL-11 therapy seems to be beneficial in patients with
IBD (Sands et al, 1999).

The objectives of this study were to investigate
rhIL-11 effects on the net electrogenic transport of
electrolytes across the intestinal mucosa and to de-
termine the effects of treatment with rhIL-11 in the
HLA-B27 rat model of spontaneous, chronic intestinal
inflammation. The HLA-B27 rat model is genetically
engineered to overexpress the human major histo-
compatibility class 1 allele B27 and b2-microglobulin
gene products, associated with the development of
chronic inflammatory disease (Hammer et al, 1990). In
previous studies, treatment of HLA-B27 transgenic
rats with rhIL-11 decreased the clinical symptoms of
colitis and lowered the histologic damage score in the
colon (Keith et al, 1994; Peterson et al, 1998). In the
present study, we investigated the effect of rhIL-11 on
intestinal net electrogenic transport using both an in
vitro model of isolated jejunal and colonic mucosal
sheets and an in vivo treatment model where rhIL-11
was administered to HLA-B27 transgenic rats exhib-
iting the symptoms associated with spontaneous and
long-term inflammation of the alimentary tract.

Results

Direct Effect of rhIL-11 on Transmucosal Net Electrogenic
Transport in Noninflamed Intestinal Mucosa

After equilibration, the jejunal mucosal sheets isolated
from nontransgenic rats had a basal potential differ-
ence (PD) of 23.3 6 0.2 mV and a basal short-circuit
current (Isc) of 26 6 5 mA/cm2. Consequently, the
mean value of basal electrical conductance of the
tissue was 8 mS/cm2. Addition of rhIL-11 to the
serosal bathing medium induced a significant de-
crease in transmural PD that was concentration-
dependent with a threshold of 10 ng/ml (Fig. 1A). In
contrast, rhIL-11 induced a small decrease in jejunal
Isc that was not statistically significant from the
changes induced by the vehicle (data not shown). A
series of control experiments demonstrated that an
inactive form of the rhIL-11 molecule or its vehicle (1%
BSA in 0.9% saline) had no effects on jejunal electrical

responses. The involvement of intramural neurons in
the effect of rhIL-11 was tested in the presence of
tetrodotoxin (TTX), which blocks sodium channels and
inhibits neuronal activity. TTX (1 mM in serosal bathing
solution) did not affect basal transmural PD in the
jejunum and had no significant influence on the de-
crease in PD induced by rhIL-11 (Fig. 1B).

In the colon of nontransgenic rats, the basal PD was
22.7 6 0.5 mV and the basal Isc was 36 6 6 mA/cm2

with a corresponding basal electrical conductance of
13 mS/cm2. The serosal application of rhIL-11 pro-
duced a decrease in both PD and Isc. However,
whereas changes in PD were moderate (a maximal
decrease of 0.6 6 0.3 mV), rhIL-11 application in-
duced a steep concentration-dependent reduction of
the basal Isc, with a threshold of 10 ng/ml of rhIL-11.
The inactive form of the rhIL-11 molecule, as well as its
vehicle (1% BSA in 0.9% saline), had no effects on
colonic electrical responses (Fig. 2A). In contrast to
the jejunum, in colonic mucosal sheets, TTX itself
produced an immediate and sustained decrease in
basal Isc (from 37 6 3 to 28 6 4 mA/cm2, p , 0.05).
Subsequently, in these TTX-treated tissues, adminis-
tration of rhIL-11, up to concentrations of 10,000
ng/ml, did not produce any change in Isc (Fig. 2B).
When intestinal mucosal sheets from the same rats
were pretreated with the vehicle used to make up TTX
(citrate buffer, pH 4.3), administration of rhIL-11 pro-
duced the expected concentration-dependent de-
crease in Isc (Fig. 2B).

Time Course of rhIL-11 on the Net Electrogenic Transport
in Noninflamed Intestinal Mucosa

The time-course of the responses produced by the
direct interaction of rhIL-11 with jejunal or colonic
intestinal mucosa is illustrated in Table 1. The data
demonstrate that the onset of changes in jejunal PD
(change in basal PD . 0.1 mV) occurred within the first
30 seconds after adding rhIL-11 to the serosal bathing
solution, whereas the onset of rhIL-11–induced
change in colonic Isc (changes in basal Isc . 3
mA/cm2) occurred with a latency of 4 minutes. On
average, the time for the rhIL-11–induced changes in
jejunal PD or colonic Isc to reach maximum was
approximately 30 minutes. Neither the latency nor the
time required by a single concentration of rhIL-11 to
achieve a maximal effect were concentration depen-
dent. Although we attempted to measure the duration
of the responses, we noted that after 60 minutes there
was no obvious return to baseline in the transmural PD
or Isc responses, therefore longer time periods were
not examined. However, at the 60-minutes time point,
the addition of a maximal response dose of acetylcho-
line (1 mM) to the serosal bathing solution induced the
expected rapid increase in PD or Isc, proving the
viability of the mucosal tissue.

Site of Action of rhIL-11 on the Net Electrogenic
Transport in Noninflamed Intestinal Mucosa

To determine whether there is a luminal site of action
for rhIL-11, we performed a series of experiments
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where rhIL-11 was added to the mucosal bathing
solution and the results were compared with those
obtained from serosal application of rhIL-11. We

found that addition of rhIL-11 to the mucosal bathing
solution produced changes in jejunal transmural PD
and colonic Isc that were virtually the same as these

Figure 1.
Changes in transmural potential difference (PD) in isolated mucosal sheets from the jejunum of control rats (basal PD 5 23.2 6 0.2 mV, n 5 7 rats). Each data
point represents the effects measured at their maximum (within 8 to 10 minutes) and expressed as mean 6 SEM from 6 to 12 experiments. * p , 0.05 vs vehicle
control. A, Serosal application of increasing concentrations of human recombinant interleukin 11 (rhIL-11) causes a concentration-dependent reduction in basal PD,
whereas an inactive rhIL-11 mutant molecule or the vehicle (0.1% BSA in saline) has no significant effect. B, Effects of increasing-concentrations of rhIL-11 on jejunal
PD in tissues pretreated with 1 mM tetrodotoxin (TTX) or with corresponding volumes of its vehicle (citrate buffer, pH 4.3) added to the serosal bathing solution 15
minutes before rhIL-11 addition.

Effect of rhIL-11 on Ion Transport
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produced by the serosal addition of rhIL-11. In the
jejunum, after mucosal administration, the maximal
decrease in transmural PD was 1.1 6 0.2 mV (n 5 12)
versus 1.1 6 0.3 mV (n 5 9) after serosal administra-
tion. In the colon, the maximal decrease in Isc was
25 6 1.7 mA/cm2 (n 5 12) after mucosal administration
versus 29 6 4.8 mA/cm2 (n 5 9) after serosal admin-
istration.

Effect of Inflammation on rhIL-11–Induced Net
Electrogenic Transport in the Intestinal Mucosa of
HLA-B27 Transgenic Rats

The HLA-B27 transgenic rats used in this study had
developed a chronic inflammation of the gastrointes-
tinal tract, manifested by the clinical signs of persis-
tent diarrhea (Hammer et al, 1990). Intestinal inflam-

Figure 2.
Changes in transmucosal short-circuit current (Isc) in isolated mucosal sheets from the colon of control rats (basal Isc 5 37 6 3 mA/cm2, n 5 7 rats). Each data
point represents the effects measured at their maximum (within 8 to 10 minutes) and expressed as mean 6 SEM from 6 to 9 experiments. * p , 0.05 vs vehicle control.
A, Serosal application of increasing concentrations of rhIL-11 causes a concentration-dependent reduction in basal Isc, whereas an inactive rhIL-11 mutant molecule
or the vehicle (0.1% BSA in saline) has no significant effect. B, Effects of increasing concentrations of rhIL-11 on colonic Isc in tissues pretreated with TTX (1 mM)
or with corresponding volumes of its vehicle (citrate buffer, pH 4.3) added to the serosal bathing solution 15 minutes before rhIL-11 application.
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mation in these animals was confirmed by the
significant elevation of myeloperoxidase (MPO) activ-
ity in both the jejunum (90 6 15 ng/g tissue in
HLA-B27 rats versus 27 6 13 ng/g tissue in controls,
p , 0.01) and colon (189 6 28 ng/g tissue in HLA-B27
rats versus 37 6 5 ng/g tissue in controls, p , 0.01).
Additionally, the basal transmural PD and Isc mea-
sured in isolated jejunal and colonic mucosal sheets
from HLA-B27 rats were significantly lower than in
control rats. The basal transmural PD in the jejunum of
HLA-B27 was 21.6 6 0.3 mV (12 mucosal sheets from
three rats) and was significantly different (p , 0.001)
from the control value of 23.0 6 0.2 mV (12 mucosal
sheets from three rats) in healthy nontransgenic rats.
Similarly, the basal Isc in the jejunum of 19 6 3
mA/cm2 in HLA-B27 rats was reduced compared with
the 26 6 5 mA/cm2 measured in controls. Further-
more, an increase in the mean basal conductance of
the jejunum was observed in the HLA-B27 rats (12
mS/cm2) compared with nontransgenic controls (8
mS/cm2). In the colon from HLA-B27 rats, basal PD
and Isc were both significantly reduced (PD 5 21.6 6
0.3 mV; Isc 5 17 6 3.5 mA/cm2, 12 mucosal sheets
from three rats) compared with nontransgenic controls
(PD 5 22.7 6 0.5 mV; Isc 5 33 6 2.3 mA/cm2; 12
mucosal sheets from three rats, p , 0.001). However,
tissue conductance values were similar in HLA-B27
rats (11 mS/cm2) and healthy nontransgenic controls
(13 mS/cm2). In isolated sheets of jejunum and colon
harvested from HLA-B27 rats, we examined the direct
effect of rhIL-11. The decreases in jejunal transmural
PD and the increases in colonic Isc induced by rhIL-11
in healthy nontransgenic rats were absent or signifi-
cantly attenuated in tissue from HLA-B27 transgenic
rats (Fig. 3, A and B).

Effect of rhIL-11 Treatment of HLA-B27 Transgenic Rats
on Intestinal Inflammation and rhIL-11–Induced Net
Electrogenic Transport

In a separate series of experiments, HLA-B27 trans-
genic rats received rhIL-11 (33 mg/kg subcutaneously

(sc) on alternate days for either 1 or 2 weeks. Treat-
ment with rhIL-11 showed an improvement of the
clinical symptoms of IBD, normalizing stool consis-
tency from diarrhea and loose stools to normal stool
pellets. Whereas an improvement of stool character
was evident after the first injection of rhIL-11, a
maximal effect was obtained during the second week
of treatment (Fig. 4). Moreover, after the 1 or 2 weeks
of treatment with rhIL-11, the histologic damage of
intestinal mucosa in HLA-B27 rats improved in a
time-dependent fashion in both the jejunum and colon
(Table 2, Fig. 5). These results closely correlated with
the reduction in activity of the inflammatory marker
MPO (Figs. 6A and 7A). Treatment of HLA-B27 trans-
genic rats with rhIL-11 resulted in a statistically signif-
icant increase in the basal PD across the jejunum (p ,
0.05) after 2 weeks of treatment (Fig. 6B). Further-
more, the mean value of electrical conductance
across the jejunum after 1 week of rhIL-11 treatment (6
mS/cm2 versus 12 mS/cm2 in naive HLA-B27 rats)
was sustained after the 2 weeks of treatment. The
basal jejunal Isc of 17 6 2 mA/cm2 in HLA-B27 rats
treated with rhIL-11 for 2 weeks resembled that seen

Table 1. Latency of the Onset and Time to Reach
Maximum for the Effects of Serosal Application of
rhIL–11 on Jejunal PD and Colonic Isc in the Ussing
Chamber

rhIL-11
(ng/ml)

Response Latency
(min)

Time to Max.
(min) n

Jejunum (PD)
10 0.58 6 0.08 31.3 6 1.4 6
100 0.49 6 0.02 34.3 6 1.8 6
1000 0.54 6 0.03 38.8 6 2.1 6
10,000 0.51 6 0.03 38.1 6 1.9 6

Colon (Isc)
10 3.97 6 0.28 30.0 6 3.8 6
100 4.30 6 0.68 27.2 6 1.7 6
1000 4.07 6 0.15 32.4 6 1.3 6
10,000 4.07 6 0.13 31.8 6 1.0 6

Values are given as mean 6 SEM.

Figure 3.
Effects of increasing concentrations of rhIL-11 on jejunal PD (basal PD 5
23.0 6 0.2 mV) (A) or colonic Isc (basal Isc 5 33 6 2 mA/cm2) (B) in
mucosal sheets isolated from control rats (n 5 7 rats) and naı̈ve HLA-B27
transgenic rats (n 5 7 rats). Data are mean 6 SEM from 8 to 10 experiments
for each group.
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in naive HLA-B27 rats (19 6 3 mA/cm2). Recovery of
the jejunal mucosa in HLA-B27 transgenic rats was
associated with an increase in the rhIL-11–induced
change in PD that resembled control rats, however the
normalization of the PD response due to direct stim-
ulation with rhIL-11 was not significantly different from
naive rats and was not sustained during the second
week of rhIL-11 pretreatment. (Fig. 6C). In the colon,
histologic improvement and the significant decrease in
MPO activity (Fig. 7A) was associated with a normal-
ization of basal PD in HLA-B27 rats pretreated with
rhIL-11. Colonic basal PD in mucosal sheets from
HLA-B27 rats given rhIL-11 for 2 weeks (22.4 6 0.5
mV) did not differ significantly from the respective
value in mucosal sheets isolated from control rats
(22.7 6 0.5 mV). Concurrently, the mean electrical

conductance was slightly lower (9 mS/cm2) in HLA-
B27 rats treated with rhIL-11 for 2 weeks compared
with both control (13 mS/cm2) or naive HLA-B27 rats
(11 mS/cm2). However, in the colon, despite the
histologic improvement and the significant decrease in
MPO activity caused by rhIL-11 treatment of HLA-B27
rats, neither the basal Isc (Fig. 7B) nor the Isc re-
sponse to direct stimulation with rhIL-11 were signifi-
cantly improved (Fig. 7C).

Discussion

In this study, the effects of rhIL-11 on mucosal ion
transport in rat jejunum and colon were investigated.
Our results indicate that in addition to its immuno-
modulating activity, rhIL-11 may directly regulate in-

Figure 4.
Stool character in HLA-B27 rats receiving 33 mg/kg of rhIL-11 subcutaneously (sc) on alternate days for 1 or 2 weeks. Stool consistency was scored as follows: 0,
normal with formed stool pellets; 1, soft with formed stool pellets; 2, loose, no formation of stool pellets; or 3, watery diarrhea. Stools were scored the day before
the beginning of rhIL-11 treatment (Day 0) and every other day during the treatment period. Data are mean each of the groups (n 5 4 rats); arrows indicate the days
on which rhIL-11 was administered and stool consistency was scored.

Table 2. Histological Lesion Scores in HLA-B27 Transgenic Rats Treated with rhIL-11 (33 mg/kg s.c. on Alternate Days
for One or Two Weeks)

Ulceration Inflammation Lesion Depth Fibrosis Total

Jejunum
Naı̈ve 1.9 6 0.3 3.0 6 0.0 1.9 6 0.7 0.5 6 0.6 7.3 6 1.3
Treated

1 week 0.5 6 0.7* 1.3 6 0.8* 0.5 6 0.7* 0.3 6 0.5 2.5 6 1.6*
2 weeks 0.2 6 0.4* 0.7 6 0.8* 0.2 6 0.4* 0.4 6 0.5 1.4 6 1.0*

Colon
Naı̈ve 2.0 6 0 3.0 6 0.0 1.8 6 0.1 1.3 6 0.4 8.2 6 0.3
Treated

1 week 0.3 6 0.5* 1.6 6 0.5* 0.3 6 0.5* 0.3 6 0.5* 2.4 6 0.3*
2 weeks 0.2 6 0.4* 1.0 6 0.6* 0.2 6 0.4* 0.3 6 0.5* 1.6 6 0.9*

Values are mean 6 SEM (n 5 6 for each group).
* Denotes lower than untreated (p , 0.05).
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testinal mucosal transport. In the absence of inflam-
mation, rhIL-11 alters ion transport across the rat
small intestine and colon in a concentration-
dependent manner. Under resting conditions, the je-
junum maintains a basal transmural PD with the mu-
cosal side negative compared with the serosal. This
negative PD is, for the most part, generated through
the electrogenic absorption of sodium ions and active
electrogenic secretion of chloride ions into the lumen.
The addition of rhIL-11 to either the serosal or luminal
side of the jejunum decreased the basal transmural
PD, causing concentration-dependent changes of the
PD towards less negative values in the lumen. The
changes induced by rhIL-11 also involved a small
decrease in Isc, which is an electrical marker of active
energy-dependent ion transport in the absence of or
against electrochemical gradients. Taken together,
our findings suggest that in the rat jejunum a reduction
in transmural PD produced by rhIL-11 is not the result
of any major change in active transport processes and
it is more likely that rhIL-11 alters transmural PD by
changing passive transport processes. On the other
hand, in the colon, the mechanism by which rhIL-11
alters ion transport seems to be different from that

observed in the jejunum. Similar to the jejunum, the
colon generates a lumen-negative transmural PD that
is the net effect of both active and passive transport
across the “tighter” colonic epithelium. However, in
colonic mucosal sheets from nontransgenic control
rats, rhIL-11 caused only a small decrease in trans-
mural PD in the presence of a significant decrease in
Isc. This finding supports the notion that rhIL-11
induces changes in active ion transport processes
without significantly changing the passive transport of
electrolytes across the colonic mucosa. Although rel-
evant, this assumption should be regarded cautiously
because the in vitro technique used in our study
accounts only for the electrogenic transport of elec-
trolytes and does not reflect electroneutral processes
of transepithelial ion exchange. The existence of cou-
pled Na1 and Cl2 absorption has been well docu-
mented in the colon (Binder et al, 1987; Sellin and
Desoignie, 1984). It seems most likely that coupled
Na1 and Cl2 absorption occurs via a series of active
transport carrier proteins including a Na/H exchanger
and a Cl/HCO3

2 exchanger. The data from the present
study do not define whether rhIL-11 is capable of
regulating that particular type of transepithelial trans-

Figure 5.
Photomicrographs of jejunum (A) and colon (B) of rats receiving rhIL-11 for two weeks exhibit fewer inflammatory infiltrates and an intact luminal border. In contrast,
in vehicle-treated animals, note the marked inflammatory infiltrates and shortened villi in the jejunum (C) and the uneven luminal border and submucosal inflammatory
infiltrates in the colon (D). Hematoxylin and eosin stain. Original magnification, 3100.
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port; this question remains to be answered by a
different methodologic approach. Nevertheless, in the
present experiments, the directions of changes in
basal PD and Isc observed in the jejunum and colon in
response to rhIL-11 are suggestive of a proabsorptive
effect (Chang et al, 1982; Greenwood et al, 1987).
Previous studies showing that rhIL-11 promotes the
gastrointestinal absorption of iron in rats (Baynes et al
1995) and inhibits C. difficile toxin-mediated fluid
secretion in ileal loops from the rat (Castagliuolo et al
1997) also support our claim that rhIL-11 alters mu-

cosal transport in the direction of enhanced net intes-
tinal absorption. Moreover, recent studies in rats with
small bowel resection provided direct evidence that
rhIL-11 enhances small intestinal absorptive function
and mucosal mass (Alavi et al, 2000).

To further characterize the effect of rhIL-11 on ion
transport, we examined the time course of electrical
responses to rhIL-11 and discovered that time param-
eters differed significantly between the jejunum and

Figure 6.
Myeloperoxidase (MPO) activity (A), basal values of transmural PD (B), and
maximal changes in basal PD induced by serosal application of rhIL-11 (C) in
the jejunum of naı̈ve HLA-B27 transgenic rats (filled black bars) and HLA-B27
rats treated with rhIL-11 (33 mg/kg sc at 48 hours intervals) during 1 or 2
weeks (hatched bars). Respective values obtained in jejunal tissue from control
rats are also presented (open bars). Data for MPO activity are mean 6 SE

calculated for 7 control or naive HLA-B27 rats and 4 HLA-B27 rats in each of
the rhIL-11–treated groups. Data for PD are mean 6 SE from 8 to 12
experiments for each group. * p , 0.05 vs naı̈ve HLA-B27 transgenic rats.

Figure 7.
Myeloperoxidase (MPO) activity (A), basal values of Isc (B), and maximal
changes in Isc induced by serosal application of rhIL-11 (C) in the colon
isolated from naı̈ve HLA-B27 transgenic rats (filled black bars) and HLA-B27
rats treated with rhIL-11 (33 mg/kg sc at 48 hours intervals) during 1 or 2
weeks (hatched bars). Respective values obtained in jejunal tissue from control
rats are also presented (open bars). Data for MPO activity are mean 6 SE from
7 control or naive HLA-B27 rats and 4 HLA-B27 rats in each of the
rhIL-11–treated groups. Isc data are mean 6 SE from 8 to 9 experiments for
each group. * p , 0.05 vs naı̈ve HLA-B27 transgenic rats.
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colon. In the jejunum, there was a rapidly occurring
increase in PD (within 30 seconds), whereas up to 4
minutes were required before there was a change in
Isc in the colon. The reason for these differences is
unclear, however it is evident that they are related to
divergent mechanisms by which rhIL-11 causes
changes in the passive ion transport in the jejunum or
the active ion transport in the colon. The rapid onset of
the jejunal PD response suggests a direct receptor-
operated mechanism. The longer time period required
for a change in Isc in the colon could involve an
immune-mediated effect that is associated with a
secondary release of a cytokine or neurotransmitter
that acts to decrease basal Isc. In both regions of the
intestinal tract, the effects of rhIL-11 are likely to
involve a specific receptor-mediated mechanism, be-
cause no effects were found in experiments using a
rhIL-11 mutant molecule that has a 25-fold lower
binding affinity for the high affinity chain of the rhIL-11
receptor. rhIL-11 has a prolonged duration of action
on jejunal and colonic mucosal ion transport, because
there was a 30 minutes lag for each concentration to
achieve a maximal effect in both the jejunum and
colon and the responses did not return to basal within
the 60-minute recording period. We have shown that
rhIL-11–induced changes in the jejunal mucosal ion
transport in the Ussing chamber are unlikely to involve
neuronal mechanisms because the pretreatment of
the tissue with the neurotoxin TTX was without effect
on the rhIL-11–induced electrical response. Micromo-
lar concentrations of TTX are known to block neuronal
sodium channels (Kao, 1986), causing the inhibition of
neurally mediated changes in intestinal epithelial
transport (Perdue and Davison, 1986). In contrast, in
the colon, our findings proved that TTX abolishes the
decrease in active ion transport induced by rhIL-11,
indicating that the functional integrity of neuro-effector
junctions is required for realization of the rhIL-11–
mediated effect in the colon.

To address the potential local versus systemic site
of action for rhIL-11, we performed experiments where
concentration-response effects of either serosal or
mucosal administration of rhIL-11 were investigated.
The observations from this series of experiments
demonstrated that rhIL-11 changes transmural PD in
the jejunum and Isc in the colon after either serosal or
mucosal administration, implying that rhIL-11 recep-
tors may be located on both the apical and basolateral
surfaces of the enterocyte. In support of a dual sys-
temic and luminal site of action, studies by Albert et al
(1997) showed that enema delivery of rhIL-11 is effec-
tive in both the HLA-B27 rat and the acetic acid model
of acute colitis. Our data also suggest that rhIL-11 can
affect intestinal function when administered to either
the serosal or mucosal side of the tissue. Extrapolating
our findings to an in vivo situation, we could postulate
that administration of rhIL-11 possesses the capability
of enhancing intestinal absorption and promoting anti-
inflammatory effects after either systemic or luminal
administration. This observation is important because
it provides preclinical data to support development of
an enema formulation of rhIL-11 that can be used in

patients with ulcerative colitis or in patients with
Crohn’s disease restricted to the colon.

To further understand the effects of rhIL-11 on ion
transport under pathologic conditions, we investi-
gated the effect of rhIL-11 in genetically engineered
HLA-B27 transgenic rats with chronic, spontaneously
induced inflammation of the gastrointestinal tract. In
these rats, the magnitudes of the changes in jejunal
transmural PD or in colonic Isc induced by rhIL-11
were significantly attenuated or completely abolished
compared with those seen in normal rats. These
findings demonstrate that mucosal inflammation de-
creased the rhIL-11 responsiveness of the small intes-
tine and colon, suggesting that the action of endoge-
nous IL-11 is confined to the uninflamed status of the
tissue and may thus play a role in the maintenance of
normal epithelial function.

Our observations that the basal transmural PD in
HLA-B27 rats was less negative than in control rats
and that basal tissue conductance was increased,
support the notion that inflamed tissue may have
increased permeability and therefore may be unable to
generate large potential differences. To more com-
pletely understand the role of IL-11 in intestinal inflam-
mation, we examined the in vitro effect of rhIL-11 in
mucosal sheets isolated from HLA-B27 rats where the
inflammatory disease has been reduced by in vivo
pretreatment with rhIL-11 (Keith et al 1994; Peterson
et al, 1998). Although basal PD and tissue conduc-
tance showed recovery in tissues from rhIL-11–pre-
treated HLA-B27 transgenic rats, the basal Isc did not
show a significant recovery. Because inhibition of
MPO activity and lowering of the histologic lesion
score was achieved by 1 and 2 week treatments with
rhIL-11 in both the jejunum and colon, it is possible
that, unlike the structural restitution of the mucosa, the
recovery of basal active electrolyte transport function
in both the jejunum and colon requires a longer period
of treatment with rhIL-11.

In the jejunum, the changes in ion transport mea-
sured electrically as changes in transmural PD pro-
duced by the local application of rhIL-11 to the serosal
bathing solution were greater in HLA-B27 rats pre-
treated with rhIL-11 compared with untreated HLA-
B27 rats and more closely resembled the electrical
responses observed in control rats. In the colon from
HLA-B27 rats pretreated with rhIL-11, healing of the
colonic inflammatory response did not reverse the
complete lack of effect of rhIL-11 on Isc. This finding
is in agreement with recent results obtained in a rat
model of trinitrobenzene sulfonic acid-induced colitis,
indicating a prolonged down-regulation of secretory
responses to inflammatory mediators that persists
after resolution of mucosal inflammation (Asfaha et al,
1999). Additionally, despite the lack of effect of rhIL-11
treatment of HLA-B27 rats on jejunal and colonic
electrical epithelial responses to rhIL-11, we observed
a significant improvement of the stool character. Al-
though the exact mechanism of this effect is unclear,
it is evident that healing of mucosal injury per se may
have a beneficial effect improving paracellular perme-
ability.
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In conclusion, our data demonstrate that local treat-
ment with rhIL-11 may alter electrogenic ion transport
across the small intestine and colon. The ion transport
processes induced by rhIL-11 are severely attenuated
by an inflammatory insult. Although systemic treat-
ment of HLA-B27 transgenic rats with rhIL-11 is ca-
pable of healing the inflammatory injury in both the
small and large intestine and reversing abnormalities
in basal passive ion fluxes, active ion transport re-
mains abnormal. Furthermore, the reversal of rhIL-11–
induced abnormalities in passive ion fluxes in the
jejunum is incomplete and the active ion transport
induced by rhIL-11 in the colon remains abnormal.
Taken together, our results indicate that endogenous
IL-11 may play an important role in the regulation of
epithelial function under physiologic conditions and
may exert potent anti-inflammatory effects during
chronic intestinal inflammation. It is also possible that
the inhibition of IL-11–modulated epithelial transport
during an inflammatory insult may contribute to the
pathophysiology of IBD.

Materials and Methods

Animals

The experiments were approved by the Animal Care
and Use Committee at the Oklahoma City, Veterans
Affairs Medical Center. Adult male Sprague Dawley
rats were purchased from Charles River (Wilmington,
Massachusetts). HLA-B27 transgenic rats, carrying
high copy numbers of the human major histocompat-
ibility class 1 allele B27 and b2-microglobulin genes
were obtained from Taconic (Germantown, New York).
All animals were housed individually with a normal 12
hours light/dark cycle and provided with standard
laboratory rat diet and water ad libitum.

Experimental Design

The experiments were designed to study the direct
effect of rhIL-11 on the electrogenic ion transport in
the jejunum and colon isolated from three groups of
animals: 1) healthy control Sprague Dawley rats; 2)
HLA-B27 transgenic rats with spontaneous chronic
inflammation of the gastrointestinal tract; and 3) HLA-
B27 rats pretreated with rhIL-11 to heal the inflamma-
tion. In the third group, two different time periods of
treatment were tested to establish the effects of
rhIL-11 on inflammation and mucosal injury as well as
on the compromised ability of rhIL-11 to cause
changes in the electrogenic transport across the jeju-
nal and colonic mucosa. The HLA-B27 rats received
33 mg/kg of rhIL-11 subcutaneously (sc) every other
day during a period of either 1 week (3 sc injections at
48-hour intervals) or 2 weeks (7 sc injections at
48-hour intervals). Stool consistency was evaluated as
normal with formed stool pellets (score 0), soft with
formed stool pellets (score 1), loose with no formation
of stool pellets (score 2), or watery diarrhea (score 3).
Scores were given before beginning rhIL-11 treatment
and every other day during the treatment period. All
animals were killed 3 hours after the last injection of

rhIL-11 and segments from the jejunum and colon
were harvested for histologic analysis, MPO activity
assay, and measurement of transmucosal electro-
genic transport.

Ussing Chamber Studies

The isolated jejunum and colon were placed in ice-
cold oxygenated Krebs bicarbonate buffer (pH 7.2)
and intraluminal contents were removed by flushing
the lumen with Krebs solution. Intestinal segments
(approximately 2 cm in length) were carefully stripped
of the external muscle layer and mounted in modified
Ussing chambers (World Precision Instruments, Sara-
sota, Florida) with an opening surface area of 0.6 cm2.
The Krebs buffer added to the serosal and luminal
sides of the mucosal sheets contained 10 mM glucose
or 10 mM mannitol, respectively (Perdue and Davison,
1986). Two pairs of agar-salt bridge electrodes con-
nected to an EVC-4000 voltage/current clamp appa-
ratus (World Precision Instruments) were used to
monitor either the transmural PD under open-circuit
conditions or the Isc when the transmural PD was
clamped to zero. Under voltage-clamped conditions,
changes in Isc are a measure of net active ion trans-
port across the tissue. The PD or Isc were continu-
ously recorded and measured using the MacLab Data
Acquisition System (AD Instruments Ltd., Castle Hall,
Australia). Individual values of basal PD (mV) or Isc
(mA/cm2), and the maximal changes induced by drug
treatment were measured using a customized data
analysis option of the MacLab. Data were transferred
to a Microsoft Excel spread sheet and subjected to
“Descriptive Statistics” for calculating the mean, stan-
dard deviation, and standard error of the mean (SEM)
for each group of experiments. Mean basal conduc-
tance of the mucosal tissue (mS/cm2) was calculated
according to Ohm’s law for each experimental group.
After a 20 to 30 minutes equilibration period, cumula-
tive concentrations of rhIL-11 (1 to 10,000 ng/ml final
bath concentration) were added either to the serosal
or luminal bathing solutions. Control experiments were
carried out with vehicle (0.1% BSA in 0.9% saline) or
with a mutant rhIL-11 molecule that lacks biological
activity.

MPO Activity

MPO, a granule-associated peroxidase primarily con-
tained in polymorphonuclear neutrophils, is believed
to be a specific enzymatic marker of neutrophil infil-
tration. Full-thickness tissue samples were isolated
from the jejunum and colon and were immediately
frozen in liquid nitrogen. The samples were stored at
270° C and MPO activity was assayed simultaneously
for each experimental group using a modification of
the spectroscopic method of Castro et al (1974). The
tissues were homogenized in 0.5% HTAB buffer (pH 6)
at a 1:20 w/v ratio. On the day of the assay, extraction
of MPO from the homogenate was performed by
sonification on ice followed by three consecutive
freezing-thawing procedures and centrifugation. MPO
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activity was tested in 10 ml samples of the supernatant
using a TMB Microwell Peroxidase Substrate System
(Sigma Chemical Company, St. Louis, Missouri) and
horseradish peroxidase as a relative standard. MPO
activity was expressed as equivalent to the activity of
the amount of horseradish peroxidase (ng) that con-
verts the same amount of substrate in 10 minutes at
room temperature.

Histology

Jejunal and colonic tissues were removed and stan-
dard regions of the jejunum (5 cm distal to the liga-
ment of Treiz) and a portion of the mid colon were
examined as described previously (Keith et al, 1994;
Peterson et al, 1998). Briefly, tissues were immersed in
10% neutral-buffered formalin, processed, paraffin
embedded, sectioned at 5 microns, and stained with
hematoxylin and eosin. Slides were scored for histo-
logic lesions in a blinded fashion using the scale
modified by Boughton-Smith et al (1988). Four param-
eters were taken into account by assigning 2 or 3 unit
scales for each parameter: ulceration (0 to 2), inflam-
mation (0 to 3), depth of lesion (0 to 3), and fibrosis (0
to 2). A score of 0 indicated the absence of pathology.
The maximal total score per section was 10.

Drugs and Solutions

All experiments were performed using a Krebs solu-
tion with 120 mM NaCl, 6 mM KCl, 2.5 mM CaCl2, 1.2
mM NaH2PO4, 1.2 mM MgCL4, and 14.4 mM NaHCO3.
The serosal bathing solution contained 11.5 mM glu-
cose, whereas the mucosal bathing solution contained
an equimolar concentration of mannitol. TTX (Sigma
Chemical Company) was purchased as a mixture
containing 1 mg of TTX and 5 mg of citrate buffer (pH
4.3) and dissolved in distilled water. A standard stock
solution of the cytokine recombinant human IL-11 was
kindly supplied by Genetics Institute, Inc., (Andover,
Massachusetts). Serial dilutions were prepared in
physiologic saline (0.9%) consisting of 0.1% BSA
(Sigma Chemical Company). The inactive rhIL-11 mu-
tant control, supplied by Genetics Institute, Inc., was
obtained by production of a mutant rhIL-11 molecule
in which amino acid 58 was changed from methionine
to alanine. This results in a 25-fold decrease in recep-
tor binding (Czupryn et al 1995). RhIL-11 was injected
sc at a dose of 33 mg in a volume of 0.1 to 0.2 ml.

Expression of Results and Statistical Analysis

All results are expressed as mean 6 SE. Standard statis-
tical procedures were used to assess the significance of
the effects and to compare data obtained in control and
HLA-B27 rats. One-way analysis of variance was fol-
lowed by a paired Student’s t test to compare data from
tissues from the same animals or an unpaired Student’s
t test to compare data between control and HLA-B27
transgenic animals. In each case, the level of statistical
significance was set at p , 0.05.
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