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linear in the first case (assuming that the mechanical properties of
villi did not vary along their longitudinal axes) and non-linear in
the second. Likewise, if bending occurred at higher velocities of
flow, the fit would depart from linearity and influence the slope of
the line of best fit.

The correlation coefficient (R2) of the straight line regression
(SLR) of the percentage displacement of the requisite TD against
the distance from the villous tip was used as a basis of assessment of
the quality of linear fit. Comparisons of the correlation coefficients
obtained on SLRs of individual villi by ANOVA could then be
used to assess whether the quality of linear fit declined significantly
over the three flow rates that were used as would occur with
bending.

Similarly, the difference between the slope of the line of the SLR
in the plot of the displacement of the requisite TD in microns
against the distance from the villous tip in microns will in each case
indicate the angle with which the villus pivoted. Again compar-
isons by ANOVA of pivot angles of individual villi at the various
speeds of flow will indicate whether pivoting continues to increase
as flow increases.

Assessment of endogenous villous motility
The occurrence of any spontaneous longitudinal movement in

individual villi was assessed from spatiotemporal maps of strain
rate along three lines of interest (LOI) that were orientated along
longitudinal axis of villi, i.e. on the upstream and downstream
edges and along the central axis. The manner in which these maps
are derived has been fully described elsewhere [16]. Briefly, the
software identifies displacements of textural patterns within the
images of the villi along the LOI, which are plotted row by row
through time. Longitudinal strain rate is then derived by
differentiation with respect to distance and similarly plotted. The
resulting spatiotemporal map allows regions of contraction
(negative strain rate) to be distinguished from those in which
extension (positive strain rate) is taking place, through time [16].

Sampling and statistics
All statistical analyses were conducted using the SPSS statistical

package version 20.0.0 (SPSS Inc., Chicago, Illinois). Normality of
the various data sets generated in this work was assessed by
Lillefors test. Parameter values that were not normally distributed

Figure 2. Method for determining the total displacement of villus tips (TD). A) A spatiotemporal intensity (ST) map taken along an LOI
(indicated by the dashed line in (B) situated 20 mm below the villus tip before flow commenced (left arrow on upper border of map) and at the time
of maximum displacement (TD) (right arrow on upper border of map). B) Views of the villus from which the ST map was taken before flow
commenced and at the time of maximum displacement (right). The square marks a distinctive structural feature used as a reference point. The value
of TD is calculated from the difference in the location of the same distinctive feature in the two images.
doi:10.1371/journal.pone.0100140.g002
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nature and extent of such motility in vivo. Other
studies have assumed that villi are not motile and that
the fluid held in the associated intervillous spaces is
correspondingly unstirred, a situation that would limit
absorption 14,15 and restrict it to the villus tip.14,16

In this work, we first examined the disposition and
movement of mucosa and associated villi that are
generated during contraction of the longitudinal and
circular musculature in segments of the terminal ileum
of the brushtail possum. Each segment was mounted in
an organ bath with its length equal to that observed in

vivo, with its mucosal surface outermost, i.e., everted,
andwith the villous tips stainedwithmethylene blue to
aid in their visualization. Subsequently, we simulated
the effect of these movements on peripheral mixing in
the intervillous spaces and onbulkmixing in the lumen.

The work is the first to show that mucosal folding
associated with contraction of the longitudinal and
circular musculature creates alternate regions of
crowding and of separation of the tips of villi, and that
this action may augment peripheral mixing around the
tips of villi.

MATERIAL AND METHODS

Preparation of ileal segments

All procedures were approved by Massey University Animal
Ethics Committee (MUAEC approval no 12/77) and complied
with the New Zealand Code of Practice for the Care and Use of
Animals for Scientific Purposes.

Thirteen freshly trapped brushtail possums (Trichosurus vul-
pecula) of either sex and between 2 and 3 kg bodyweight were
each fasted for 2 h and anesthetized in an induction chamber with
5% halothane in 33% oxygen and 66% nitrous oxide. Following
induction, they were maintained on 1.5% halothane in oxygen
and nitrous oxide via a face mask attached to a Bain’s circuit
during the surgery. A ventral midline incision was made in the
abdomen and a 10 cm segment of ileum immediately oral to the
ileocaecal junction was excised and immersed in carboxygenated
Earle’s Hepes buffer solution (HBS) maintained at 37 °C. The
length of the segment that was to be taken was measured in situ,
i.e., prior to excision and installation in the organ bath. The
possums were subsequently euthanized with intracardiac pento-
barbitone (125 mg/kg).

After flushing with carboxygenated Earle’s HBS to remove any
contained digesta, the ileal segment was usually (see below)
everted so that its mucosal surface was outmost and serosal
surface innermost. This was accomplished by passing a 0.5-mm-
diameter stainless steel probe along the length of the lumen from
the proximal to the distal end of the gut, securing the tip of the
probe to the distal end of the gut, and withdrawing the probe from
the proximal end. The mucosal surface of the everted segment
was flooded with stain solution (1% methylene blue and 2%
glucose in deionized water) and left for 60 s before immersion in
carboxygenated HBS for 2 min to remove excess stain. This
procedure resulted in only the tips of villi taking up the stain
(Fig. 1), presumably from absorption of the dye only at sites where
there are active enterocytes.17

The everted segment was cannulated at the oral and aboral
ends, and installed in the organ bath at the same length as it was
in vivo and with the mesenteric attachment located at the upper
edge of the video image. The organ bath contained 170 mL of HBS
solution with the following composition in millimoles: NaCl
124.0, KCl 5.4, MgSO4 0.8, NaH2PO4 1.0, NaHCO3 14.3, Hepes
10.0, CaCl2 1.8, and glucose 5.0 and with a pH of 7.35. The
solution was warmed to 37 °C, continuously carboxygenated
(95% O2, 5% CO2), and recirculated at 60 mL/min. The lumen of
the gut segment was perfused with HBS at a rate of l–2 mL/min
and the perfusion pressure was maintained at 0–2 cm of water by
appropriate adjustment of the height of the outflow at the distal
end of the preparation.

To determine the effect of eversion on motility, the excised gut
segments were eithermounted directly in the organ bath or everted
before mounting. In some cases, segments were removed from the
bath after image capture, and again everted and remounted in the
bath for further image capture. Excised segments of both everted
and non-everted ileumwere installed in the organ bath with length
equal to that determined in vivo. Subsequently, the effect of the
lengthening or shortening of a given segment on microfold forma-
tionwas determined by changing the position of the distal cannula.
A further series of experimentswas conducted onunstained everted
segments to determine whether the application of the methylene
blue dye had influenced the formation of microfolds.

Image acquisition and spatiotemporal mapping

The movements of the mucosa and associated villi covering the
external surface of the segment of ileum were recorded with a
camera (Basler, scA1000-20fc, Ahrensburg, Germany) and zoom
lens (Cosmicar 12.5–75 mm) mounted 30 cm above the organ bath
so as to give a magnified view of a short section of the ileum. A
second camera (The Imaging Source DMK41AF02, Taipei, Taiwan)
wasmounted 40 cm to the side of the tank so as to give a viewof the
whole segment of ileum. Monochrome images were captured from
both cameras at a rate of five frames per second and stored as

Figure 1 Staining of villous tips following application and elution of
methylene blue.
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