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Abstract

Objective The aim of this study was to establish and evaluate
(colour Doppler-) high-resolution-ultrasound (hrUS) and
bench-top magnetic resonance imaging (btMRI) as new
methods to monitor experimental colitis.

Materials and methods hrUS, btMRI and endoscopy were
performed in mice without colitis (n=15), in mice with acute
colitis (n=14) and in mice with acute colitis and simultaneous
treatment with infliximab (n=19).

Results Determination of colon wall thickness using hrUS
(32 MHz) and measurement of the cross-sectional colonic
arcas by btMRI allowed discrimination between the treatment
groups (mean a vs. b vs. ¢ —btMRI: 922 vs. 2051 vs. 1472 pix-
el, hrUS: 0.26 vs. 0.45 vs. 0.31 mm). btMRI, endoscopy, hrUS
and colour Doppler-hrUS correlated to histological scoring (p
<0.05), while endoscopy and btMRI correlated to post-
mortem colon length (p<0.05).

Conclusions The innovative in vivo techniques btMRI and
hrUS are safe and technically feasible. They differentiate be-
tween distinct grades of colitis in an experimental setting, and
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correlate with established post-mortem parameters. In addi-

tion to endoscopic procedures, these techniques provide infor-

mation regarding colon wall thickness and perfusion. Depend-

ing on the availability of these techniques, their application

increases the value of in vivo monitoring in experimental

acute colitis in small rodents.

Key points

* Improved in vivo monitoring might balance interindividual
differences in murine colitis.

* In monitoring murine colitis, btMRI and hrUS are safe and
technically feasible.

* Very short examination times underline the usefulness espe-
cially of hrUS.

* Results of btMRI and hrUS correlate with endoscopic and
post-mortem findings.

Keywords Colitis - Magnetic resonance imaging -
Ultrasound - Mice - inbred BALB C - Endoscopy

Introduction

Inflammatory bowel disease (IBD) is a frequent chronic dis-
ease with substantial impact on health and quality of life [1].
However, despite a substantial gain in knowledge over the last
decade, the aetiology of IBD is not completely understood [2,
3]. Since reliable in vitro models for IBD are lacking, testing
actiological concepts and developing new therapeutic agents
require animal colitis models. Several models of experimental
colitis are well established in mice, using toxic agents or ge-
netic modifications to induce specific types of colitis [4, 5]. To
evaluate the inflammatory activity of murine colitis in vivo,
typically weight loss, stool consistency and rectal bleeding are
monitored [6, 7] Other parameters are determined after
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sacrificing the animal: standard post-mortem parameters are
colon length, colon thickness and weight, and histology.

To balance frequently observed interindividual differences
in the course of experimental colitis due to model variability
and thus to reduce the number of laboratory animals, it is
desirable to use and further develop imaging techniques to
follow up colitis in small animals in vivo [8]. The ideal mon-
itoring instrument should provide a high availability with re-
spect to environmental and economic aspects, as well as a high
reliability and relevance of the respective imaging results.

Examination techniques like colonoscopy, ultrasound (US)
and magnetic resonance imaging (MRI) are routinely used in
clinical diagnosis and allow assessment of the severity and
extent of colitis in humans, but are not routinely applied in
animal models of IBD [9]. Improving imaging capabilities in
modern US imaging, especially regarding the high US reso-
lution capacity, might make this technique more attractive for
the examination of small animals. While a considerable
amount of data and qualified protocols exist regarding colo-
noscopy in mice [10-12], only very limited experience has
been reported in performing US [13], computed tomography
[14] and MRI [4, 15—17] in small animals. To our knowledge,
a direct comparison of these vivo techniques has not been
undertaken so far.

Major disadvantages of conventional MRI are the high
technical and environmental requirements, which prevent a
broader application of this technique; therefore the use of a
smaller MRI device might be advantageous. We report here
our first experiences with a prototype bench-top MRI (btMRI)
in imaging acute murine colitis.

To improve the usefulness of colour Doppler high-
resolution (hr) US, which, to our knowledge, has not been
evaluated in follow up colitis in mice so far, a semi-
quantitative score was adopted from clinical routine and eval-
uated to assess the vascularisation of the inflamed intestinal
wall. Finally, we aimed at comparing and evaluating colonos-
copy, the prototype of btMRI and (colour Doppler-) hrUS with
respect to their potential as routine tools to follow up experi-
mental acute murine colitis in vivo.

Materials and methods
Animals

Fifty-one specific pathogen-free male balb/c mice were ob-
tained from Charles River (London, GB) at the age of 2-3
months. The animals were kept in standard laboratory cages
in groups of three or four per cage. To avoid potential inter-
fering infections, mice were kept isolated and were fed with
pathogen-free food. All care and experimental procedures
were performed in accordance with the German national and
regional legislation on animal protection.

Induction and treatment of acute colitis

To induce acute colitis, 36 mice were treated for 9 days with
4 % (w/v) reagent grade dextran sulfate sodium solution
(DSS; MW 36.000-50.000, MP Biomedicals, Newport
Beach, CA, USA) added to the drinking water with free access
at all times [18]. Fifteen mice served as a control group and
were not treated with DSS.

To examine the ability of the methods to discriminate be-
tween acute DSS colitis and DSS colitis under anti-
inflammatory treatment, 19 DSS-treated animals were addi-
tionally treated once with 40 mg/kg infliximab intraperitone-
ally before starting the induction of colitis [19, 20].

For daily assessment of colitis activity, intestinal bleeding
and stool consistency were documented, using a score de-
scribed by Wirtz et al. [6].

Endoscopic assessment

Colonoscopy was performed 3 days before inducing colitis
and 8 days thereafter using a small animal endoscope (Im-
agel®, Karl Storz, Tuttlingen, Germany). The forward direct-
ed charge-coupled device (CCD) camera with an analogue/
digital (A/D) converter was placed in the instrument channel
of the 18-cm long multipurpose endoscope (2.7 mm diame-
ter). During endoscopy, mice were anaesthetized with
isoflurane (Forane®, Abbott, Germany; 2-4 % in oxygen
4 L/min) and placed in a prone position.

To assess the intraluminal status of the intestinal mucosa,
the murine endoscopic index of colitis severity (MEICS; rang-
ing from 0 to 15) according to Wirtz et al. [6, 21] was applied.

Bench-top MRI

To ensure the examination of a well defined colon section,
10 pl of an iron oxide-ink-solution (iron oxide Sicovit® black
85 E 172, BASF, Ludwigshafen, Germany; ink 4001® bril-
liant-black, Pelikan, Hannover, Germany) were injected endo-
scopically into the colon wall at the splenic flexure via the
colonoscopic injection cannula (24G) during endoscopic as-
sessment on day eight (Fig. 1g).

Nine days after the induction of colitis, colon sections were
studied using the btMRI MARAN DRX2® (prototype by Ox-
ford Instruments, Molecular Biotools, Witney, UK) with a
0.55 T permanent magnetic system (23 MHz). A T;-weighted
signal with a spin echo time of 9.8 ms was set and a 25x
25 mm field of view was measured in five 3-mm slices imme-
diately caudal of the iron-oxide labelling with a slice separa-
tion of 3.3 mm to acquire 64 %64 pixel images. To reduce the
total imaging time to 176 s per examination, only 16 averages
with a repetition time of 172 ms were acquired. To improve
the imaging of the colonic wall in vivo, a contrast agent
(Bentonit-SF®, SERVA 14515) was applied rectally over a
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Fig. 1 Sequential benchtop MR (btMR) images (from caudal to cranial,
a—d) displaying the bentonit-contrasted colon lumen (arrows) in a healthy
mouse. (e) and (f) show the measurement of a colonic cross-sectional area
using the software ImagelJ. The arrows in (g) mark the hypointense signal

7 F plastic catheter before the btMRI examination (Fig. 1a—d).
During the imaging procedure, mice were fixed on a glass
slide within the 23 mm diameter gantry of the btMRI and
anaesthetized by isoflurane as described above using an inha-
lation mask installed in the btMRI device (Drager Vapour
System, Dréiger, Germany).

To ensure the most similar anatomical locations of the MR-
evaluation in different animals, the caudal section of the en-
doscopically applied iron labelling of the colon wall (at the
splenic flexure) was selected for determination of colonic
cross-sectional areas (in pixels) by a blinded investigator,
using the Java image processing program, ImagelJ [22]

(Fig. le—f).

Ultrasound assessment

Nine days after the induction of colitis, colon wall thick-
ness was measured by US B-Mode-examination using the
VEVO 2100 Imaging System (Visual Sonics, Toronto,
Canada) with a linear microscan transducer (MS-550D,
Visual Sonics, Canada) set to 32 MHz. Before the exam-
ination, the mice were anaesthetized as described above
and fixed on a heated pad (37 °C). Depilation was
achieved using a depilatory cream. An adjustable US
transducer was coupled with pre-warmed US gel. The
colon was examined at six predefined positions (supple-
mental Fig. 1). In addition, colour Doppler images were
taken (for representative examples see Fig. 2) and subse-
quently evaluated using a newly developed semi-
quantitative score according to the Limberg score in
humans [23, 24]. This Doppler-Score was adapted to the
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of the iron oxide-ink-labelling next to the bentonit-contrasted colon
lumen. In (f), distortion artefacts of the (ferromagnetic) iron oxide-ink
agent are shown

examination of mice by replacing the reference colon
thickness in humans with the mean thickness of a normal
murine colon (0.26 mm) plus one standard deviation of
normal murine colon thickness (0.04 mm) as found in our
experiments (Table 1).

For all animals the mean thickness (mm) and mean
Doppler-score were calculated from the six distinct measure-
ments by a blinded investigator and used for further analysis.

Measurement of post-mortem colonic morphology

Nine days after induction of colitis, mice were sacrificed
by cervical dislocation under anaesthesia as described
above. The colon including the caccum was excised at
autopsy, and length, thickness and weight were measured.
Three tissue samples of the colon (distal caecum, splenic
flexure and distal rectum) were obtained, fixed with for-
malin and processed for paraffin embedding.

Histological examinations

Paraffin-embedded colon samples were cut in 5-pm cross-
sections. For histological scoring according to Wirtz et al.
[6] (score range 0—4), sections were stained with
haematoxylin and eosin. Azan stain was used to determine
colon wall thickness. By using the digital image analyzer soft-
ware Lucia G (version 4.80, Laboratory Imaging Ltd), the
colon wall thickness of the distal colon was measured in three
cross-sections (from outer lamina serosa to inner lamina mu-
cosa, samples taken from the distal caecum, splenic flexure
and distal rectum) by a blinded investigator. From the results
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Fig. 2 Examples of ultrasound in B-Mode with colour Doppler overlay in mice (Doppler score 1-4). The range of blood flow indicated by the red and
blue bars on the left was set to +48 cm/s and -48 cm/s in each examination

of the three distinct colon samples the mean score was calcu-
lated for an overall histological score.

Statistical analysis

All statistical analyses were performed with SPSS (IBM,
version 19) for windows. Significance was confirmed by
Student’s t-test and correlations were analysed using
Pearson’s correlation coefficient (Pearson Product Mo-
ment Correlation). P-values below 0.05 were considered
as significant differences.

Table 1  Doppler score for evaluation of colonic vascularisation by
high-resolution ultrasound (hrUS)

Score hrUS and colour Doppler-hrUS evaluation of visible vessels
0 No increased wall thickness, no vascularisation

1 Increased wall thickness (>0.3 mm), no vascularisation

2 Increased wall thickness (>0.3 mm), short vessels (spots)

3 Increased wall thickness (>0.3 mm), long vessels

4 Increased wall thickness (>0.3 mm), long vessels and

mesenteric vascularisation

Results

After 9 days, standard parameters like weight loss, colitis ac-
tivity score and post-mortem parameters were significantly
different comparing results of animals without DSS-
treatment and animals with DSS-induced acute colitis (n=14
and n=15, respectively). As expected for this model of exper-
imental colitis, a significant weight loss was observed in mice
with DSS-colitis (23.4+2.4 g vs. 18.4+3.1 g, p<0.001). The
colitis activity score after 9 days was significantly higher in
mice with DSS-colitis compared to controls without DSS-
colitis (2.6+0.5 vs. 0.08+0.2, p<0.001). Colon length was
90.2+4 mm in healthy mice and only 59.1£10.2 mm (p<
0.001) in mice with DSS-colitis. Detailed results of the endo-
scopic, US and btMRI procedures are given in Table 3, and
representative exemplary results of the imaging procedures
are depicted in Fig. 3.

The duration of the procedures did not differ significantly
between the in vivo monitoring methods: from the beginning
of anaesthesia to the end of the endoscopic examination, the
procedure lasted 5—7 min. The duration of the US examination
was between 7 and 12 min (including the depilation procedure
and colour Doppler-hrUS). From the beginning of anaesthesia
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Fig. 3 Exemplary representative
images gained by high-resolution
ultrasound (hrUS), benchtop MRI

Normal colon

Moderate Severe inflammation

inflammation

(btMRI), colonoscopy and
histological assessment of a
normal colon and moderate and
severe colonic inflammation,
illustrating the results of Table 3.
In btMRI, the colonic area as
analysed by the image processing
software Image] is indicated by
black lines

hrus

btMRI

Colonoscopy

Histology (HE)

to the end of imaging, btMRI took between 9 and 12 min per
animal. Two mice died following btMRI, probably due to
anaesthetic-related complications.

Comparison of in vivo monitoring using (colour Doppler-)
hrUS, btMRI and colonoscopy

The results of the in vivo imaging procedures were correlated
with the respective in vivo colitis activity score and post-
mortem assessments (for details see Table 2). Briefly, the en-
doscopic MEICS-score showed a strong and highly signifi-
cant correlation with the intestinal bleeding score of Wirtz, as
well as with the parameters weight loss, colon length and
histological scoring determined post-mortem. btMRI showed
a strong and significant correlation with histological scoring
and colon length measurement. The results of the US exami-
nation and the Limberg score strongly correlated with the
histological score, but not with weight loss, colon length or
intestinal bleeding.

Through the in vivo imaging methods used, mice with
DSS-colitis (n=14) could be clearly discriminated from
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healthy mice (n=15) and from mice with DSS-colitis under
anti-inflammatory treatment (n=19) through significant

Table 2 Correlation (given as Pearson's r) of mean values obtained by
high-resolution ultrasound (hrUS) (colon wall thickness, Doppler score),
endoscopy (MEICS) and benchtop MRI (colonic cross-sectional areas)
with the Wirtz score, weight loss and post-mortem assessment (colon
length, histological scoring)

Procedure Intestinal Body- Colon Histological
correlating bleeding weight length scoring
with (Wirtz-score®) loss
MEICS 0.569 *** -0375  —0.621 0.621%**
hrUS (day 9) n.s. n.s. n.s. 0.656*
Doppler-Score n.s. n.s. n.s. 0.63*
(day 9)
Benchtop- n.s. n.s. —0.533*  0.556*
MRI
(day 9)

Significance was calculated according to Pearson’s coefficient correla-
tion. * p<0.05, ** p<0.005, *** p<0.0005

MEICS murine endoscopic index of colitis severity, 7.s. not significant
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Table 3  Significant reduction in dextran sulfate sodium solution (DSS) colitis with treatment with infliximab as assessed by different procedures
Procedure no colitis p* DSS-colitis p** DSS-colitis+treatment
Endoscopic colitis score (MEICS) 0.35+0.7 0.0001 7.5£3.7 0.01 44439

Colon length (mm) 90.2+4 0.001 59.1+10.2 0.0003 70.6+32.6

btMR (pixel, transversal colon area) 922+316 0.011 2051£628 0.03 1472+661

hrUS (mm) 0.26+0.04 0.002 0.45+0.06 0.0006 0.31£0.1

Doppler score 0.4+0.54 0.01 3.25+0.95 0.05 1.77€1.2

* DSS-colitis vs. no colitis
**DSS-colitis +treatment vs. DSS-colitis

MEICS murine endoscopic index of colitis severity, b#MR benchtop MR, ArUS high-resolution ultrasound

differences in all diagnostic modalities (for details, see
Table 3). In particular, hrUS turned out to be a very useful
in vivo diagnostic tool compared to the reference methods
(MEICS, post-mortem colon length).

Discussion

In humans, endoscopic visualization of the mucosa is indis-
pensable in diagnosing IBD [25]. Furthermore, several proto-
cols have been established for this endoscopic procedure in
mice [11, 26, 27], reflecting its relatively widespread use in
experimental colitis.

In our study, endoscopic assessment of the mucosa in the
distal murine colon could readily be integrated into the in vivo
follow-up procedures, and we could demonstrate a strong and
significant correlation of endoscopic findings (MEICS-score)
in vivo with post-mortem parameters, as expected from pre-
vious findings [10, 11]. While narrow-band imaging (NBI)
and chromoendoscopy have been suggested to improve the
diagnostic precision of endoscopy [26, 28], the results of our
study might not necessarily call for more complex endoscopic
procedures to follow up acute murine colitis. Instead, it might
be more informative to assess further aspects of colitis, in
addition to the mucosal appearance, for instance changes in
the thickness or perfusion of the colonic wall, as assessed by
hrUS or btMRI, might be of interest.

US and colour Doppler-US allow rapid, non-invasive, se-
quential assessment of the colon and are routinely applied in
patients with IBD [23, 29], but are rarely used to assess ex-
perimental colitis in small rodents, maybe due to technical
limitations. However, with the increasing resolution of mod-
ern US equipment, a re-evaluation of this technique is reason-
able. Recently a pilot study [13] was published demonstrating
the high practicability and reliability of US for monitoring
TNBS- and DSS-colitis in small rodents using a linear array
transducer (14 MHz). In the present study, we extend these
findings by including patterns of colonic hypervascularisation
of the colon as an indicator of inflammation: We demonstrate
that the determination of colon wall thickness as well as the

modified Limberg score can clearly discriminate between
mice with DSS-colitis and animals without colitis and animals
with colitis treated with infliximab. Moreover, the significant
correlation of US findings with the histological colitis score
demonstrates its potential as a routinely applied method to
follow up acute experimental colitis in vivo. More complex
applications of US in assessing colitis, for example targeted,
contrast-enhanced US [30, 31] or US elasticity imaging [32],
might be interesting as investigational add-ons to routine US.
However, due to the higher complexity of these procedures,
they might be reserved for more specific scientific questions,
while hrUS as well as colour Doppler-hrUS seem appropriate
to monitor the activity of acute colitis routinely in mice. In
fact, in our study, the examination of the colon by US could be
performed mostly in less than 10 min, making it especially
useful in the setting of repeated evaluations.

The measurement of areas of colon sections using btMRI
also turned out to be feasible, safe and, moreover, significantly
correlated with the histological colitis score and post-mortem
colon length. To improve the safety of repeated MRI-exami-
nations, the examination time was kept extremely short to a
total scan time of 176 s, while other protocols in small rodents
require roughly double that time for one imaging series and
more than 20 min for the complete MRI [4, 33]. In other
experiments, information on the duration of the MRI proce-
dure is not given [8, 34, 35], making it difficult to assess the
value of the respective methods for routine application in the
monitoring of experimental colitis. These protocols, mostly
including high-resolution MRI and the application of intrave-
nous contrast agents, clearly represent more complex methods
to follow up colitis — which might not necessarily be required
to monitor acute experimental colitis in vivo; according to our
observations, colon wall thickness alone — determined at a
predefined and labelled position — seems to be a reliable pa-
rameter for assessing acute DSS-colitis. Neverthelessl it is
important to point out that the price of the small bench-top
design and short examination times in MRI is a relatively low
image resolution, which might not allow a reliable detection of
details, such as small amounts of ascites surrounding the in-
flamed colon. Also, it was not possible to discriminate
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between inflamed and normal colon by measurement of the
T1 signal intensity in our study — a limitiation of MRI in
murine DSS-colitis that has been observed previously [34].

A novelty in the ultrasonographic examination of murine
colitis is the introduction of the modified Limberg score,
which to our knowledge has not been used or evaluated in a
similar setting so far. The Limberg score is well established for
US examinations of the small bowel and colon in humans and
is used routinely in a clinical setting. However, especially
considering the relatively low number of mice examined in
this study, the results should be interpreted with caution and
further evaluation of this score in experimental murine coltits
is necessary.

It has to be considered that other models of experimental
colitis (such as the T-cell transfer model of colitis or TNBS-
induced colitis) might display a different pattern of inflam-
mation in the colon. While in DSS-colitis the disease sever-
ity is at its maximum in the distal colon, other models have
a different disease pattern; however, being aware of differ-
ent patterns of colitis should make it readily feasible to
adapt monitoring by btMRI and hrUS accordingly. Endo-
scopic labelling of a specific section of the colon through
the injection of iron oxide, as presented in our experiments,
might be additionally useful for locating the region of in-
terest for btMRI.

btMRI combined with intraluminal contrast enhancement
offers a reasonably cost-effective method: in agreement with
similar obervations by Mader et al. [16, 17], btMRI seems to
be advantegeous for following up on colonic disease in vivo
compared to higher developed MRI-techniques, especially
with regard to economic aspects. As a possible disadvantage
of btMRYI, it has to be considered that only few transversel
sections of the colon are assessed, in contrast to hrUS
in vivo or the post-mortem analysis of the murine colon,
which readily allow examination of the complete colon. How-
ever, while hrtUS might not reach the same correlation with
post-mortem parameters as btMRI in our study, clearly hrUS
devices are more readily available even in comparison to the
relatively small btMRI used in this study. From our results it is
not possible to determine whether the combined use of hrUS
and btMRI might further improve in vivo monitoring of mu-
rine colitis. Also, considering the low number of animals un-
der examination, it does not seem appropriate to decide, based
on our study, whether btMRI or hrUS should be favoured in
monitoring experimental colitis in mice.

In conclusion, we demonstrated that in vivo imaging of
murine experimental colitis is technically feasible and safe
using hrUS, endoscopy or btMRI. Endoscopy has the highest
correlation with post-mortem assessments in murine DSS-co-
litis. hrUS as well as btMRI provide additional aspects for
assessing acute colitis, and significantly correlate with the
histological colitis score. All methods under investigation
were able to discriminate between untreated mice with DSS

@ Springer

colitis and mice with DSS-colitis under anti-inflammatory
treatment with infliximab and healthy mice.

Introducing the evaluation of colonic vascularisation by
colour Doppler-hrUS increases the reliability of hrUS and
allows assessment of the inflammation in a more complex
approach without requiring a substantial increase in examina-
tion time. Depending on availability, hrUS as well as btMRI
are valuable methods for complementing endoscopy with re-
gard to in vivo monitoring in experimental murine DSS-
colitis.
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