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ABSTRACT

Rapid absorption and elimination of dietary water should be
particularly important to flying species and were predicted to
vary with the water content of the natural diet. Additionally,
high water absorption capacity was predicted to be associated
with high paracellular nutrient absorption due to solvent drag.
We compared the water absorption rates of sanguivorous, nec-
tarivorous, frugivorous, and insectivorous bats in intestinal lu-
minal perfusions. High water absorption rates were associated
with high expected dietary water load but were not highly cor-
related with previously measured rates of (paracellular) arabi-
nose clearance. In conjunction with these tests, we measured
water absorption and the paracellular absorption of nutrients in
the intestine and stomach of vampire bats using luminal perfu-
sions to test the hypothesis that the unique elongated vampire
stomach is a critical site of water absorption. Vampire bats’ gas-
tric water absorption was high compared to mice but not com-
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pared to their intestines. We therefore conclude that (1) dietary
water content has influenced the evolution of intestinal water
absorption capacity in bats, (2) solvent drag is not the only driver
of paracellular nutrient absorption, and (3) the vampire stomach
is a capable but not critical location for water absorption.

Keywords: water absorption, flight, solvent drag, vampire,
Desmodus rotundus, stomach.

Introduction

Water-soluble macronutrients such as glucose and amino acids
can be absorbed in the intestine by two routes. The transcel-
lular pathway involves membrane-bound carriers that trans-
port nutrients into enterocytes. The paracellular pathway is
not carrier mediated and involves the passive movement of nu-
trients through the tight junctions that bind adjacent entero-
cytes. Paracellular solute movements may result from solvent
drag as water moves across the tight junctions or may occur by
simple diffusion of the solutes (Pappenheimer and Reiss 1987).
While the transcellular route represents the major pathway for
nutrient absorption in most mammals, the paracellular route is
particularly important to small flying birds and bats (Caviedes-
Vidal et al. 2007; Lavin and Karasov 2008; Price et al. 2015). This
has been hypothesized to be an adaptation that compensates
for having smaller intestines, itself an adaptation to reduce the
mass of the digesta carried by flying animals (Caviedes-Vidal
et al. 2007; Price et al. 2015). Flying animals that consume wa-
tery foodstuffs, however, also need to rapidly eliminate water.
Some nectarivorous birds, for example, may be able to avoid
absorbing water (McWhorter et al. 2003; Purchase et al. 2013),
while others, such as hummingbirds, absorb several times their
body mass in water per day, which is then processed and elim-
inated by the kidney (McWhorter and Martinez del Rio 1999).
In the intestine, water may be absorbed paracellularly via tight
junctions or via transcellular routes such as aquaporins.

We have previously used an intestinal luminal perfusion tech-
nique in anesthetized animals to demonstrate differences in pa-
racellular nutrient absorption between bats and nonflying mam-
mals (Price et al. 2013, 2014; Brun et al. 2014). However, we have
not previously compared intestinal water absorption among spe-
cies in those experiments. Our first aim in this study was there-
fore to specifically examine intestinal water absorption to test
evolutionary and physiological hypotheses. Based on the hypoth-
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esis that the water absorption capacity of the intestine has evolved
in response to the expected dietary preformed water load, we
predicted that water absorption would be high in the intestines
of sanguivorous, nectarivorous, and frugivorous bats. As food
items, insects have lower water content (per dry mass or en-
ergy) than fruit, blood, and nectar (Morton 1973; Breidenstein
1982; Studier and Sevick 1992; National Research Council 2003;
Rodriguez-Pena et al. 2007). Furthermore, we predicted that
water absorption would be highly correlated with arabinose
clearance across species (arabinose is a paracellularly absorbed
carbohydrate), based on the hypothesis that paracellular absorp-
tion is driven primarily by solvent drag (Pappenheimer and
Reiss 1987).

In conjunction with this analysis, we conducted a focused
study on an extreme example of a vertebrate that consumes a
watery diet, the vampire bat (Desmodus rotundus). Vampire bats
take large, nutritionally dilute blood meals and begin urinating
soon after commencing feeding in order to reduce enough mass
to fly (Morton and Richards 1981). This requires rapid absorp-
tion of water, although the site(s) of water absorption is not
certain. Vampire bats have a unique elongated, blind-ended
stomach (Huxley 1865), which has been hypothesized to be
the critical and primary site of water absorption (Wimsatt and
Guerriere 1962). This hypothesis is based on the rapidity of uri-
nary excretion following feeding, the concentration of ingested
blood in the stomach in the hours following feeding, the high
vascularity of the stomach, and high gastric Na"K* ATPase ac-
tivity (Wimsatt and Guerriere 1962; Mitchell and Tigner 1970;
Morton and Richards 1981; Harlow and Braun 1997). However,
many vertebrates are known to retain ingesta in the stomach
while fluid passes to the intestine (Karasov and Hume 1997),
and water absorption has never been measured directly in either
the vampire stomach or the vampire intestine. Furthermore, if
the stomach absorbs substantial water, it might be critical to
this process, or, alternatively, water might be only opportunis-
tically absorbed there, with greater water absorption occurring in
the intestine. A second aim of this study was therefore to assess
the water absorption capacity of the vampire stomach as well as
its intestine using luminal perfusions.

Methods

Measurements of the absorption of arabinose during recircu-
lating intestinal luminal perfusions (described more below)
were previously reported for several species of bats and rodents
(Price et al. 2013, 2014; Brun et al. 2014). These data were
computed from two components: the change in buffer volume
(water absorption) and changes in the concentration of arabi-
nose in the buffer. Here, we analyze these components and also
provide the previously reported arabinose clearance values for
reference (fig. 1).

Vampire bats were captured by mist net and maintained in
an aviary on the campus of Universidade Estadual Paulista in
Rio Claro. Bats were provided bovine blood daily until experi-
ments commenced. Procedures adhered to institutional animal

use regulations and approved protocols (Universidade Estadual
Paulista: A1-2013; University of Wisconsin: A01441).

Intestinal perfusions were conducted as in Brun et al. (2014).
Briefly, seven vampire bats were anesthetized with isoflurane
throughout the experiment while taped to a heating pad that
maintained 37°C. The small intestine was cannulated ~1 cm from
the stomach, while an exit cannula was placed 8.3 = 0.83 cm
distally. Prewarmed saline flushed the cannulated segment, and
then a prewarmed buffer (10 mM D-glucose, 10 mM L-arabinose,
10 mM L-proline, 10 mM lactulose, 100 mM NaCl, 1.2 mM
NaHPO,, 20 mM NaHCO;, 5 mM KCl, 1 mM MgSO,, and 2 mM
CaCl,, pH 7.4; isosmotic based on composition) containing ra-
diolabeled probes (['*C]-L-arabinose and [*H]-L-proline) was
passed through the intestinal segment using a peristaltic pump
(1 mL min™") and was recirculated to a tightly sealed reservoir.
L-arabinose (M, 150) is a somewhat smaller carbohydrate than
glucose but has no affinity for intestinal transporters (Price et al.
2014) and thus allowed us to estimate the paracellular portion
of glucose absorption. After 115 * 6 min, the buffer was col-
lected, and the animal was euthanized. The buffer was weighed
before and after the experiment to determine net water loss or
gain, and this information combined with the concentration of
the probes—determined by scintillation counting of the buffer
before and after the experiment—was used to determine disap-
pearance (absorption) of the probes. D-glucose concentration
was also measured in the buffer before and after the experiment
using a commercial kit (Laborlab, Guarulhos Sao Paulo, Brazil),
and this information was used to calculate glucose disappear-
ance (absorption). The perfused section was cut longitudinally
and laid flat to measure the nominal surface area perfused.

Perfusions of the vampire bat’s tubular stomach followed
similar overall procedures. In five bats, we selected a cannula-
tion site distal in the stomach and cannulated an exit site (4.9 =+
1.7 cm) proximally. For comparison with the vampire bats, we
also perfused the stomachs of laboratory mice (Mus musculus,
strain ND4). Mice were obtained from a commercial vendor
and kept at the University of Wisconsin-Madison with stan-
dard chow and water provided ad lib. In five mice, we tied off the
esophagus with suture and then placed an entrance cannula in
the fundus, and the exit cannula was placed via the duodenum
while suturing the stomach around the cannula proximal to the
pylorus. We determined significant differences (P < 0.05) using
ANOVA with Tukey’s HSD tests and -tests.

Results and Discussion

Water absorption in the vampire intestine, normalized to the
surface area perfused, was 7.9 *= 0.77 uL min~' cm?, which
was higher than all other bats and rodents previously tested
(fig. 1). Among bats, the vampires and the nectarivore had the
highest water absorption, and insectivores had the lowest (see
fig. 1 for statistical results). This pattern aligns well with the
expected dietary preformed water load of these species. In our
analysis, we have not controlled for phylogenetic relation-
ships among species because the dietary groups largely separate
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along phylogenetic lines. Our data are nonetheless suggestive
that the water content of the natural diet of bats has been a
selective force on the permeability of the intestine to water. Ad-
ditionally, the fact that vampire bats consume large, infrequent
meals may place further pressure on their intestines to have a
high capacity for water absorption. The pattern of water absorp-
tion in our bats could also reflect the diet history of the ani-
mals because they were not raised on a common diet. For example,
water absorptive capacity can vary based on recent feeding (Fisher
and Gardner 1976). To our knowledge, the effect of long-term
acclimation to different diets on water absorptive capacity has not
been experimentally tested.

The pattern of water absorption capacity in rodents was less
clearly aligned with diet, although none of the rodents was ex-
pected to have a particularly high dietary water load and rapid
absorption and elimination of water is likely to be less impor-
tant to nonvolant mammals. Interestingly, the high capacity for
intestinal water absorption in vampire bats did not translate
into particularly high paracellular probe (L-arabinose) absorp-
tion, suggesting that much of the water absorption may occur
via aquaporins instead of tight junctions. Arabinose clearance
in vampire intestine (2.93 * 0.43 pL min~' cm™?) was typical
for bats relying on protein-rich diets (P > 0.77 vs. Tadarida bra-
siliensis and Myotis lucifugus), that is, higher than most ro-
dents but substantially lower than frugivorous bats (P < 0.001
for all comparisons with frugivorous bats; fig. 1). Absorption of
L-arabinose in vampire bats was 33.5 = 5.0 nmol min~' cm 2,
while D-glucose absorption was 59.7 *+ ! 2
and L-proline absorption was 78.2 = 11.5 nmol min~
Paracellular absorption was thus estimated to represent 55% of
total glucose absorption.

Paracellular nutrient flux can occur via diffusion or by sol-
vent drag as water moves through tight junctions, the latter
mechanism favored by Pappenheimer and colleagues (Pappen-
heimer and Reiss 1987). Several features of our data suggest that
solvent drag is not the only driver of arabinose absorption. In

cm
2

9.7 nmol min~

Yem™

these intestinal perfusion experiments, arabinose clearance is
determined from both the absorption of water and the change
in arabinose concentration in the buffer. One can see that wa-
ter flux varies substantially between some similar species, even
though arabinose clearance does not (fig. 1). For example, wa-
ter absorption was high in Mus musculus (P = 0.003 vs. Rattus
norvegicus), but this was offset by a rise in L-arabinose concen-
tration in the buffer, resulting in intestinal arabinose clearance
that was similar to R. norvegicus (P = 0.98). Likewise, the vam-
pire bat intestine had an arabinose clearance that was similar to
the insectivorous M. lucifugus despite several-fold higher water
absorption. Arabinose clearance and net water absorption were
not highly correlated when comparing all species (r> = 0.16)
or just bats (r> = 0.20). Most notably, the L-arabinose con-
centration in the buffer decreased in the frugivorous bats (sig-
nificantly different from 0; P < 0.0001 for all frugivorous bats),
implying that arabinose absorption was faster than water ab-
sorption (fig. 1). Diffusion must therefore play a role in para-
cellular nutrient absorption in these species, perhaps even a dom-
inant role, in comparison to solvent drag. This view is similar

to that of Wood and Grosell (2012), who found that killifish
intestinal paracellular solute flux was independent of water flux.
Similarly, Napier et al. (2008) found that paracellular absorp-
tion of glucose was actually lower with dilute nectar diets in in-
tact birds, although this was attributed primarily to changes in
transit time.

The high capacity for water absorption in the intestine of
the vampire bat does not rule out the stomach as an impor-
tant site. Gastric water absorption in the vampire bat was
4.6 = 0.95 uL min~' cm™, a rate several-fold higher than that
in the mouse (0.83 = 0.25 uL min™' cm % t; = 3.8, P = 0.012)
but well shy of the vampire’s intestinal water absorption rate
(fig. 2; t;, = 2.7, P = 0.027). A tighter epithelium in the stom-
ach than the intestine might be expected because the vampire
stomach likely produces HCI and pepsinogens based on the
presence of oxyntic and chief cells (Rouk and Glass 1970; Ka-
miya et al. 1979). Arabinose clearance was high in the vampire
stomach but also variable (23 + 9.8 uL min~' cm™?), whereas
gastric arabinose clearance in the mouse was similar to that in
its intestine. In the stomach, the change in arabinose concen-
tration was not significantly different from 0 for vampire bats
(t, = 1.65, P = 0.17) or mice (t, = 1.4, P = 0.23), suggesting
that arabinose clearance in the stomach may occur due to sol-
vent drag.

In summary, our data suggest that the water absorption ca-
pacity of the intestines of bats has evolved in response to their
natural dietary water load. Water absorption may have some
influence on paracellular glucose absorption via solvent drag,
but diffusion must also play a role. Additionally, vampires have
the highest capacity for water absorption we have measured in
mammalian intestine. Their capacity for gastric water absorp-
tion, while lower than that of the intestine, is still much higher
than that of the mouse stomach. We propose that the unique

40
O Arabinose Clearance
35 A
B Water Absorption
30 A
25 J M Alarabinose]
20 1
15 4
10 4
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0 T ——— )
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D. rotundus M. musculus

Figure 2. Water and paracellular probe absorption in the stomachs
of vampire bats and mice. L-arabinose clearance (L min ' cm?) was
determined from both the water absorption (uL min™' cm™?) during
the experiment and the change in concentration of L-arabinose in the
buffer ([% change in concentration]/5). An asterisk indicates that water
absorption (t; = 3.8, P = 0.012) but not other variables (P > 0.15) dif-
fered among species. Data are means *+ SE.
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