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The morphological adaptations of the fruit bat small intestine to which the high functional efficiency
could be related and the possible landmarks delineating the various parts of the gut were examined. The
stomach was the carnivorous type with large rugae spanning the entire luminal aspect down to the pyloric
sphincter, which was reflected internally as a prominent fold. Externally, the intestine was a continuous
tube uninterrupted by any structures. The cranial fifth of the small gut had long, branching and anasto-
mosing villi, which caudally turned to finger-like discrete structures that became rather short and stumpy
and diminished at the beginning of the colon. The colon had longitudinal folds that were macroscopical-
ly discernible from the mucosal aspect of the opened intestine and that continued into the rectum. The
small gut formed 94% of the whole intestinal length, the colon and the rectum taking 4 and 2%, respec-
tively. Ultrastructurally, the enterocyte showed a prominent brush border and the lateral membranes were
modified into numerous tortuous interdigitating processes. Adjacent enterocytes were joined by these
processes through desmosomes. The processes also participated in pinocytotic fluid uptake from the
intercellular spaces with resultant numerous intracellular vacuoles of varied sizes. Solutes absorbed into
the cells were probably first passed into the intercellular compartment to create a concentration gradient
thus enhancing further absorption into the cell. We conclude that the uniquely elaborate ultrastructure of
the enteric epithelium coupled with the vast microvillous surface areas reported elsewhere are partly
responsible for the very high absorption rates reported in the fruit bat small intestine.
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INTRODUCTION

The remarkably high functional efficiency of the fruit bat small intestine has been
attributed in part to high absorptive microvillous surface areas [21, 29, 30]. Although
the morphology of the fruit bat gastrointestinal tract (GIT) has received considerable
attention over the years, there has been little emphasis on the qualitative adaptations
to which such a remarkable performance could be ascribed. Though there is consen-
sus that a caecum and an appendix are not parts of the chiropteran GIT, macroscop-
ic identification and delineation of the various parts of the GIT of the fruit bat for var-
ious studies (say, stereology, physiology etc.) [27], may be difficult. Externally the
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small and large intestine merge undramatically [16, 26, 39, 49, 50]. Previously we
have indicated that such boundaries may be approximated on the account of the
changing diameter [27, 28] while Okon [40] indicated that the various parts present
could be identified histologically. The latter method, however, is inapplicable in most
other non-histological studies. The complexity of gut morphology is related to type
of diet [7, 46, 48, 57] and a number of reports also indicate that there are taxonomic
inclinations [7, 57].

In bats, digestion occurs very fast and the passage of food through the GIT has
been shown to be rapid (18, 23, 25, 36, 49, 50, 56] while absorption of sugars is three
to four times faster than in the rat intestine [19]. Reports on the fine structure of chi-
ropteran intestine have paid little attention to cellular and subcellular details (e.g. [16,
50] except the observation by Manley and Williams [31] that absorptive vacuoles
were frequent in the enterocytes. In our recent studies, intestinal microvillous surface
areas in E. wahlbergi were found to be up to 18 times greater than in the rat [30]. The
current study uses the light and transmission electron microscopes in an attempt to
explain the histological and ultrastuctural morphological adaptations responsible for
the high digestive and absorptive capacities of the intestine of the chiropteran frugi-
vore.

MATERIALS AND METHODS

Bat provenance

The qualitative investigation used only two animals, one for the transmission elec-
tron microscopy and one for the light microscopy studies. Gross morphometric esti-
mates on the intestinal components were done on five specimens used in previous
studies [29, 30].

Capture methods were as outlined in these previous studies. Briefly, bats captured
by mist-netting were transported to the laboratory in cages, weighed and then killed
by intraperitoneal injection of sodium pentobarbitone at a dosage of 50 mg kg! body
weight. The abdominal cavity was opened through a ventromedian incision to reveal
the abdominal viscera which were studied in situ. Subsequently the oesophagus was
severed immediately cranial to the diaphragm. The pelvic bones were carefully cut
to reveal the rectum and then the entire gastrointestinal tract was dissected out by
tearing off the mesenteries and immediately transferred to a bath of 0.85% sodium
chloride. The intestinal tract was opened by a longitudinal incision along the mesen-
teric border, ingesta/digesta washed off with fresh saline. Subsequently lengths of the
segments (small intestine, colon and rectum) were obtained by direct measurement
under slight stretch using a ruler. The small intestine was separated out and immersed
into a solution of 2.5% phosphate buffered glutaraldehyde (350 mOsm, pH 7.3) for
at least 24 hours. The samples for morphometry were treated as outlined elsewhere
[29, 30] while the ones for qualitative morphology were dealt with as detailed below.
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Light Microscopy (LM)

Small intestinal segments (about 2 cm long) of the fixed intestine were obtained from
five approximately equidistant positions along the small intestinal length starting
with the most cranial part and ending with the most posterior part. The segments
were dehydrated in ascending concentrations of ethanol and then embedded in
methyl methacrylate resin. Sections were obtained at a nominal thickness of 3 um
using a Heidelberg HM 350 Microtome and subsequently stained with Hematoxylin
and Eosin (H&E). Sections were photographed using Olympus Vanox S Light
Microscope.

Transmission Electron Microscopy (TEM)

Segments were sampled from five approximately equidistant positions from the
entire length of the small intestine as described under LM. The segments were diced,
washed in 0.1 M phosphate buffer (pH 7.3), postfixed in 1% osmium tetroxide and
then dehydrated through ascending concentrations of acetone starting from 20%
through 40%, 60%, 80%, 90%, two changes of 100% and finally infiltrated with and
embedded in Transmit resin (Taab, UK). Ultra-thin sections were obtained at 90 nm
by use of a Reichert-Jung (Austria) ultramicrotome. These were stained with uranyl
acetate in the dark, counterstained with lead citrate in presence of sodium hydroxide
and viewed on a Philips EM 300 or a Philips EM 410 electron microscope at an
accelerating voltage of 80 kv.

Morphometry

Macroscopic morphometry was performed as described above. Ultrastructurally,
parameters of the microvilli were estimated to demonstrate that the intestines used in
the study were from healthy adult individuals (see, for example, 2, 3, 5, 12).
Microvillous lengths were obtained from micrographs printed at a final magnifica-
tion of x10 700 by measuring the actual lengths of ten microvilli per micrograph
(Fig. 14) and obtaining the average for the whole intestine. The distance between
microvilli, microvillous diameters and microvillous packing densities were estimat-
ed from cross-sectional profiles of the microvilli at a final magnification of x36 000
(Fig. 15). Microvillous packing densities were estimated by placing a grid with a sys-
tematic set of random windows of known area (Fig. 15) on micrographs with tran-
sected microvilli and counting the number of microvilli per unit area. The squares
were equipped with a rejection line for ease of counting (e.g. Gundersen [15]). The
surface area of the average microvillus, s(mv), was estimated by multiplying the
product of the mean diameter (d) and the mean length (1) by pi (%). Thus, s(mv) =
nld. Surface area increases due to microvilli (surface amplification) was estimated as
the ratio of the microvillous packing density to the surface area of the average
microvillus [34]. Detailed stereological analyses are available elsewhere [29, 30].
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RESULTS

The fruit bat stomach was roughly U-shaped and elongate with a large cardiac cae-
cum, a large fundus and a long pylorus (Fig. 1). The pyloro-intestinal junction was
marked by a prominent groove externally (Fig. 1) and by a big fold luminally (Fig.
2). Grossly, the gastric mucosa was thrown into longitudinal rugae that extended
down to the pylorus and ceased abruptly at the very prominent transverse fold that
marked the pyrolic sphincter (Fig. 2).

The intestine was an almost uniform tube with the proximal part showing a slight-
ly greater diameter and the small intestine inconspicuously gave way to a short colon
which, farther caudally, gave way to an even shorter but broader rectum (Fig. 3). An
appendix and a caecum were absent and, externally, the beginning of the colon was
not unequivocally identifiable, safe for a slight increase in diameter. On the mucosal
surface of the opened intestine, however, there were macroscopically recognisable
changes. The cranial part of the intestine was characterised by large, grossly visible
papillae-like villi (Fig. 2) which diminished in size caudally and towards the poste-
rior fifth of the intestine gave way to the longitudinal folds of the colon. The latter
extended distally to the rectum becoming less conspicuous towards the anus.

The mucosa of the cranial 20% of the small intestine of the fruit bat was charac-
terised by long-branching and anastomosing villi (Figs 4, 5). The height of the villi
and degree of branching and anastomoses decreased gradually in a cranio-caudal
direction (Figs 6, 7) giving way to tall finger-like or tongue-like villi in mid-intestine
(Fig. 8) and farther caudally, to short, rather stumpy structures (Fig. 9). There was no
definite demarcation between the colon and the rectum safe for a remarkable increase
in diameter and the longitudinal folds in the latter were larger. The histological struc-
ture of the fruit bat intestinal wall was fundamentally similar to that of the terrestri-
al mammals (Fig. 8) but in the cranial areas, especially where there were villous
anastomoses, the submucosa was thicker and cryptal glands of Lieberkuhn were
notably more abundant (Figs 4-9).

~goog

Fig. 1. Photograph showing the stomach and the cranial part of the intestine of the epauletted fruit bat,
Epomophorus wahlbergi. The oesophagus (O), the cardiac caecum (G), the fundus (F) and the Pylorus (P)
are shown. The pyloro-intestinal junction is marked by an external groove (arrow) and the spleen, (S) is
seen on the greater curvature of the stomach (x4). Fig. 2. A photograph of the pylorus and the cranial part
of the small intestine of the epauletted fruit bat. The intestine and pylorus have been opened to show the
pyloric rugae (arrow head), the pyloric sphincter (arrow) and the papillae-like villi (W) (x4). Fig. 3.
Photograph of the posterior part of the intestine of the fruit bat showing the colon (Y) and the rectum (R).
Note that the boundary between the rectum and the colon (T) is marked by an increase in circumference
of the former. Longitudinal folds (arrowheads) are evident in both the colon and the rectum (x4). Fig. 4.
A LM picture showing a section from the cranial one fifth of the intestine of fruit bat showing the anasto-
mosing and branching villi (W). At this level there are several layers of cryptal glands (arrow) in the sub-
mucosa (x40). Fig. 5. A LM picture of a section of the intestine taken very close to the pyloric sphincter
showing extensive villous branching and anastomoses forming a network-like pattern (x40)
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Fig. 10. An electron micrograph of the enteric epithelium in the bat showing an enterocyte (E) with a
prominent brush border (B), and enlarged intercellular spaces (arrowheads). The ovoid nuclei (Nu) occu-
py the lower third of the enterocyte (x4875). Fig. 11. An electron micrograph showing the apical part of
an enterocyte with prominent microvilli (M), apical junctional complex (encircled) and an enlarged inter-
cellular space (z). The tiny apical vesicles (arrowheads) probably contain absorbed materials (<18 500)

~oooo

Fig. 6. Villous branching and anastomoses decrease as one progresses caudally and are restricted to the
upper parts of the villi. The villous core tissue and the epithelium are continuous in the adjoining villi
(arrow). Several layers of crypts (g) are evident but are less numerous than in the preceding segments
(x100). Fig. 7. Towards the middle of the intestine, villous branching and anastomoses are few, appear
incomplete (arrowhead) and the shapes of villi are a bit irregular. The submucosal tissue (S) is abundant
and contains numerous crypts (g) (x100). Fig. 8. A LM picture showing a longitudinal section from the
middle of the intestine of fruit bat. From this level up to the beginning of the colon, villous anastomoses
and branching are absent. The muscle layers, inner circular (X) and outer longitudinal (d) are demon-
strated. The crypts (g) at this level are also fewer and are in one layer (x125). Fig. 9. A LM picture show-
ing a section from the most posterior part of the small intestine of the fruit bat. Villi have diminished into
stumpy structures (arrow), the crypts (e) are few and the intestinal wall is relatively thinner. (x100)
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Fig. 12. An electron micrograph showing the enlarged intercellular spaces (S) and numerous long and
tortuous cytoplasmic processes (arrowhead). Note the very prominent desmosomes (encircled) formed
between apposing processes of the two adjacent cells. Numerous mitochondria (M) are also evident in
the neighbourhood (%23 130). Fig. 13. An electron micrograph showing enterocytes (E) transected at the
supranuclear level showing enlarged vacuoles (V). The cytoplamsic processes show a tendency to take
in fluid from the intercellular space (S) into the vacuole (arrow) (x9430). Fig. /4. An electron micro-
graph showing the basal aspect of the enterocytes with enlarged intercellular spaces (white arrow). The
cells rest on a thin basal lamina (black arrow) which forms the only barrier between the intercellular
spaces and the villous core connective tissue (K) (x11 560). Fig. /5. An electron micrograph showing
transected microvilli in the intestine of the fruit bat. These microvilli measure about 110 nm in diameter
on average and have a mean packing density of 52.7 to a square micron. The counting windows (W) pre-
esented here have an actual side length of 0.36 pm (%32 360)
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Ultrastructurally, the enteric epithelium was simple columnar, just like in other
mammals but the inherent cellular modifications were remarkable. The enterocytes
had numerous vacuoles and enlarged intercellular spaces (Figs 10—12). The entero-
cyte lateral membranes were modified into long and tortuous cytoplasmic processes
that ramified the rather spacious intercellular spaces (Figs 10—13). There were
numerous mitochondria and the rough endoplasmic reticulum were well developed
(Figs 10, 12).

The mean body weight of the fruit bat was 89 £ 17.2 g, the fore gut had a length
of 808 + 121.2 mm (94%) while the colon and rectum measured 37.7 £ 16.7 (4%)
and 22.2 £ 6.2 mm (2%) in length, respectively (Table 1). The enterocyte microvilli
had a mean length of 2.53 = 0.47 um (Fig. 15), mean diameter of 110 + 2.3 nm (Fig.
15) and were packed 51 +9.94 to a um?2. The surface area of the average microvillus
was estimated to be 0.99 + 0.02 um? and the microvilli were spaced at 0.05 = 0.005
pm. The surface area increase due to microvilli was estimated at 51.5. These details
are provided in Table 2 below.

Table 1
Gender, body weights (grams) and the dimensions (mm) of the various components of the intestine in
the fruit bat, E. wahlbergi

Intestinal lengths (mm)

Bat No. Sex ]_30}i1y
weight (g) fore gut colon rectum total
1 male 100 890 50 25 965
2 female 69 645 25 19 689
3 male 113 995 65 32 1092
4 female 96 790 35 24 849
5 male 71 742 23 14 793
6 male 87 786 28 19 793
Mean 89 808 37.7 22.2 863.5
SD (17.2) (121.2) (16.6) (6.2) (143.6)
DISCUSSION

From this study, it is clear that the small and large intestine of the fruit bat are macro-
scopically identifiable externally, though less precisely on the account of the chang-
ing diameter and unambiguously from the mucosal surface topography on the basis
of the very characteristic longitudinal folds. Generally, the complexity of gut mor-
phology relates to taxonomy and diet type [7, 48]. Enlarged hindguts serve as micro-
bial fermentation vats in herbivores [22, 57]. Specifically, the colon is the site for
water, electrolyte and short chain fatty acid absorption. In non-fermenting animals
such as carnivores and insectivores, the caecum is very simple or absent while in her-
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bivores it acts as a fermentative chamber [57]. Foods consumed by fruit bats gener-
ally contain large amounts of water [4] estimated at 70-90% [1]. Further, bats have
been seen to ingest leaves and whole flowers or parts thereof [6, 9, 14, 19, 31, 37, 42,
43, 52, 53] presumably to augment nitrogen deficiencies in their diet [S55]. However,
an appreciable fermentative activity in the bat gut is doubtful since only the juices
are swallowed and fibrous ingredients are rejected [33]. The ingestion of such com-
ponents with fruit may, in many instances be accidental [33]. This fact is gaining
more credence since fruit bats have been shown to meet their nitrogen requirements
on natural unsupplemented fruit diet [10, 24], indeed even without having to
overingest energy [10]. Shilton et al. [45] report retention of food in the gut of frugi-
vores for up to 12 hours and hypothesise that this allows increased nutrient assimila-
tion. The hindgut in the fruit bat as such may be of no appreciable fermentative value
but its role in water and electrolyte absorption is imperative. The colon may also par-
ticipate in digestion and absorption of nutrients since digestive enzymes are also pre-
sent [38].

The fruit bat has achieved high intestinal functional capacities by having long,
branching and anastomosing villi and long, densely packed microvilli, which inter-
pret into high absorptive surface areas [30], augmented by the elaborate structure of

Table 2
The microvillous dimensions in the fruit bat, E. wahlbergi, estimated here compared with those from a
previous study and with those of another fruit bat, Rousettus aegypticus and those of the laboratory rat,
Rattus norvegicus

Animal species

Parameter
*E. wahlbergi **E. wahlbergi **%R. aegypticus ***R. norvegicus

Microvillous 2.54 £0.47 2.79 23.6+£1.0 1.14£0.2
length (um) (11.6%)
Microvillous 0.11 £0.02 0.094 0.099 +0.01 0.14 +£0.01
diameter (Um) (8.3%)
Microvillous 0.99 £ 0.02 0.83 1.0+ - 0.5+—
surface area (11.7%)
(Um?)
Microvillous 0.05 £ 0.005 - 0.043 £+ 0,005 0.038 = 0.001
spacing (m)
Microvillous 51.0 £9.94 61.4 57.0 £2.70 36.0 £3.70
packing density (20.0%)
(No./um?)
Surface amplifica- 51.5 50.0 57.0 18.0
tion factor (6.1%)

Sources of data: *This study; **Makanya et al. [30]; ***Keegan and Modinger [21].
Figures are given as mean + SD or mean (cv %). See Makanya et al. [30] for a complete stereologi-
cal analysis of the intestinal surfaces.
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the enterocytes described here. The enterocytes were unique in that they possessed
large intracellular vacuoles and their lateral membranes were modified into elabo-
rate, long and tortuous interdigitating cytoplasmic processes. Save for a brief men-
tion of the presence of “absorption vacuoles” in the fruit bat enterocytes by Manley
and Williams [31] based on light microscope sections, enterocyte vacuolation is
either considered neotenic or pathological. Such vacuoles occur in the newborn
mammalian enterocytes when the animal is absorbing immunoglobulin macromole-
cules (e.g. [2, 3]). In pathological situations, enterocyte vacuolation is encountered in
microvillous inclusion disease [5] and in ethanol toxicity [12]. However, our mor-
phometric estimates prove that our results were based on normal adult animals since
they compare closely with those reported elsewhere [21, 30], (Table 2). Similar vac-
uoles are encountered in the highly absorptive normal kidney proximal tubule epithe-
lium. The latter, however, are different in that they are somewhat smaller in size,
have a clear lysosomal origin and are mainly apical in location (e.g. [41, 51]).
Conversely, the vacuoles encountered in the bat intestine were rare in the apical cyto-
plasm, were large and had their origin from the lateral cell membranes through the
participation of the cytoplasmic processes (Fig. 12). The putative functions of these
processes were quadripartite in that: 1. they helped to reinforce the architecture of the
rather large intercellular spaces; 2. formed cell to cell junctions (desmosomes), (Figs
12, 13); 3. were involved in pinocytotic admittance of intercellular fluid into the ente-
rocytes resulting in the large vacuoles (Fig. 12) and; 4. amplified the surface areas of
the lateral cell membranes.

The mechanisms involved in the transfer of nutrients, water and electrolytes from
the intestinal lumen to the blood stream in the bat have not been studied but may be
assumed to conform to those of the other mammalian species. In mammals, the api-
cal enterocyte membrane is equipped with digestive enzymes and transporter pro-
teins, which are involved in the digestion and absorption of proteins and carbohy-
drates [13] while the basolateral membranes contain Na*/K*-ATpase. The latter
actively transports sodium from the cell across the lateral membranes and into the
intercellular spaces where it creates a standing gradient that draws water [13] and
solutes [35, 47] through the epithelium and into intercellular spaces and finally into
the capillaries. Fatty acid absorption occurs by non-energy expendient passive diffu-
sion and after reconstitution into triglycerides, they are passed into the intercellular
compartment and finally into bloodstream via lymphatics [13]. It is thus imperative
that the lateral cytoplasmic processes in the bat play a role in the transfer of materi-
als from the absorptive cell to the intercellular spaces and possibly any subsequent
exchange between these two compartments.

Though there is morphological evidence for pinocytosis, the materials transferred
and the precise sequence of events remain unknown. A hypothesis is put forward to
explain the possible events that take place: that sodium coupled transport of sugars
from the intestinal lumen draws water with it into the cytosol. The Na*/K*-ATpase in
the basolateral membranes then draws sodium into the intercellular spaces followed
by solutes. This would result in a high concentration gradient in the absorptive cell
allowing further osmotic absorption of solutes from the intestinal lumen with the
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resultant rapid absorption rates reported by Keegan [19]. It has indeed been shown
that glucose transport is coupled with the energy dependent sodium symport [58] and
that the intercellular spaces in the enteric epithelium are important in electrolyte and
water absorption [13, 44]. Keegan [20] indicated that there was no active absorption
of glucose in the bat intestine based only on estimations of concentrations of the
luminal glucose and the reabsorbate. However, lack of energy expenditure during
glucose absorption in the latter study was not unequivocally demonstrated and the
preponderance of mitochondria in the absorptive cells (Fig. 13) implicates energy
expenditure. Further, the surface of lateral membranes is greatly amplified by the
cytoplasmic processes and the intercellular clefts are enlarged, a strong pointer
towards facilitated diffusion of water into the intercellular clefts. The contribution of
paracellular fluid absorption to the swelling of the intercellular clefts, however, can-
not be ruled out since passage of materials has been shown to occur through the cell
tight junctions [11, 40, 47].

Results in this and other studies [21, 29, 30] show that the microvilli in the fruit
bat intestine are long with subsequent large microvillous surface areas. An expansive
microvillous surface area promotes intestinal activity in three ways: 1.) increases sur-
face through which nutrients can be absorbed, 2.) avails more membrane borne
digestive enzymes and 3.) provides a greater surface for digestive activity to take
place. It has been shown that the brush border itself is an important site of digestive
activity [32]. This is because the brush border contains some of the important diges-
tive enzymes either in the plasma membrane or adsorbed to the latter [8] and also
contains carrier proteins believed to be involved in absorption of nutrients [35].

This study has attempted to unravel some of the intricacies involved in the func-
tional design of the fruit bat small intestine. Our results here reinforce some previous
observations that the evolution of gut morphology in the bat has been aimed at reduc-
ing bulk [57] and perhaps also decreasing gut transit times and having an extremely
high digestive and absorptive capacities. Concise interpretation of the functional
morphology of the fruit bat small intestine, however, remains complex unless phys-
iological and other studies are conducted to understand the sequence of events dur-
ing absorption. This is further complicated by the fact that mechanisms involved in
fluid transport by epithelia remain poorly understood [47]. The fruit bat intestine
would probably form an interesting model for such studies since there are fewer gob-
let cells and thus the epithelium looks less heterogeneous (see for example, [47]).
Stereological estimates of cell sizes [17], numbers and also studies on enteric
enzymes and glucose transporters may further elucidate the remarkable functional
capacity of the chiropteran intestine.
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