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Multiple particle-tracking techniques were used to quantify the thermally
driven motion of ensembles of naked polystyrene (0.5 pum diameter)
microbeads in order to determine the microrheological characteristics
around the gut mucosa. The microbeads were introduced into living ex
vivo preparations of the wall of the terminal ileum and proximal colon of
the brushtail possum (Trichosurus vulpecula). The fluid environment sur-
rounding both the ileal villi and colonic mucosa was heterogeneous;
probably comprising discrete viscoelastic regions suspended in a continuous
Newtonian fluid of viscosity close to water. Neither the viscosity of the con-
tinuous phase, the elastic modulus (G’) nor the sizes of viscoelastic regions
varied significantly between areas within 20 um and areas more than
20 pm from the villous mucosa nor from the tip to the sides of the villous
mucosa. The viscosity of the continuous phase at distances further than
20 pm from the colonic mucosa was greater than that at the same distance
from the ileal villous mucosa. Furthermore, the estimated sizes of visco-
elastic regions were significantly greater in the colon than in the ileum.
These findings validate the sensitivity of the method and call into question
previous hypotheses that a contiguous layer of mucus envelops all intestinal
mucosa and restricts diffusive mass transfer. Our findings suggest that, in
the terminal ileum and colon at least, mixing and mass transfer are governed
by more complex dynamics than were previously assumed, perhaps with gel
filtration by viscoelastic regions that are suspended in a Newtonian fluid.

1. Introduction

The fluid environment near the wall of the small intestine has a significant effect
on the absorption of nutrients [1-3]. A body of experimental work shows that
the rates at which soluble substances are passively absorbed from the lumen
[4-6] are generally slower than those that would be expected from simple
direct diffusion through the surface of the enteral mucosa. It has been suggested
that this could result from the effect of a so-called unstirred water layer (UWL)
interposed between the lumen and the surface of the enterocytes, which
restricts diffusion [7-9]. The operational thickness of such an UWL has
been estimated from transport measurements to be 74-600 um in the small
intestine, depending on the measurement technique, the rate at which the
intestinal lumen is perfused [1,2,10-13] and the molecular volume of the
solute [14].

While it is conceivable that such a UWL results largely from a continuous
layer of mucus enveloping the intestinal epithelium [15,16], a number of find-
ings run contrary to this hypothesis. Firstly, a number of workers have
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reported that there are significant discontinuities in the
mucus layer within several sites of the small intestine [17].
Secondly, direct measurements of the thickness of the layer
of mucus overlying the apices of enterocytes do not consist-
ently reflect the calculated thickness of the UWL obtained
from the rates of transport of nutrients [18,19].

The work reported here uses multiple particle-tracking
techniques to determine the patterns of local variation in
the rheological properties at multiple sites in close proximity
to living small and large intestinal mucosa, while avoiding
the physical disruption of the mucin layer [20]. One aim
was to determine whether the patterns fit in with the hypoth-
esis of a contiguous layer of viscoelastic material partitioning
the lumen contents from the mucosa. The disposition and
rheological properties at sites adjacent to the apical and lat-
eral surfaces of the villi in the terminal ileum of the
brushtail possum (Trichosurus vulpecula) were compared
with those at sites adjacent to the colonic mucosa, which is
of markedly different morphology [18,21].

2. Material and methods

It is known that villous intestinal mucosa can be maintained
ex vivo for significant periods of time, provided it is well oxyge-
nated and adequately supplied with nutrients [22]. We used
mucosa from the digestive tract of the brushtail possum as in
this species both the small intestine and proximal colon are of
simple tubular configuration and of a diameter suitable for
attachment to our superfusion apparatus. Further, the tissues
are robust, can readily be maintained in an organ bath, and the
tubular form and length of the ileal villi (560 + 10 wm; our
observations) are similar to those in the human small intestine
(500-1000 pm) [23,24]. All studies were conducted on tissue
maintained ex vivo in carboxygenated Earles-Hepes buffer sol-
ution (HBS) as we had found in prior work that the mucosa
promptly secreted copious quantities of mucus whenever it
became anoxic.

2.1. Preparation of intestinal samples

Nine freshly trapped brushtail possums, of either sex and
between 2 and 3 kg body weight, were each fasted for a mini-
mum of 4h and subsequently anaesthetized in an induction
chamber with 5 per cent halothane in 33 per cent oxygen and
66 per cent nitrous oxide. Following induction they were main-
tained on a mixture of 1.5 per cent halothane in oxygen and
nitrous oxide administered via a face mask attached to a Bain’s
circuit. The gut was accessed via a ventral midline abdominal
incision. In six possums, a 20 cm length of the terminal ileum
up to and including the ileocaecal junction was excised. In a
further three possums, a 15 cm length of proximal colon immedi-
ately distal to the ileocaecal junction was excised. The possums
were subsequently euthanized with intracardiac pentobarbitone
(125 mg kg ™).

The segment of excised gut was opened by a lengthwise cut
and immediately placed with mucosa uppermost in carboxyge-
nated HBS solution (composition in mM: NaCl, 124; KCl, 5.4;
MgSOy, 0.8; NaH,PO,4, 1.0; NaHCO;, 14.3; Hepes, 10; CaCl,,
1.8 and glucose, 5.0) maintained at 37°C. This procedure diluted
any adherent digesta and allowed it to float clear of the mucosal
surface. A 2 cm? piece of mucosa and adherent wall was cut from
this with its centre at 10 cm from the distal end of the section of
terminal ileum or at 10 cm from the proximal end of the section
of proximal colon, and tied over the 5 mm diameter sintered tip
of the central tube in the superfusion apparatus (figure 1) with
the mucosal surface outermost. This whole procedure was

undertaken with due care to avoid any direct mechanical stimu-
lation of the mucosa. A 100 ul aliquot of a suspension of
fluorescent microbeads (0.5 pm) was applied to the mucosa
and left in situ for 1 min to allow the microbeads to settle onto
the mucosal surface. The tube was then installed in the superfu-
sion apparatus (figure 1) with its tip immersed in a cylindrical
bath so that the exposed mucosal surface and associated fluid
were in the focal plane of an inverted fluorescence microscope
(Nikon Eclipse TE2000-U). A 0.5 ml dose of verapamil solution
was then added to the bath to inhibit any spontaneous smooth
muscle induced movement in the tissue, which could interfere
with the observation of Brownian motion.

The bath was perfused at 500 ml min~" with carboxygenated
(95% O, to 5% CO,) HBS (figure 1) maintained at a temperature
of 37°C. The bath had a capacity of 70 ml and excess HBS over-
flowed the rim into an outer compartment from where it was
recirculated. HBS was also drawn at 2 ml min~" through the sin-
tered tip of the tube adjacent to the point where the excised gut
wall was tied. The apparatus was designed so that shear rates
would not approach those encountered in vivo [25] and any
flow-induced mucin loss would be likely to be lower than that
encountered in vivo.

The microscope was mounted on an air-damped table and
equipped with a mercury fluorescent lamp (X-cite Series 120PC
EXFO) and a 20 x 0.75 NA objective lens (CFI Plan Apo VC
20x). Image sequences were recorded with a Foculus FO124SC
CCD camera. Bath circulation was halted 20 s before the com-
mencement of imaging to prevent any flow-induced oscillation
of the beads. The assumption that all bulk motion in the organ
bath had ceased after 20 s was validated by the finding that
the diffusivity of the microbeads was not detectably correlated
with time. Image sequences were recorded for approximately
10s at a frame rate of 20-43 Hz depending on the clarity of
the microbeads and villi or epithelium surface. It was not pos-
sible to conduct observations for periods longer than 10s as
microbeads in regions of low viscosity tended to move out of
the focal plane after longer periods of time. Circulation of HBS
was reestablished on completion of several image sequences
and maintained for a minimum of 5 min before further sequences
were recorded.

At the conclusion of each experiment, the mucosa was
removed from the tip of the probe and preserved in 10 per cent
formal saline pending histological processing, sectioning and
staining with haematoxylin and eosin. Representative stained
sections were subsequently examined for signs of necrosis.

2.2. Microrheological technique
The passive microrheological analysis used in this study enables
fragile local environments that are of restricted volume [26] to be
explored without disruption and has been used previously to
characterize mucus microenvironments in the cavities of the
small intestine and airways [27-29].

In each frame, x—y coordinate data were extracted for the
ensemble of microbeads using a Gaussian weighted polynomial
fit to the image intensity [30]. It was not possible to survey Brow-
nian motion directly in three dimensions as such a procedure
would need to rely on consistent changes in the appearance of
microbeads along the z-axis as a function of their distance from
the focal plane of the microscope. Such consistency could be
achieved with homogeneous fluids but not with suspensions of
translucent material such as mucin as their translucence would
confound the consistency of this variation. However, the two-
dimensional analysis used in our work was subsequently
validated by the results showing isotropy in the three dimensions
insofar as there were no significant differences in the viscosities
of the continuous phase between ensembles of microbeads
measured around villi with their long axes orientated in the
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Figure 1. Organ bath. The excised mucosal tissue is mounted with villous surface outermost on the sintered tip of the hollow tube at the centre of the organ bath.
The focal plane of the objective can be adjusted to lie at different points along the axes of the projecting villi. The circular weir allows carboxygenated HBS

superfusate to overflow into the outer compartment with minimal turbulence.

x—z plane and those measured around villi with their long axes
orientated in the x—y plane.

Any microbeads that exhibited excessive movement in the
z-plane, i.e. moved with respect to the focal plane, were omitted.
The data from a given microbead were only retained if it could be
tracked over the course of 75-150 successive frames, depending
on the frame rate. In addition, microbeads were tracked only if
they were identified as single particles and did not exhibit
intimate interactions with other beads. The temporal resolution
of the tracking was limited by the frame rate of the camera
(1/43Hz) and the spatial resolution of the centre-of-mass

movement of the tracer particles was estimated from control
experiments to be around 5 nm for the tracking algorithm used.

The mean squared displacement (MSD or (y?(7))) of a
microbead in the x—y plane was calculated from the x—y data using:

P = (x(t+7) = x(OF + y(t+ ) —y(B)]), (2.1)

where 7is the lag time over which the mean squared displacement is
determined, t is time, and x and y are the coordinates of the
microbead [31]. The ensemble averaged MSD of microbeads under-
taking thermally driven diffusive movement increases as a power
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law with lag time:
MSD oc 74, (2.2)

where « is the exponent [32]. In a purely viscous environment, the
power-law exponent is 1 and hence, a plot of the logarithm of MSD
against the logarithm of lag time yields a slope of 1. Conversely,
should the diffusion of microbeads be hindered by interaction
with an elastic structure surrounding it, then its diffusive movement
will be restricted and the slope will be reduced [33].

For the purposes of this work, the microbeads were taken to
be situated in a predominantly Newtonian fluid environment if
the slopes of the log plots were in the range 0.8—1.1. In these
situations, the viscosity could be meaningfully determined by
extracting the diffusion coefficient using a linear plot and
applying the Stokes—Einstein equation [32].

When the slopes of log plots were less than 0.8, the
component microbeads were considered to be situated in a
viscoelastic fluid environment. In these cases, the MSD data
were transformed to obtain a viscoelastic spectrum using a modi-
fied generalized Stokes—Einstein (GSE) equation [26,32,33]. This
spectrum contains information on the relative viscous and
elastic components of the material as a function of a lag time.
Elastic moduli (G’) values were calculated at a frequency of
1 Hz as this value was within the physiological range likely to
be encountered by digesta in the intestine [34,35].

2.3. Assessing the homogeneity of the environments
of bead ensembles

The homogeneity of the fluid environment within which each
bead ensemble was moving was assessed by examining the dis-
tribution of displacements of the microbeads in the x-direction
after a given lag time. Frequency distributions of the different
displacements found over the ensemble, also known as van
Hove plots, were prepared [36]. For a homogeneous system,
where all the beads experience the same mechanical environ-
ment, the different displacements sampled by the ensemble
arise simply from the stochastic nature of Brownian motion
and the data are expected to fit to a single Gaussian curve
centred on the point of origin and with the variance equal to
the MSD calculated at the relevant lag time. Similarly, data that
clearly fits to a sum of two Gaussian curves, each centred on
the origin but with different breadths, can be taken to indicate
that the component microbeads were distributed in two different
micromechanical environments (figure 2a—c). The suitability of
such assignments was formally assessed by comparing the distri-
bution pattern of residuals obtained after fitting with either a
single or a double Gaussian function with OriGIN v. 8.5 software
(OriginLab, Northampton, MA).

In cases where the method indicated that the beads in an
ensemble were situated in a heterogeneous environment and
were distributed between two regions of distinct mechanical
properties, direct plots of microbead trajectories were prepared
and these trajectories were colour-coded according to the magni-
tude of their displacements (figure 3a). Local homogeneity
within each environment was then confirmed by plotting separ-
ate van Hove plots (figure 2b,c) of beads with MSDs of a given
colour-coding and ensuring these were Gaussian.

These trajectory plots also enabled the location of the individ-
ual beads in each of the two environments to be distinguished
(figure 3a) by the consistency of colour-coding. A box-counting
algorithm (BCA) was then implemented in MatLa (Mathworks,
Natick, MA) in order to examine areas of a particular colour-
coding where the motions of microbeads were more highly
restricted (figure 3b). The program evaluated the MSDs of all
microbeads within a ‘box” of set dimensions (128 x 96 pixels—
one-fifth of the total visual field) that traversed the image in
steps of five pixels by row and column, and determined the

densities of particles that fell within the narrower Gaussian
curve in the two-component van Hove plots as the box pro-
gressed across the image. The resulting map was colour-coded
with dark red to yellow shadings indicating areas containing
higher densities of microbeads with restricted, i.e. sub-diffusive,
MSDs and with blue indicating areas with higher densities of
beads exhibiting unrestricted, i.e. purely diffusive, MSDs. An
area was termed a viscoelastic region only when an area
shaded red to yellow contained three or more microbeads with
restricted MSDs. The sizes of these viscoelastic regions were
each estimated by determining the diameter of the largest circle
centred on the geometric centre of the positions of the contribut-
ing microbeads that could be entirely contained within the
‘viscoelastic” (red and yellow colour-coded) area. Only the diam-
eters of regions whose boundaries did not come into contact with
the edges of the visual field were determined.

The areas of viscoelastic regions as a percentage of the
sampling area (0.064 mm?) were also estimated by calculating
the sums of the areas of the component circles within the
sampling area based on these diameters.

2.A. Fluorescent microbeads

Naked polystyrene (NP) hydrophobic fluorescent microbeads
(yellow fluorescent, excitation wavelength at 441 nm, emission
at 486 nm) (Polysciences, Warrington, PA, USA) of 0.5 um diam-
eter were applied to preparations obtained from a total of six
distal ilea and three proximal colons. These beads were chosen
on the basis that their movements would be relatively restricted
when they were located in mucins as they would adhere to
hydrophobic regions of mucin proteins [37]. The size of beads
was chosen to exceed the mean reported distance of around
100 nm between component strands of mucin [38] so as to pre-
vent the sampling voids between adjacent strands of the mucin
matrix [20]. Indeed, quantitative microrheology in such systems
requires that the microbead size should be in excess of that of
the polymer mesh.

2.5. Sampling and statistics

The viscosities of regions that exhibited Newtonian character-
istics and the G’ of regions that exhibited viscoelasticity were
determined separately for sub-ensembles of microbeads, both
at distances within 20 wm and at distances greater than 20 pm
from the intestinal epithelium. This distance classification was
chosen on the grounds that the adherent mucus layer is reported
to extend 29 + 8 wm from the surface of the ileum [18]. A similar
distance classification was used for microbeads located in the
colonic mucosal environment for the purposes of comparison.

A series of image sequences of microbead motion were
obtained at multiple sites at different focal planes on a given
sample of mucosa from a given animal over a period of 2 h.
An image sequence at a particular site and focal plane was
termed a replicate. Subsequent analysis was conducted on data
from sites with a suitable density of microbeads and clarity of
the villus edge.

The values obtained for the various parameters required
transformation to render them suitable for parametric statistical
analysis. This was carried out using the Johnson algorithm in
the MiNnmmaB package (Minitab Inc., State College, PA, USA).
Data were analysed by nested ANOVA for the effects of distance
from mucosa, gut segment and animal) in the Systar package
(Systat Software Inc., Chicago, IL, USA). Hence the results are pre-
sented as raw data in box plots in the text along with statistical
inferences drawn from the ratio of mean squares from ANOVA
of the overall effect to that of the effect nested within animal.
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Figure 3. Mapping of viscoelastic regions. (a) Photomicrograph showing the
location of the villi and the distribution of microbeads. (b) A direct plot of the
trajectories of a field of microbeads allows the sub-diffusive trajectories
(coded red) of beads within viscoelastic regions to be distinguished from
the more extensive diffusive trajectories of microbeads (coded green)
within the continuous fluid phase. (c) Output from the BCA that delineates
viscoelastic regions containing groups of beads with sub-diffusive MSDs.

3. Results

The continuation of contractile activity in the walls of ex vivo
preparation of the colon and terminal ileum for a period
exceeding 1h in a number of pilot experiments confirmed
that the tissue remained viable for this time. Histological
examination confirmed that the enterocyte epithelium had
remained intact for the duration of the experiment and did
not exhibit any signs of necrosis (figure 4). Moreover, num-
bers of mucin bearing goblet cells were evident within the
mucosa indicating that there had been no general discharge
of their contents stimulated by anoxia (figure 4).

Analyses of the behaviour of microbeads showed the
environment around the ileal villi and the colonic mucosa

Figure 4. Stained section of villi from mucosal sample following passive
microrheology. Stained sections show preservation of tissue structure with
no evidence of necrosis (haematoxylin and eosin stain). The red arrows indi-
cate mucin granules lying within intact goblet cells.

were largely heterogeneous consisting of a continuous
phase of Newtonian liquid that contained viscoelastic
regions. The behaviour of ensembles of microbeads that
exhibited average MSDs that scaled linearly with lag time
and fitted with the broader of the two van Hove plots
(figure 2b) indicated that they were situated in liquid and
could be used to determine local viscosity (figure 2d). Simi-
larly, the behaviour of ensembles of microbeads that
exhibited average MSDs that varied with lag time according
to a local power law (figure 2¢) and fitted with the narrower
of the two van Hove plots (figure 2c) indicated that they were
situated in a viscoelastic material and could be used to deter-
mine elastic and viscous moduli. The dependence of the latter
values upon frequency (or timescale) of perturbation was
typical of that found in viscoelastic solutions of highly
entangled polymer solutions [39].

3.1. lleal mucosa

The continuous phase of the environment around the term-
inal ileal villi was a Newtonian fluid of viscosity close to
that of water (the viscosity of water measured by our
methods was found to be close to 1 mPa’s as expected). The
overall median viscosity of the continuous phase obtained
using pooled data from all ileal preparations (table 1 and
figure 5a) was not significantly different on nested ANOVA
at sites less than 20 pm to those at greater than 20 pm from
the mucosa. The median viscosity of the continuous phase
at sites that were greater than 20 um above the apical
epithelium of the villus tip (median value 1.49 mPa’s;
interquartile range (IQR) 1.08-2.06, n =15 replicates) did
not differ significantly from that at sites greater than 20 pm
from the sides of the villus (median 1.34 mPa’s; IQR
1.13-1.8, n = 59 replicates).

The median elastic modulus (G’) of viscoelastic regions
found in the continuous phase, obtained with pooled MSD
data from all preparations, did not differ significantly
between sites 20 wm or closer to the mucosa to that at sites
further than 20 pm from the mucosa (table 1 and figure 5b).
The diameters of viscoelastic regions further than 20 pm
from the ileal epithelium did not differ significantly from
those of regions situated 20 wm or closer to villus epithelium
(table 1 and figure 6a).

The numbers of viscoelastic regions around the villous
ileal epithelium were generally low. Of 26 replicates from
sites that contained entire viscoelastic regions, the visual
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around intestinal villi (i.e. tips and sides of villi). (a) Viscosity of continuous phase, (b) elastic moduli of rafts (G'), () comparison of viscosity of continuous phase
> 20 um from the tip and the sides of ileal villi.

Table 1. Summary of the microrheological properties (viscosity and elastic moduli) of the continuous phase of Newtonian fluid and viscoelastic regions, region
diameters and percentage area occupied by viscoelastic regions per 0.064 mm” field of view.

measured parameter site n (replicates) median IQR

continuous Newtonian phase viscosity ileum < 20 50 1.68 1.34-218

(mPa-s) ileum > 20 06 135 1.14-1.85
e T
S o o
Cemew e e soass
S N, [ 0oloot
o0y e
Cemenw e e
7

viscoelastic regions elastic moduli (Pa)

viscoelastic regions diameter (pum)

percentage of area occupied by viscoelastic
regions per 0.064 mm” field of view ileum > 20
colon < 20 12 29 14-35

colon > 20 8 14 0.7-3.7

®A range is given for this site as there were insufficient values for the calculation of median and IQR. It is included for comparison with other viscosity values.

80017107 ‘0L ey 205 y [ biobunsyqndiraposieforys: |



—~
S
=

200

100 4

raft diameters (um)

L & o

T T T T

colon
>20 um

colon
<20 um

ileum
>20 um

ileum
<20 um

—_
=]
3

(91
-

==
n

% area per 0.064 mm? field of view

Qéli

colon
>20 um

colon
<20 pum

ileum
>20 um

ileum
<20 um

Figure 6. Variation in the diameter and projected area of viscoelastic regions near the ileal villous and colonic mucosa. (a) Variation between the ileum and colon in
diameters of viscoelastic rafts, (b) variation between the ileum and colon in the areas of viscoelastic rafts.

fields in the majority contained one region per field of view
while the visual field in one image sequence contained
three regions and those in a further three sequences contained
two regions. The percentage area per (0.064 mm?) field of
view occupied by viscoelastic regions in sites situated at a
distance greater than 20 um from the ileal mucosa did not
differ significantly from that of those situated at 20 um or
closer to the surface of the ileal mucosa (table 1).

3.2. Colonic tissue

The viscosities of the continuous (Newtonian fluid) phase
at sites that were situated further than 20 pm did not differ
significantly from those 20 wm or closer to the colonic epi-
thelium (table 1). No median and IQR value was available for
the viscosity at sites 20 um or less from the epithelium of the
colon as the bulk of microbead ensembles (11 out of 13) were
located in viscoelastic material and those in regions containing
only Newtonian fluid were correspondingly low. However,
these viscosity values were within the range of the values
found in sites greater than 20 um from the colonic epithelium.

The G’ of viscoelastic regions situated in the continuous
phase at sites greater than 20 um from the colonic epithelium
did not differ significantly from those of regions situated
20 pm or less from the colonic epithelium (table 1). The diam-
eters of viscoelastic regions situated at sites greater than
20 pm from the colonic epithelium did not differ significantly
to that of those situated 20 wm or less from the colonic
epithelium (table 1).

The numbers of viscoelastic regions were generally low
around the colonic epithelium. Of a total of 20 replicates
from sites that contained entire regions, the bulk of fields con-
tained a single region, six contained two regions and one
contained three regions. The percentage areas of the fields
of view (0.064 mm?) that were occupied by regions at sites
situated at a distance greater than 20 wm from the colonic
mucosa did not differ significantly from that of those situated
20 pm or less from the colonic mucosa (table 1).

3.3. Comparison of ileum and colon

The viscosities of the continuous Newtonian phase obtained
at locations that were 20 wm or more from the colonic mucosa
were significantly greater than those obtained at locations
that were 20 wm or more from the ileal villous epithelium

on ANOVA (d.f. = 8,131, F = 3.416, p < 0.01; figure 5a). The
viscosities of the continuous phase obtained at locations
that were less than 20 pm from the ileal or colonic mucosa
could not be compared because of insufficient data being
obtainable from this site in the colon.

The values for G’ obtained from viscoelastic regions
that were situated 20 pum or closer to the colonic mucosa
were not significantly different to the values obtained from
regions situated 20 um or closer to the ileal villous mucosa
(figure 5b). Similarly, the values for G’ obtained from regions
that were situated at distances greater than 20 um from the
colonic mucosa were not significantly different to those
obtained from regions situated at distances greater than
20 pm from the ileal villous mucosa (figure 5b).

The numbers of viscoelastic regions identified in each
visual field were generally low regardless of their distance
from the mucosa or the gut segment from which the image
sequence was obtained (ileum or colon), the majority of
sites contained only one region. However, while regions
that were situated above the ileal mucosa were always sur-
rounded by the continuous Newtonian fluid phase, a
significant number of regions that were situated above the
colonic mucosa filled the entire visual field and were also
counted as a single viscoelastic region.

Taken overall, the diameters of the viscoelastic regions in
the colon were significantly greater on ANOVA (d.f. =5, 42,
F=2.604, p=0.05) than those in the ileum. However, the
lack of any significance in the term for distance within seg-
ment indicated that there was no significant variation in
region size with distance from the surface of the mucosa in
this analysis (figure 6).

3.4 Further corroborative work

A series of further experiments were conducted on distal ileal
and colonic samples from nine possums that yielded a total of
99 image sequence replicates (63 of the ileal and 36 of the
colonic mucosa) in which Brownian motion of amine-coated
polystyrene beads of 0.75 um in diameter could be evaluated
in a similar manner to the foregoing work. These beads were
chosen as they adhered to mucin by electrostatic rather than
hydrophobic interaction. The results obtained from this
further work did not differ significantly from those detailed
above, showing similar disposition of viscoelastic regions of
similar dimension in the two gut segments. A summary of
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Figure 7. Alternate models for disposition of mucin around villi. (a) Extensive reptative interdiffusion between secreted mucin granules to form a continuous layer.
(b) Limited reptative interdiffusion between secreted mucin of mucin granules leading to discontinuity.

the data from this work are available in the supplementary
material (see the electronic supplementary material, figure S1).

4. Discussion

This is the first study to demonstrate that the material in sites
immediately adjacent to the small and large intestinal mucosa
is rheologically heterogeneous, comprising circumscribed
regions that exhibit viscoelastic behaviour similar to that of
purified mucus and contained within a more extensive
phase of low viscosity Newtonian fluid. In principle, either
one or both of the two phases could form a percolating net-
work. As the low viscosity phase percolates across most of
the two-dimensional images it is reasonable to conclude
that this phase is contiguous in three-dimensional space.
However, the viscoelastic phase does not percolate the two-
dimensional images and occupies a low percentage of the
area per field of view (0.78-0.85% in the ileum and 1.4-
2.9% in the colon). Such low percentages would require
generally thin linkages were this phase to percolate through
three-dimensional space. The lack of any long and thin visco-
elastic components suggests the viscoelastic regions are
dispersed rather than linked.

In regard to the rheological characteristics of the continu-
ous phase, it is important to note that observations of the
motions of beads were restricted to periods of less than
10's. Hence, it is possible that fluid in these regions could
behave in a viscoelastic fashion over longer timescales, for
example as a result of dispersal of extended molecules of
mucin in dilute solution. However, given that flow within
the intestinal lumen results from contractile events of short
duration and is correspondingly short-lived, it is unlikely
that such behaviour would be of physiological import.

While further work is required to relate the nature of
viscoelastic regions to mucin secretions and their ability to
anneal by reptative (snake-like diffusive motion of polymer
chains within polymer entanglements [40]) inter-digitation
of polymer chains on adjacent mucin masses, the results fit
in with a number of previous reports that the intestinal
mucus layer is discontinuous [17] (figure 7b). However,
they run contrary to reports that the mucus layer forms a con-
tiguous viscoelastic ‘blanket’ [41] (figure 7a) that overlies the
absorptive surface of epithelial cells and restricts the rate at
which nutrients are absorbed. The latter hypothesis is to
some extent founded on the properties of mucins that have
been ‘purified” to remove cellular and other debris [15,27],
and hence, may not reflect the heterogeneity that exists in

vivo. Likewise, the lamellar structure of mucin found adjacent
to the gastric [42] and colonic [43] mucosa may reflect a simi-
lar structure to that we report here, comprising stacks of
discrete regions of mucin that have become compacted and
distorted by histochemical and immunohistological proces-
sing. Previous evidence regarding the contiguity of the
mucin ‘blanket’ is equivocal. The tendency of particles to
agglomerate within the lumen after being applied to living
intestinal mucosa [44] suggests the mucus layer is impene-
trable, while work showing that a commensal species
Enterobacter cloacae, which is not equipped to navigate visco-
elastic mucin, is found in murine colonic crypts [44] suggests
the discontiguity of this layer and supports our hypothesis.

Given that NP microbeads have been found to adhere
strongly to mucus [28,29,41], our results suggest either that
masses of mucin secreted by individual mucosal goblet
cells do not always ‘anneal’ to neighbours [45] to form a con-
tiguous layer, or that sites of translational diffusion and
reptative inter-digitation of adjacent mucin masses are more
vulnerable to digestion by enteral micro-flora. It is known
that small variations in the structure of constituent mucin
polymer chains can disrupt their configuration, obstructing
reptative diffusion and impeding annealing [45]. Similarly,
the presence of other high molecular weight polymers
derived from nutrients can inhibit the expansion of mucin
granules following their secretion by goblet cells [46,47].

Mucin granules from goblet cells in the respiratory epi-
thelium of the rabbit are reported to expand 250-fold after
their secretion [48]. The largest mucin granules within
goblet cells are between 0.8 and 1.5 um in size [49-51].
Hence, we may expect that the area of the expanded mucin
from a single granule will lie between 100 and 370 wm?. If
viscoelastic regions found in our study consist principally
of mucins this suggests that the aggregation of mucin
granules is somewhat limited.

The heterogeneity of the microrheological environment
around the colonic and villous small intestinal mucosa may
explain the variation in the functional thickness of the
‘UWL’" with the molecular size of the probe [14]. Thus,
larger molecules would tend to be more confined to the
watery continuous phase while smaller molecules, which
are able diffuse into viscoelastic regions, would be retained
for longer in a process akin to gel filtration. The extent of
this effect will depend on the width of the channels in the
continuous phase. Our estimates of the percentage area per
field of view of the viscoelastic regions suggest these channels
are wide but this finding may have been influenced by a
reduction in the rates at which water and contained nutrients
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are absorbed in an ex vivo mucosal preparation where sub-
sequent vascular transport is necessarily inhibited. These
heterogeneous structures may similarly act to confine fat
micelles to the continuous phase allowing them to penetrate
more readily to the villous mucosa. Similarly, it may allow
membrane vesicles exocytosed from the enterocyte brush
border to bypass the mucin layer and enter the lumen [52].

The heterogeneous microrheological structure also has
important consequences for the process of mixing within
the intervillous space and our understanding of the transit
and absorption of nanoparticles containing therapeutic sub-
stances that might adhere to viscoelastic regions [20,28,53].
While previous reports have indicated that mucins can
accumulate in the intervillous space [18], the current work
is the first to report the heterogeneous microrheology therein,
its similarity to that around the villous tips suggesting that
there is ongoing admixture and transit of these elements
between the lumen and the intervillous spaces during
longitudinal [54] and circular [55] contractile activity.

Our finding that viscoelastic regions are generally more
extensive and the intervening continuous phase correspond-
ingly reduced in sites less than 20 um from the colonic
epithelium, than at similar sites in the small intestine, suggest
either that reptative diffusion and inter-digitation of polymer
chains on adjacent mucin masses occurs more readily with

colonic mucins, or that colonic viscoelastic regions are more
mechanically resilient perhaps reflecting the greater diversity
of colonic than small intestinal mucin structure [43,44,56].
The greater variance in the area and diameter of the regions
is similarly likely to reflect differences in the capacity for repta-
tive diffusion of the different colonic mucins. The finding that
the continuous phase in the colon has a greater viscosity than
that in the ileal environment may reflect a greater content of
enteral micro-flora or concentration of oligosaccharides from
bacterial degradation of dietary non-starch polysaccharides.
While the size and form of ileal villi of the possum are
similar to those of humans and the mucosal architecture is
broadly similar over the range of laboratory species, notably
the density of villi and effective surface area per unit villus
[57], it is possible that the spatial pattern of aggregation of
secreted mucins varies between species. Hence, caution is
required pending completion of similar studies at other
sites and in other species. However, the results raise the
possibility that the constituents of the mobile mucin layer
are not always deployed to act as a contiguous barrier [58],
that strategy perhaps being sacrificed in segments of the
gut where absorption of residual nutrients is at a premium.

All procedures were approved by Massey University Animal Ethics
Committee (approval no. 11/45).
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