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Ruiz, Gerard L. Apodaca, John Riordan, and Mark L. Zeidel.
Selective permeability barrier to urea in shark rectal gland. Am J
Physiol Renal Physiol 289: F83–F89, 2005. First published February
22, 2005; doi:10.1152/ajprenal.00456.2004.—Elasmobranchs such as
the dogfish shark Squalus acanthius achieve osmotic homeostasis by
maintaining urea concentrations in the 300- to 400-mM range, thus
offsetting to some degree ambient marine osmolalities of 900–1,000
mosmol/kgH2O. These creatures also maintain salt balance without
losing urea by secreting a NaCl-rich (500 mM) and urea-poor (18
mM) fluid from the rectal gland that is isotonic with the plasma. The
composition of the rectal gland fluid suggests that its epithelial cells
are permeable to water and not to urea. Because previous work
showed that lipid bilayers that permit water flux do not block flux of
urea, we reasoned that the plasma membranes of rectal gland epithe-
lial cells must either have aquaporin water channels or must have
some selective barrier to urea flux. We therefore isolated apical and
basolateral membranes from shark rectal glands and determined their
permeabilities to water and urea. Apical membrane fractions were
markedly enriched for Na-K-2Cl cotransporter, whereas basolateral
membrane fractions were enriched for Na-K-ATPase. Basolateral
membrane osmotic water permeability (Pf) averaged 4.3 � 1.3 �
10�3 cm/s, whereas urea permeability averaged 4.2 � 0.8 � 10�7

cm/s. The activation energy for water flow averaged 16.4 kcal/mol.
Apical membrane Pf averaged 7.5 � 1.6 � 10�4 cm/s, and urea
permeability averaged 2.2 � 0.4 � 10�7 cm/s, with an average
activation energy for water flow of 18.6 kcal/mol. The relatively low
water permeabilities and high activation energies argue strongly
against water flux via aquaporins. Comparison of membrane water
and urea permeabilities with those of artificial liposomes and other
isolated biological membranes indicates that the basolateral mem-
brane urea permeability is fivefold lower than would be anticipated for
its water permeability. These results indicate that the rectal gland
maintains a selective barrier to urea in its basolateral membranes.

elasmobranchs; apical and basal membrane permeability; membrane
vesicles

ELASMOBRANCHS AND TELEOSTS maintain plasma and tissue elec-
trolyte compositions and osmolalities distinct from those of the
surrounding ocean, which has an osmolality of 1,000 mosmol/
kgH2O (1, 8, 10). Marine teleosts maintain a serum osmolality
of 330 mosmol/kgH2O by drinking and absorbing the NaCl and
free water in seawater and selectively excreting the NaCl
across the gills, thereby retaining the water (14). By contrast,
elasmobranchs, such as Squalus acanthius (dogfish), maintain

a serum osmolality at or just above that of seawater by keeping
plasma and tissue urea concentrations at 300 mM (1, 8, 10, 14).

Elasmobranchs achieve volume homeostasis, in part, by
excreting excess salt and water through the rectal gland (4).
Because this tissue provides an excellent model of chloride-
secreting epithelia, it has been extensively studied. Depending
on the volume status of the animal, a 1-kg dogfish excretes
0.5–2.2 ml/h of rectal gland fluid. The elaborated fluid is
isotonic with the plasma but has a higher NaCl concentration
(500 mM in the rectal gland fluid compared with 340–350 mM
in plasma) and a strikingly low urea concentration (18 mM in
the rectal gland fluid compared with 330 mM in plasma) (2, 3).

In prior studies examining water and urea permeabilities of
liposomes of varying lipid composition, we reported that water
and urea permeabilities vary linearly among liposomes of
different composition so that if a given lipid exhibited a low
water permeability, it would also exhibit a low urea perme-
ability (10, 18). Because the rectal gland secretes a fluid
isotonic with its plasma, one would anticipate that water
permeability of the rectal gland epithelium should be high.
However, as the gland maintains a striking gradient for urea,
the urea permeability should be low. Considering the data from
liposomes, rapid water permeation and a permeability barrier
to urea could be achieved by the presence of aquaporin water
channels or by a selective permeability barrier to urea in the
apical or basolateral membranes of rectal gland epithelial cells.
To determine whether the rectal gland has functioning aqua-
porins or a selective barrier to urea, we prepared vesicles
highly purified for apical or basolateral plasma membranes and
determined the permeabilities of these fractions to water and
urea. The results provide strong evidence for a selective barrier
to urea flux in the apical and basolateral membranes of the
rectal gland epithelium.

MATERIALS AND METHODS

Preparation of apical and basolateral membranes from shark
rectal gland. Dogfish were obtained by local fisherman from French-
man’s Bay (Mount Desert Island, ME) and environs. Fifteen to
seventeen dogfish were killed by pithing, and their rectal glands were
rapidly removed and placed on ice. The preparative protocol of
Dubinsky and Monti (6) was followed with minor modifications.
Briefly, freshly obtained glands were minced into fragments of �1
mm3 on an ice-cooled glass surface using dual scalpels and homog-
enized in �5 vol of 25 mM HEPES, pH 7.6, containing 1 mM EDTA,
50 mM mannitol, and 10 mM 5,6 carboxyfluorescein (CF). Subse-
quent steps used buffer containing no CF. Following successive
centrifugations at 3,000 and 13,000 g for 15 min each, microsomal
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membranes were pelleted from the second supernatant at 33,000 g for
90 min. An aliquot of these membranes was set aside for purity
determinations. The pellet was resuspended in 5 mM HEPES, pH 7.6,
and 100 mM mannitol and layered on a linear 5–25% sucrose gradient
formed in 20 mM HEPES, pH 7.6, and 1 M KBr. Gradients were
centrifuged at 137,000 g in a swinging bucket rotor for 2 h with slow
acceleration and without brake. The upper apical and lower basolat-
eral bands in the positions noted by Dubinski and Monti (6) were
removed by needle aspiration, resuspended, and diluted in the same
solution in which the sample had been applied to the gradient,
pelleted, and finally resuspended in 10 mM HEPES, pH 7.6, 250 mM
sucrose (R buffer). The resulting fractions were collected and washed
two to three times with R buffer to remove extravesicular fluorescein
[28,000 rpm (141,000 g) in SW 28 rotor for 30 min]. The final pellets
were resuspended in small volumes of buffer for measurement of
markers of purity and permeability measurements. SDS-PAGE in 6%
acrylamide gels was performed as we described elsewhere (17) and
Western blots were probed with mouse monoclonal antibody 60.1
raised against the COOH-terminal 20 amino acids of shark cystic
fibrosis transmembrane regulator (CFTR) and with a commercially
available antibody against Na-K-ATPase.

Permeability measurements. Permeabilities to water and urea were
measured at 15°C or below (unless otherwise stated) by stopped-flow
fluorometry as previously described in detail (5, 16, 18). This lower
temperature was used because we observed that vesicle preparations
from teleosts and elasmobranchs taken from Maine waters become
unstable at temperatures higher than 20°C (10). Briefly, permeabilities
were determined using a stopped-flow fluorometer (SX.17 MV, Ap-
plied Photophysics, Leatherhead, UK) with a measurement dead-time
of �1 ms. To determine osmotic water permeability (Pf), vesicles
containing 10 mM CF were rapidly mixed with an equal volume of R
buffer (apical membranes) or sucrose buffer (basolateral membranes)
that had three times the osmolality due to sucrose addition. Buffer
osmolalities were determined using a Wescor vapor pressure osmom-
eter. The rate of water efflux from vesicles was measured as a function
of vesicle shrinkage and CF self-quenching. Typically, 8–10 quench
curves were averaged and fit with a single exponential curve. Dura-
tions of measurements were adjusted to ensure that the entire time
course of vesicle shrinkage was examined. To ensure that the only
signal recorded was from intravesicular fluorescence, quenching
anti-CF antibody (Molecular Probes) was added before the experi-
ment. From parameters that included the initial rate of fluorescence
change, vesicle diameter, and applied osmotic gradient, Pf was cal-
culated using MathCad software (MathSoft, Cambridge, MA) as
described earlier (10, 11, 16, 18). Urea permeabilities were assayed by
incubating membrane vesicles in R buffer containing 1 M urea for 30
min on ice. Rapid mixing of urea-loaded vesicles 1:1 with R buffer
containing 0.82 M sucrose (isoosmotic with respect to urea-containing
buffer) permitted measurement of urea permeability rates. Urea efflux
in response to the chemical gradient is followed by water efflux with
subsequent vesicle shrinkage. Flux curves are representative of similar
results on three to four membrane preparations. Urea permeability
coefficients were determined as described (9, 16, 18) and data are
reported as means � SE. Measurements of water flux were performed
on three separate preparations at varying temperatures to obtain
activation energies; three measurements were performed for water
permeability at 8.8°C. As it happened, the only temperature that was
exactly the same for all three water flux measurements was 8.8°C. For
urea permeability, measurements were made for all three preparations
at 15.0°C. We chose this temperature because it was well below the
level where the preparations began to deteriorate and at the higher end
of our range of study to permit optimal loading of urea into the
vesicles before the efflux measurements.

Activation energy coefficient calculation. Water permeabilities
were measured at five different temperatures between 4 and 18°C.
Activation energy (Ea) was calculated from the slope of the natural log
of the rate plotted against 1/T, multiplied by the gas constant, R.

Determination of vesicle size. Vesicle size distribution was deter-
mined by quasi-elastic light scattering using a DynaPro LSR particle
sizer (Charlottesville, VA) and DYNAMICS data collection and
analysis software. Representative size distribution tracings for apical
and basolateral membrane vesicles are shown in Fig. 1. Apical
membrane vesicles averaged 126 nm in radius, whereas basolateral
membrane vesicles averaged 188 nm.

Determination of rectal gland apical and basolateral membrane
surface areas. The rectal gland consists of thousands of individual
secretory tubules. To our knowledge, there have been no published
measurements of the surface areas of apical and basolateral mem-
branes of these tubules. This information is required if we are to
compare our measured permeability values to the known rates of
water and urea excretion by the rectal glands in sharks. To determine
these surface areas, rectal glands were sectioned in coronal and
transverse planes and standard stereological analysis was performed.
Briefly, shark rectal glands were perfusion fixed using 4% (wt/vol)
paraformaldehye and 0.1% (vol/vol) glutaraldehyde in shark rectal
gland buffer (300 mM HEPES, 3% sucrose) and then placed overnight
in 60% (wt/vol) sucrose in water. Each gland was rinsed with
phosphate-buffered saline and then cut perpendicular to the long axis
of the gland into serial 5-mm tissue blocks. The first cut was uniform
random in the first 5-mm interval. The tissue blocks were transferred
to 30% (wt/vol) sucrose dissolved in phosphate-buffered saline. The
blocks were then randomly rotated and then placed in flat molds with
the cut surface facing upwards. The orientation of the tissue block was
noted, and then the blocks were frozen in Optimal Tissue Cutting
(OCT; Sakura Finetech USA, Torrance, CA) reagent by placing the
molds on dry ice blocks. Each tissue block was sectioned in a Leica
CM 1900 Cryotome (4-�m thickness) and vertical tissue sections that
included the whole block face were adhered to Superfrost slides
(Fisher Scientific, Pittsburgh, PA), stained with toluidine blue, and

Fig. 1. Size distribution of apical and basolateral vesicles. Vesicle size was
measured by laser light scatter (see MATERIALS AND METHODS). Apical (A) and
basolateral membrane vesicles (B) showed a single population of vesicles with
an average radius of 126 and 188 nm, respectively.
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then mounted under a coverslip using Aqua Polymount mounting
medium (Polysciences, Warrington, PA).

Estimation of gland volume using the Cavalieri method. Images
were obtained by scanning the individual sections of each tissue block
using a Nikon Coolscan III slide scanner. The images were printed at
2� magnification, a randomly translated point grid was placed on the
image, and the number of points (Pi) falling on glandular tissue was
quantified. The volume of each gland was estimated using the fol-
lowing formula (13):

Vgland � T �
a

p
� �

i�1

n

Pi

In our analysis, the section thickness (T) was 0.5 mm, the area per
point (a/p) was determined to be 1.96 mm2, and the number of
sections measured (n) varied from 7 to 9 depending on the length of
the gland. The volume estimates obtained using this method were in
good agreement with volumes obtained by measuring fluid displace-
ment.

Estimation of tubule volume in rectal gland. The average volume
fraction for epithelial tubules (Vv tubule) was determined by placing a
randomly translated point grid on scanned images (magnified �25)
and then determining the ratio of points falling on epithelial tubules
[P(tubule)] relative to points falling anywhere on glandular tissue
[P(gland)] as described by the following formula (13):

Vv tubule �

�
i�1

n

p
	tubule


�
i�1

n

p	gland


The mean tubular volume (Vtubule) was calculated by multiplying the
volume fraction of the tubules by the volume of the gland.

Estimation of apical surface area of epithelial cells lining the
tubules. The surface density of membrane lining the epithelial tubules
(Sv apical surface) was determined by overlaying a cycloid lattice grid on
randomly acquired images (obtained using a digital camera) printed at
a final magnification of �550. Intersections of the cycloids with the
apical surface domains lining the lumen of the tubules (I) along with
the number of points falling on tubules (P) were counted. The surface
density (Sv apical surface) was calculated using the following formula
(13):

Sv apical surface � 2	p/l


�
i�1

n

Ii

�
i�1

n

Pi

Where (p/l) is the ratio of test points to test curve length and is a
function of the cycloid grid, which in this case was 1/0.031 mm. The
estimated surface area of luminal membrane (Sapical surface) was
determined by multiplying the Sv apical surface by the volume of the cell.

RESULTS

Purity of vesicle preparations. To ensure that the vesicles
represented apical and basolateral membranes, respectively,
immunoblots were performed to determine whether the S.
acanthius CFTR was expressed in the apical fraction and
whether Na-K-ATPase �-subunit was expressed in the baso-
lateral fraction. Figure 2 shows a representative set of blots.
Figure 2, left, shows labeling for Na-K-ATPase was found only

in the microsomal fraction and the basolateral preparation. In
Fig. 2, right, labeling for CFTR was found only in the micro-
somal fraction and the apical preparation. Note that the final
preparations are being compared with the microsomal fraction,
rather than the whole homogenate. There is modest purification
of the Na-K-ATPase �-subunit in the purified basolateral
fraction. This is likely to be the case because the markedly
ramified basolateral membrane of the rectal gland epithelial
cell represents a large proportion of the microsomal mem-
branes (2, 3, 6). By contrast, the apical membrane fraction
exhibits marked purification of CFTR, indicating that the
sucrose gradient procedure highly purifies this membrane.

Permeabilities of basolateral membrane vesicles. Figures 3
and 4 show representative water and urea fluxes, as well as
activation energies for water flux for basolateral (Fig. 3) and
apical (Fig. 4) membrane fractions. For both water and urea
fluxes, the curves reveal single populations of vesicles, and the
data are well fit by single exponential functions, permitting
calculation of permeability values. It is important to note here
that the vesicles behaved as a single population in both the
sizing studies and the permeability measurements. On this
basis, even if there are impurities in the preparations, it is
highly likely that the permeability values obtained reflect the
properties of the apical and basolateral membranes of the
epithelium, respectively.

At 8.8°C, water permeability across basolateral membrane
vesicles averaged 4.3 � 1.3 � 10�3 cm/s, while at 15°C urea
permeability in the same vesicles averaged 4.2 � 0.8 � 10�7

cm/s (Fig. 3). To determine whether water permeation might
occur via aquaporin water channels, water flux was measured
at different temperatures and the Ea for water transport was
calculated; the values are plotted in Fig. 3C. Ea averaged 16.4
kcal/mol in two separate preparations, a value far above the
4–5 kcal/mol that is characteristic of flux through water chan-
nels (25).

Permeabilities of apical membrane vesicles. Figure 4 shows
water and urea fluxes across apical membrane preparations. At
8.8°C, apical membrane vesicle water permeability averaged
7.5 � 1.6 � 10�4 cm/s, while at 15°C urea permeability in
these preparations averaged 2.2 � 0.4 � 10�7 cm/s. Using a

Fig. 2. Membrane vesicle enrichment and purity. Enrichment of Na�-K�-
ATPase �-subunit in basolateral (B) membranes and cystic fibrosis transmem-
brane regulator (CFTR) in apical (A) membranes resolved by sucrose gradient
centrifugation of shark rectal gland microsomes (M). Left: 3 lanes show the
very abundant Na�-K�-ATPase �-subunit is detected by staining with Coo-
massie brilliant blue (band position indicated by arrow). Right: corresponding
immunoblots in 3 lanes were probed with an antibody to shark CFTR, 60.1
(bands indicated by arrowhead).
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standard t-test, the water permeability values were not statis-
tically different between the apical and basolateral membrane
preparations (0.05 � P � 0.1), whereas the urea permeabilities
did reach statistical significance (P � 0.05). The Ea for water
flux averaged 18.6 kcal/mol in two preparations, again indicat-
ing that water flux is not occurring via aquaporins (25).

Relationship between water and urea permeabilities. In
prior studies using artificial liposomes, we found that water and
urea permeabilities varied linearly with each other, so that
artificial membranes that exhibited low water permeabilities
also restricted urea flux, whereas membranes that permitted
high water flux also exhibited high urea permeabilities. To
determine whether this relationship holds true over a wide
array of liposomes, as well as biological membranes, we

plotted in Fig. 5 water and urea permeabilities of all liposome
and isolated membrane vesicle preparations that we previously
published. Figure 5A shows measurements performed in lipo-
somes, including lipids derived from archaebacteria, eubacte-
ria, and mammals. It is apparent that, for lipid bilayers, urea
permeability is linearly related to water permeability, with an r
value of 0.94.

To determine whether this property holds for freshly isolated
membrane vesicles, we graphed all of our prior results, includ-
ing apical and basolateral membranes from a wide variety of
tissues, as well as permeabilities measured in Ussing chambers
in intact mammalian bladders (with appropriate subtraction of
unstirred layer effects). We omitted membranes that are known
to contain aquaporin water channels. Because our research
effort focused on membranes that act as barriers to water flow,
most of the values in Fig. 5B are clustered in the lower range
of water permeabilities. With these caveats, these results are

Fig. 4. Permeability of apical membrane vesicles. Tracings of relative volume
changes due to water (A) and urea (B) efflux as a function of time. Permeability
values were calculated as in Fig. 3. Activation energy value (C) calculated
from temperature dependence of water permeability is 18.6 kcal/mol.

Fig. 3. Permeability of basolateral membrane vesicles. Time course of relative
volume changes of water (A) and urea (B) efflux. Permeability values were
computed from the single exponential fits as described in MATERIALS AND

METHODS. C: temperature dependence of water permeability. The calculated
value of activation energy (see MATERIALS AND METHODS) for water permeabil-
ity is 16.4 kcal/mol.
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linear as well as indicating that for most biological mem-
branes, urea permeability is directly proportional to water
permeability.

On both graphs, we placed the values obtained in the current
study. It is apparent that the apical membrane urea and water
permeabilities fit well with the liposomal or the membrane
vesicle data. By contrast, the basolateral membrane urea per-

meability is nearly 10-fold lower than expected, given the
relatively high water permeability of the basolateral mem-
brane.

Surface areas of apical and basolateral membranes. We
measured the total surface areas for five rectal glands, with
values ranging from 19,000 to 50,000 mm2. For three of the
samples, the weights of the sharks were recorded and the
measurements for these three samples are shown in Table 1.
From these three glands, apical membrane surface area aver-
aged 30,000 mm2/kg shark weight.

DISCUSSION

The rectal gland of the dogfish elaborates a fluid that is
isotonic with plasma but which is relatively enriched in NaCl
and has a very low concentration of urea when compared with
plasma values (2, 3). Because elasmobranchs must maintain
high tissue and plasma urea concentrations to prevent the loss
of body water to the ocean, it is important that the rectal gland
secretes a fluid that is low in urea.

The rectal gland is known to secrete sodium chloride, with
water following the ion fluxes passively. Because the osmola-
lity of the elaborated rectal gland fluid equals that of the
plasma, it appears likely that any osmotic gradients that drive
water flux must be small and transient and are likely confined
to regions close to the surface of secretory cells. On this basis,
we anticipated that the water permeability of rectal gland
membranes would be high, whereas urea permeability re-
mained low. Since our prior studies (now summarized in Fig.
5) showed that high water permeabilities are accompanied in
artificial liposomes and membrane vesicles by high urea per-
meabilities, we hypothesized that the rectal gland would have
aquaporin water channels.

To test this hypothesis, we first needed to isolate both apical
and basolateral membranes from rectal gland epithelia. Exam-
ination of the structure of the rectal gland reveals that basolat-
eral membrane surface area is many fold larger than apical
membrane surface area (2, 6). On this basis, the initial micro-
somal membrane fraction would be expected to contain a great
deal of basolateral membrane and a small amount of apical
membrane. Therefore, the modest purification of Na-K-ATPase
�-subunit observed in the basolateral fraction can be explained
by relatively high levels in the fraction with which it is being
compared, the microsomal fraction. In other words, the baso-
lateral membrane is already purified to a great degree in the
microsomal fraction. The fact that the ATPase is markedly
depurified in the apical fraction and that CFTR is markedly
purified in this fraction provides strong evidence that that this
fraction represents highly purified apical membranes. The
differing sizes and permeability properties of the preparations
indicate that they are distinct vesicle populations. In addition,
the fact that each fraction behaves as a single population on

Fig. 5. Comparison of water and urea permeability. A plot of water and urea
permeability in artificial (A) and native (B) membrane vesicles shows a good
correlation of urea permeability with water permeability. F Represent values
from prior studies. Unfilled circles represent values from the current study. A
and B: values from basolateral membrane vesicles (basolateral RG) and from
apical vesicles (apical RG) are identified and labeled as well. Values from prior
studies were obtained from Refs. 5, 9, 10–12, 15, 16, 18, and 20–22.

Table 1. Summary of data for rectal glands

Gland and Shark Weight Volume of Gland, mm3 Vv tubule Vtubule, mm3 Sv apical surface, mm�1 Sapical surface, mm2 Sapical surface/kg body wt, mm2

1.5 kg 1,509.2 0.378 584.1 57.26 33,554.6 22,297.0
0.5 kg 980 0.279 273.4 75.00 20,506.5 41,013.0
0.75 kg 1,234.0 0.296 365.3 72.18 26,367.4 35,156.5

Vv tubule, fraction of total volume that is tubules; Vtubule, total volume of tubules in gland; Sv apical surface, amount of apical membrane surface area per unit
volume of tubule; Sapical surface, total surface area of apical membrane in gland.
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permeability and sizing studies indicates that the permeabilities
measured reflect those of the membrane in question, even if the
fractions have some impurities in them. In prior studies we
noted that vesicle preparations containing more than one type
of vesicle exhibit bimodal size distributions and exhibit com-
plex exponential (i.e., not single exponential) flux curves (10).
Indeed, we have been able to detect different permeabilities in
fractions as small as 10% of the whole fraction of vesicles
(Mathai JC, Hill W, and Zeidel ML, unpublished observa-
tions).

Because the basolateral membrane exhibits higher perme-
abilities to water and urea than the apical membrane, and
because the basolateral membrane has a vastly greater surface
area than the apical membrane, it is clear that the apical
membrane represents the rate-limiting membrane for both
water and urea flux across the rectal gland epithelium.

The measured apical membrane water permeability is rela-
tively low for a membrane that may contain a water channel.
Generally, water channel-containing membranes exhibit water
permeabilities in the range of 10�2 cm/s. In addition, the high
Ea for water flow indicates that water is crossing through the
lipid portion of the membrane, rather than via a protein chan-
nel. Although the water permeability of the basolateral mem-
brane is higher than that of the apical membrane, the high Ea
again makes it unlikely that an aquaporin mediates the water
flow across this membrane. Because the rectal glands used to
prepare the membranes were not stimulated with exogenous
agents to secrete salt before death, it is still possible that under
hormonal stimulation a water channel might be inserted into
the apical or basolateral membranes. It is likely, however, that
several of the sharks were actively excreting salt when they
were killed for these preparations. Moreover, the presence of
dogfish CFTR in the apical membrane fractions (see Fig. 2)
suggests that much of the membrane was taken from glands
that were capable of actively secreting chloride just before
death.

To determine whether the permeabilities measured in these
preparations can account for the behavior of the rectal gland in
vivo, we estimated the amount of urea loss expected to occur
in a day across the rectal gland. Because the apical membrane
has a smaller surface area and lower urea permeability than the
basolateral membrane, we considered the apical membrane to
be the rate-limiting barrier to urea loss.

To determine the expected urea permeation across the rectal
gland, we used the standard permeability equation:

Fluxurea � 	Purea
 � 	SA
 � 	
Urea


Where 
Urea is the urea concentration gradient (330–18
mM), and surface area is 30,000 mm2. We are assuming in this
calculation that the concentration of urea within the rectal
gland epithelial cell is the same as that of the plasma. Using
these values, we anticipate that the shark will lose 1.8 mmol of
urea per day. Because the plasma concentration is 330 mmol/l,
and water constitutes 70% of the shark’s weight, the total urea
content of a 1-kg shark is 231 mmol (1–3, 8). On this basis, the
shark would be expected to lose only 0.8% of its urea content
in a day. Of course, the animal actually loses 0.22 mmol of
urea/day (18 mmol/l of rectal gland fluid � 0.5 cm3/h of
secretion) (1–3, 8).

Alternatively, there may be additional barriers to urea flux in
the rectal gland. For example, it is possible that the concen-
tration of urea within the cell is lower than that in the plasma.
The basolateral membrane exhibits a strikingly low urea per-
meability (especially in view of its water permeability), al-
though its relatively large surface area may permit relatively
rapid movement of urea into the cell. A urea gradient between
the plasma and the interior of the cell could persist across this
membrane only if there is some sort of urea transport activity,
which transports urea back out to the basolateral side. Indeed,
Northern blot analysis of dogfish shark rectal gland showed the
presence of urea transporter, ShUT; however, its protein local-
ization and its actual function in the tissue are not clear (24).
Although there is no evidence that shUT can transport urea
“uphill” against a concentration gradient, it is possible that an
active transporter pumps urea up its chemical gradient from
inside the epithelial cell across the basolateral membrane back
into the blood. Such active transport of urea could be effected
by a carrier-mediated mechanism, with urea coupled to the
transport of another substance down its electrochemical gradi-
ent. Saturable carrier-mediated transport of urea has been
demonstrated in the gill of the trout (19). In addition, a gill
elasmobranch transporter that couples urea transport to that of
sodium has recently been identified (7). This latter mechanism
would reduce the concentration of urea within the cell and lead
to lower flux of urea into the rectal gland fluid than would be
predicted by our permeability measurements.

Fines et al. (7) found that gill membrane vesicles contained
extremely high ratios of cholesterol to phospholipids and
suggested that this membrane composition could form a barrier
to urea. A similar lipid composition in the rectal gland mem-
branes might reduce urea permeation. However, as shown in
Fig. 5, the basolateral urea permeability is much lower than
would be expected, considering its water permeability. In other
words, a lipid composition capable of severely limiting urea
flux should also severely limit water flux. In the absence of an
aquaporin, how is this low urea permeability achieved in the
face of a relatively high water permeability? As prior studies in
liposomes of widely varying lipid structure (Fig. 5) have never
identified a selectivity barrier for urea, as opposed to water, it
appears likely that the selectivity barrier in the basolateral
membrane is not due to unique lipid structure. Alternatively, it
is possible that a protein component of this membrane renders
it selectively impermeable to urea, in much the same way that
certain claudins prevent water from crossing the tight junctions
of medullary thick ascending limbs while allowing cations to
pass (23).
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