
Abstract The potential role of intestinal microcirculation
for the development of inflammatory bowel diseases (IBD)
has not been systematically investigated, mainly because
of methodological problems. Using a well-established ro-
dent model of IBD and intravital microscopy, the present
study investigated whether (and when) gut microcircula-
tion is disturbed in IBD, and whether microcirculatory dis-
orders contribute to histological and functional alterations
in the development of IBD. Colitis was induced by rectal
injection of trinitrobenzene sulfonic acid. After 1, 3, and
15 days rats were laparotomized for intravital microscopic
determination of mucosal colonic blood flow. In a second
series it was examined whether enhancing colonic capillary
blood flow by hemodilution therapy stabilizes colonic wall
resistance and other electrophysiological parameters of gut
permeability. Additional measurements involved hemody-
namic monitoring and histological examinations. Colonic
capillary blood flow was significantly decreased 3 days af-
ter colitis induction (1.8±0.05 vs. 2.6±0.04 nl/min in
healthy control animals) when histology revealed signs of
acute inflammation, and normal values after 15 days
(2.4±0.06 nl/min) when chronic histological changes were
evident. Hemodilution therapy enhanced colonic capillary
blood flow in the initial stage (2.1±0.02 vs. 1.6±0.02
nl/min in saline-treated animals with trinitrobenzene sul-
fonic acid colitis) and improved gut resistance and elec-
tronic chlorid secretion (73±15 vs. 33±8 µA cm2). Histo-
logical alterations were not significantly attenuated. Im-
paired colonic capillary blood flow in the initial stage of
experimental colitis and improved mucosal microcircula-
tion with stabilized gut permeability suggests that the early
microcirculatory disturbances precede chronic histologi-
cal changes and influence functional alterations in the
course of the disease. Research should be continued in this

field because important mechanisms in the pathogenesis
of IBD and potentially therapeutic (vasoactive) substances
may otherwise be overlooked.
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Introduction

No single agent or mechanism explains the pathogenesis
of inflammatory bowel diseases (IBD). It has become clear
that many determinants are involved from predisposing ge-
netic and environmental factors to noxae such as micro-
bial agents which may trigger the onset and promote the
disease [1]. In the past few years immune factors have been
of central interest in mediating the inflammatory reactions,
whereas the potential role of nonimmune cells has virtu-
ally been neglected in the pathogenesis of IBD. This is sur-
prising since electron microscopic studies have demon-
strated cell damage of the entire intestinal wall including
the vascular epithelium early in the diseases process [2–9].

Endothelial cells are not only the “gatekeepers” for the
extravasation of circulating leukocytes and inflammatory
cytokines into the interstitium, but an intact endothelium
is also essential for undisturbed capillary blood flow which
is vital for transporting oxygen and nutrients and therefore
necessary to maintain normal mucosal homeostasis, intes-
tinal permeability, and gut barrier function. Despite these
important functions (previously recognized in many other
diseases), intestinal microcirculation has not been system-
atically investigated in IBD, and no answers have been
found to the question of whether gut endothelium and
changes in the intestinal microvasculature and microcircu-
lation contribute to the pathogenesis of IBD.

The potential role of vascular factors in IBD has not
been properly addressed in the past mainly because of me-
thodological problems. Only a few groups have established
adequate experimental techniques for measuring changes
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in the capillary bed of the bowel in vivo, and there is no
method for visualizing intestinal microcirculation in hu-
mans. Moreover, the primary focus of the few experts in
the field of microcirculation is not IBD, which has recently
been dominated by gastroenterologists working on genetic
and molecular-biological topics.

Based on our experience with intravital microscopy of
the pancreas, liver, lung, and colon in other animals mod-
els [10–12] we are now investigating microcirculation in
experimental IBD with the aim of answering the follow-
ing questions: (a) Is gut microcirculation disturbed in IBD,
and, if so, at what point in the development of IBD does it
become evident? (b) Do microcirculatory disorders con-
tribute to the development of IBD and disease severity?

This contribution summarizes the findings from a se-
ries of animal experiments performed in our microcircula-
tion laboratory. Our results show significantly impaired co-
lonic capillary blood flow in the first few days (acute stage)
of experimental IBD, suggesting that microcirculatory dis-
turbances precede (chronic) histological changes. More-
over, we found that improved colonic capillary blood flow
is associated with enhanced gut barrier function. This
strongly indicates that disturbed gut microcirculation plays
a role in the evolution of IBD, and that research should be
continued in this field because important mechanisms in
the pathogenesis of IBD and potentially therapeutic (va-
soactive) substances may otherwise be overlooked.

Methods

All experiments were conducted in accordance with the national
guidelines for the use and the care of laboratory animals and ap-
proved by the local ethics committee.

Colitis induction

After 24 h of fasting, male Sprague-Dawley rats (330±20 g) were
subjected to IBD induction as described by Morris et al. [13]. Under
light ether anesthesia animals were placed in supine position and 
given a single perianal infusion of 0.25 ml trinitrobenzene sulfonic
acid (TNBS) acid via a soft polyethylene catheter which was intro-
duced 5 cm from the anus into the descending colon and kept in place
for 15 min after the injection. Two groups of control animals received
a rectal infusion of either water or ethanol.

Intravital microscopy of the colonic mucosa and quantification 
of colonic capillary blood flow

At different time points after colitis induction (see “Experimental
design”) animals were reanesthetized with an intramuscular injec-
tion of ketamine (40 mg/kg) and pentobarbital (20 mg/kg), equipped
with an intra-arterial and intravenous polyethlyene catheter
(ID 0.5 mm) inserted into the carotid artery and jugular vein, and
placed on a heated operating table to maintain body temperature at
37±1°C. The abdomen was opened through a lower midline inci-
sion and the colon exteriorized and fixed with sutures on a plexiglass
stage and continuously moistened with Ringer’s solution of 37±1°C.
Special care was taken not to comprise perfusion by putting tension
on the mesentery. After determining subserosal (muscular) colonic
capillary perfusion (data not shown), the colon was opened at the
antimesenteric border with microscissors. Special care was taken to
minimize bleeding and to avoid mechanical damage to the mucosa.

Subsequently, capillary perfusion of the colonic mucosa was assessed
contralateral to the incision line by intravital microscopy (IVM).
IVM and colonic capillary blood flow (CCBF) determination were
performed as previously described elsewhere [11].

Briefly, animals received an intravenous injection of homologous
erythrocytes (hematocrit 50%) labeled with fluorescein isothiocya-
nate (0.2 ml/kg FITC Isomer I, Sigma; Deisenhofen, Germany). 
Thereafter they were placed under a fluorescence microscope 
(Leitz; Wetzlar, Germany) and allowed to stabilize for 10–20 min.
Epi-illumination was achieved with an arc xenon lamp (XBO
100 W/2; Osram, Berlin, Germany) in the presence of a heat-protect-
ing and excitation (450–490 nm) filter. Ten randomly chosen regions
(each 400×325 µm) of the mucosa were recorded in each exposed
colon segment. The microscopic picture was transferred to a moni-
tor via video camera (Cohu CCD-4810; San Diego, Calif., USA) and
recorded on videotapes for subsequent off-line analysis using a com-
puter-assisted image analysis system (Cap Image [14]). Off-line anal-
ysis of video-recordings was performed in a blinded manner by an
independent observer (H.H). For each recorded region CCBF was
calculated in an average of 20 capillaries by correlating the number
of passing labeled erythrocytes to the capillary hematocrit. The con-
centration of fluorescent erythrocytes per unit of arterial blood was
measured in all animals by counting the cells in 50 different fields
of a Neubauer Chamber. Capillary hematocrit was calculated by mul-
tiplying systemic hematocrit by 0.76, a factor previously described
as a constant capillary-to-systemic hematocrit ratio for capillaries of
rodents of similar size [15].

Hemodynamic monitoring and exclusion criteria

During IVM, mean arterial pressure (MAP) was monitored continu-
ously using an electronic sphygomanometer. Arterial blood gases
were also repeatedly measured from blood samples. Since deteriora-
tion of systemic cardiorespiratory function may compromise the
interpretation of microcirculatory changes, animals were excluded
when one of the following criteria was present: MAP<80, pCO2 >50,
pO2<80 pH<7.3 or >7.5 at any time point during IVM. Any kind of
surgical trauma to the preparation was another exclusion criteria.

Electrophysiological determination of colonic permeability

To answer the second question (see “Experimental design”), electro-
physiological determination of colonic permeability was performed
in a modified Ussing chamber as described previously [16, 17]. Brief-
ly, a colon segment adjacent to that used for IVM was harvested,
washed in iced medium to remove luminal content, and partially
stripped. The serosal side of the tissue was glued with Histoacryl 
(Braun, Melsungen, Germany) to a plastic ring (ID 9 mm) and in-
serted between the two halves of the chamber. The effective cham-
ber area was 0.28 cm2. Bathing fluid consisted of (mM) Na+ 140.5,
K+ 5.4, Ca2+ 1.2, Mg2+ 1.2, Cl– 123.8, HCO3– 21, HPO4– 0.6, D (+)-
glucose 10, β-OH-butyrate 0.5, glutamine 2.5, D (+)-mannose 10. A
combination of 50 mg/l azlocillin (Securopen, Bayer, Leverkusen,
Germany) and 10 mg/l imipenem (Zienam, MSD Sharp & Dohme,
Munich, Germany) were added to avoid bacterial overgrowth in the
course of the experiment. Solutions were gased with 95% O2 and 5%
CO2 and had a pH of 7.4. All Ussing chamber measurements were
performed at a constant temperature of 37°C. Unidirectional 3H-la-
beled mannitol flux studies from mucosa to serosa were performed
under short circuit conditions. Mannitol flux as a parameter of co-
lonic permeability was calculated using a standard formula. In addi-
tion, we measured epithelial (mucosal) and subepithelial resistance
and electronic Cl– secretion after stimulation with theophylline and
prostaglandin (PG) E2 (∆ISC).

Histology

At the end of the experiments colon segments adjacent to those used
for IVM or electrophysiological examination were harvested for his-
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tological examination. The tissue samples were fixed in neutral buf-
fered 4% formalin and routinely processed before embedding in par-
affin. Eight transverse slices of 4–5 µm were taken, stained with hem-
atoxylin-eosin, and subjected to light microscopy performed in a
blinded manner by a pathologist with experience in IBD (P.C.) in a
blinded manner. A histological score ranging from 0 to 20 [18] was
used to quantify the extent of both acute and chronic inflammation
in the colonic wall.

Statistics

Data are represented as means±SEM. Continuous variables were
tested for group differences using Student’s unpaired t test or anal-
ysis of variance when appropriate. A 5% probability of type I ex-
perimental error (P<0.05) was accepted as statistically significant.

Experimental design

Question 1

To answer the question of whether (and if so when) there are micro-
circulatory disturbances of the gut in IBD, colonic capillary blood
flow was determined in eight to ten animals at different time points
after colitis induction. According to previous observations [18], IVM
was performed 1, 3, and 15 days after colitis induction. Two areas
were prepared for IVM: one in a macroscopically inflammed seg-
ment of the descending colon and on in a macroscopically intact seg-
ment of ascending colon. Also, two to four healthy control animals
were observed at each time point.

Question 2

To answer the second question, we hypothesized that if microcircu-
latory disturbances contribute to the development of IBD and dis-
ease severity, improving microcirculation will ameloriate disease se-
quelae. To improve colonic microcirculation we used hemodilution
therapy with low molecular weight dextran (70 kDa; Pharmacia, Er-
langen, Germany) which has a well-described beneficial effect in
macro- and microcirculation but no known immunological one [19,
20]. As a parameter of disease severity, we used ion permeability of
the gut previously demonstrated to be increased in both TNBS col-
itis in rats [21] and patients with ulcerative colitis [22]. Since these
changes have been observed early in the disease course, the follow-
ing protocol was chosen: TNBS colitis was induced in 16 rats ran-
domized for either hemodilution therapy with dextran 8 ml/kg dex-
tran 70,000 or an infusion of 8 ml/kg normal saline. Therapy was
started 12 h after colitis induction. After 48 h all rats underwent lap-
arotomy, and the descending colon was prepared for IVM. Thereaf-
ter a colon segment adjacent to that used for IVM was excised, par-
tially stripped, and mounted in the Ussing chamber for electrophys-
iological examination as described above. Another segment was used
for histological examination.

Results

Drop outs

According to the above criteria 1 of 18 control animals and
6 of 44 animals with colitis had to be excluded.

Healthy control animals

Determination of colonic capillary blood flow in the ex-
posed mucosa revealed values between 2.4 and 2.8 nl/cap

per minute with no significant differences between obser-
vation sites (ascending or descending colon) or the time
point after the sham procedure (rectal infusion of ethanol
or water). Histology showed no or only minor signs of acute
tissue injury (median score: 0 points; score range 0–1
points).

TNBS colitis at different time points (Table 1)

In the descending colon with TNBS colitis, edematous
swelling and hyperemia were seen macroscopically on the
first day and ulcerations and confluent cell death on the
third day, which was replaced by scar tissue after 2 weeks.
Severe acute inflammation was initially found in the his-
tological examination. Granulocytic infiltration and ulcer-
ation of the mucosa were especially pronounced here and
severer in the first 3 days than on the 15th day. The ascend-
ing colon was macroscopically normal, but round cell in-
filtration was determined histologically after 2 weeks as a
sign of mild chronic inflammation.

Mucosal capillary blood flow in the descending colon
was significantly higher than that in healthy controls on
the first day after induction and significantly lower after
3 days. Normal values were measured after 15 days. Per-
fusion in the ascending colon did not significantly differ
from that in healthy animals.

TNBS colitis with hemodilution therapy (Table 2)

In agreement with the results of the first test series, capil-
lary perfusion in the mucosa of the descending colon was
significantly lower than in healthy animals 2 days after in-
duction of TNBS colitis (saline group). Hemodilution with
dextran significantly improved CCBF.

Saline-treated animals with TNBS colitis had a signif-
icantly lower subepithelial (mucosal) resistance in the de-
scending colon, more mannitol flux, and lower active trans-
port capability (Cl– secretion) than healthy controls (with
rectal infusion of ethanol or water). Hemodilution therapy
with dextran improved all electrophysiological parame-
ters. Due to the small number of animals (n=7) and a rel-
atively large standard deviation, differences to saline-
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Table 1 Mucosal capillary blood flow (CBF, nl/min) and histolog-
ical score (points) in the ascending and descending colon at various
time points after colitis induction

Group Time Ascending colon Descending colon
after
induction CBF Histol- CBF Histol-

ogy ogy

Control (varia) 2.5±0.04 0–1 2.6±0.04 0–1

Colits
1 day 2.5±0.05 0–1 2.9±0.05 7–12
3 days 2.4±0.06 0–1 1.8±0.05* 4–12

15 days 2.4±0.08 0–3 2.4±0.06 1–11

* P<0.05 vs. healthy control animals and other time points



treated animals, however, were statistically significant
only for total bowel wall resistance and the active ion trans-
port capability (Cl– secretion).

The histological changes were not significant attenu-
ated by therapy given after a 10-h delay.

Discussion

The first question of our study, “Is gut microcirculation dis-
turbed in IBD, and, if so, at what point in the development
of IBD does this become evident?“ cannot be answered by
clinical studies since it is not possible to measure changes
in human gut microcirculation in vivo. However, there is
indirect evidence for endothelial lesions and instestinal cap-
illary perfusion disorders in Crohn’s disease and ulcerative
colitis even in the early stage of the disease. Electron mi-
croscopic examination reveals arteritislike vascular
changes and thrombotic vessel occlusion in the subserosa
and submucosa [3]. Moreover, a significant reduction in
mucosal perfusion in the rectum of patient with ulcerative
colitis has been demonstrated by laser Doppler flowmetry
[23]. This also agrees with spectroscopic findings indicat-
ing decreased perfusion in the area of fresh ulcerations in
experimental colitis [24]. Signs of greater leukocyte-endo-
thelium interaction have been determined in both the his-
tological and intravital microscopic examinations [3, 24],
which reflects the increased adhesion molecule expression
found in IBD patients [25]. It is exactly these changes which
are considered of great importance today since they not only
promote “homing,” i.e., the infiltration of circulating lym-
phocytes into the bowel wall and thus foster perivascular
inflammatory reactions, but also lead to plasma loss from
the intravasal space and interstitial edematous swelling. In
this way oxygen and nutrient transportation is impaired, and
blood viscosity increased by intravasal fluid loss, which in
turn restricts capillary blood flow and thus the supply of en-
terocytes and colon cells.

Although intestinal wall edema and intravasal fluid loss
(decreased central venous pressure, increased hematocrit)
are also seen in IBD patients, the above observations only
indirectly confirm the presence of microcirculatory disor-
ders of the intestinal wall in Crohn’s disease and ulcera-
tive colitis. Thus, the aim is to directly visualize capillary
changes in the mucosa. Although IVM is the methodolog-

ical gold standard for examining microcirculation, it can-
not be applied clinically except in a few areas such as the
nail bed groove. There is controversy over the value of al-
ternative methods for visualizing capillary changes. These
methods include microsphere techniques, laser Doppler
flowmetry, hydrogen clearance, and various spectroscopic
procedures. Data from spectroscopic measurements has
been the most extensively evaluated, for example, in plas-
tic surgery for monitoring flap perfusion [26] and Japanese
studies (via endoscope) for measuring perfusion in the ab-
domen and duodenum [27, 28]. Individual clinical data us-
ing this method in the intestine suggest an increase in mu-
cosal blood flow in IBD patients but are inconclusive and
have not been reproduced [29, 30].

Against this background, the primary aim of our study
was to measure perfusion in the intestinal mucosa in an an-
imal model of IBD. This step seemed useful since a great
deal of knowledge about the pathogenesis of IBD has been
gained from animal models, and some of these models are
being used for preclinical testing of new IBD drugs. For
reasons of practicability (e.g., performing tests in rats, in-
expensive procurement of agents for colitis induction,
good model characterization), we chose TNBS colitis,
which has been widely used in recent years and is recog-
nized as a standard model of experimental IBD [31]. While
IVM in the liver or pancreas of rats has been an established
procedure for many years, only very few groups have thus
far succeeded in generating assessable images of microcir-
culation in bowel mucosa. Although Leung and Koo [32]
described marked vascular stasis and increased capillary
permeability in the mucosa of rats with acetic acid induced
colitis, they were not able to quantitatively these changes
due to methodological limitations. Our own images
(Fig. 1) and data obtained with state-of-the-art equipment
and improved techniques confirm (a) that there are micro-
circulatory changes in TNBS colitis, and (b) that these
changes already occur in the acute inflammatory and not
in the chronic stage.

In the TNBS model an extensive unspecific acute in-
flammatory reaction is demonstrated in the first few days,

32

Table 2 Mucosal capillary blood flow (CBF ) and electrophysiolog-
ical parameters of gut permeability of the descending colon 2 days
after colitis induction and hermodilution therapy or saline infusion.
(Re Epithelial resistance, Rs subepithelial resistance, ∆ISC electron-
ic Cl– secretion)

Colitis+saline Colitis+hemodilution

CBF (nl/min) 1.6±0.02 2.1±0.02*
Re (Ω cm2) 17.9±2.8 20.2±5.2
Rs (Ω cm2) 4.5±1.4 6.0±1.3
∆ΙSC (µA cm2) 33±8 73±15*

* P<0.05

Fig. 1 Capillary network of the colonic mucosa with fluorescein-
labeled erythrocytes



which is also reflected by hyperemia, i.e., an increase in
capilllary blood flow. Surprisingly, there is a marked de-
crease in capillary blood flow after 3 days, although fur-
ther acute inflammatory signs are still present histologi-
cally. Changes such as granulomas that are typical for this
model are seen only at a later time point, when mucosal
capillary perfusion has normalized. Based on this finding,
we believe that disturbed microcirculation precedes the
specific morphological changes in the mucosa and may
thus be involved in functional disorders responsible for dis-
ease severity in the acute stage and contributes to distur-
bances that cause (septic) complications in the later course.

Our observations indicate that microcirculatory disor-
ders occur so early in experimental colitis that they cannot
be a sequela of inflammation; however, they do not provide
any insights into the role of microcirculatory disorders in
the pathogenesis of IBD. The question of whether micro-
circulatory disorders contribute to the development of IBD
and disease severity cannot be directly answered in any
case. If microcirculatory disorders are of pathogenic im-
portance, their improvement in the early phase of colitis
must ameliorate the course of the disease. The hypothesis
that improved microcirculation attenuates the severity of
TNBS colitis was investigated in the second trial by apply-
ing a colloid plasma expander, which had a positive influ-
ence especially on microcirculation but no immunological
effect [19, 20]. Much more problematic than ameliorating
microcirculation was the choice of a suitable parameter for
verifying the improvement in TNBS colitis. Considering
the absence of mortality or clinic parameters like stool fre-
quency, electrolyte shifting, blood count alterations or
fever, it seemed appropriate to take morphological changes
as the criterion of disease severity. On the other hand, his-
tological changes do not reflect disease severity nor are they
correlated with relevant functional changes (e.g., diarrhea)
[33, 34]. Moreover, typical histological changes occur only
at a later time point in the TNBS model, when colonic cap-
illary blood flow has already normalized, and histological
changes have a relatively larger fluctuation range which can
be recorded only semiquantitatively with standardized
scores. Using human colitis for orientation we selected in-
testinal permeability as the functional parameter of disease
severity. This seems justified since human colitis in the
acute stage is characterized by clinical sequelae of fluid loss
into the bowel lumen and third space as well as and septic
complications in severe cases, which supports increased
bowel wall permeability not only for plasma but also for
bacteria. Impaired intestinal barrier function has been ver-
ified by electrophysiological measurements in surgical in-
testinal specimens from patients with ulcerative colitis in
vitro [22, 35, 36]. The barrier defect occurs especially in
the paracellular region, i.e., affecting primarily the sealing
function of tight junctions. Analogous changes were de-
tected with the same electrophysiological methods used in
TNBS colitis [21]. Improvement in the electrophysiologi-
cal parameter correlated with impaired bacterial transloca-
tion in another model [37], while the latest clinical meas-
urements (in bowel specimens or biopsies) agree with clin-
ical colitis scores (unpublished data).

Our measurements actually showed that improved mic-
rocirculation in the early phase of TNBS colitis is asso-
ciated with stabilized barrier function. The conclusion can
be drawn (particularly with the detection of comparable
histomorphological changes in both experimental groups)
that improved intestinal microcirculation ameliorates the
functional sequelae of colitis. In the meantime, similar re-
sults or conclusions have also been published by other
study groups. In a TNBS colitis model, Friess et al. [38]
determined a reduction in mucosal myeloperoxidase activ-
ity after improving microcirculation by heparin therapy as
a sign of attenuated colitis.

In summary, we found (a) significant impairment of co-
lonic capillary blood early in TNBS colitis in the rat and
(b) enhanced gut barrier function associated with improved
colonic capillary blood flow in the same model. These find-
ings suggest that (a) microcirculatory disturbances precede
histological changes, and (b) that the role of intestinal mi-
crocirculation in the evolution of IBD is still underesti-
mated. Although these results may not conclusively an-
swer our questions on the role of microcirculation in IBD,
it seems worthwhile to procede with research in this field
because an important piece in the puzzle of the pathogen-
esis of IBD and potentially therapeutic vasoactive sub-
stances may otherwise be overlooked.
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