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Abstract. This review summarizes what is currently
known about urea transporters in fishes in the con-
text of their physiology and evolution within the
vertebrates. The existence of urea transporters has
been investigated in red blood cells and hepatocytes
of fish as well as in renal and branchial cells. Little is
known about urea transport in red blood cells and
hepatocytes, in fact, urea transporters are not
believed to be present in the erythrocytes of elasmo-
branchs nor in teleost fish. What little physiological
evidence there is for urea transport across fish
hepatocytes is not supported by molecular evidence
and could be explained by other transporters. In
contrast, early findings on elasmobranch renal urea
transporters were the impetus for research in other
organisms. Urea transport in both the elasmobranch
kidney and gill functions to retain urea within the
animal against a massive concentration gradient with
the environment. Information on branchial and renal
urea transporters in teleost fish is recent in compari-
son but in teleosts urea transporters appear to
function for excretion and not retention as in elas-
mobranchs. The presence of urea transporters in fish
that produce a copious amount of urea, such as
elasmobranchs and ureotelic teleosts, is reasonable.
However, the existence of urea transporters in am-
moniotelic fish is curious and could likely be due to
their ability to manufacture urea early in life as a
means to avoid ammonia toxicity. It is believed that
the facilitated diffusion urea transporter (UT) gene
family has undergone major evolutionary changes,
likely in association with the role of urea transport in
the evolution of terrestriality in the vertebrates.
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Introduction

Apart from mammals, fish are the most intensively
studied vertebrates with respect to urea transport
processes. No doubt this is at least in part due to
pioneering studies in the late 19" and early 20" cen-
turies documenting the exceptionally large gradients
for urea in cartilaginous fishes. More recently, this
interest has been further stimulated by observations of
significant urea production and excretion in at least
some species of bony fishes as well. This review de-
scribes an overview of what is currently known about
these transport processes in fishes in the context of
their current physiological processes, and it also takes
a retrospective look at how urea transport has evolved
within the vertebrates from a piscine perspective. We
build upon several past reviews and the reader is also
referred to these (Walsh, 1997; Walsh et al., 2001a;
Walsh & Smith, 2001; Wood et al., 2003).

Urea Transport in Red Blood Cells and Hepatocytes

A brief synopsis of urea transport in mammalian
hepatocytes and red blood cells is first presented to
provide a framework for discussion of mechanisms in
these tissues in fish. Since in mammals the liver is the
primary tissue of ureagenesis, there is a need for urea
export and urea can potentially move out of
hepatocytes down its concentration gradient via
either a broadly specific aquaporin (AQP-9) or UT-A
(Klein et al., 1999; Carby et al., 2003). However, since
arginase (the specific enzyme generating urea) is
cytoplasmic, there would not seem to be a need for
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specific mitochondrial urea transport in mammalian
hepatocytes. For mammalian red blood cells (RBCs),
a UT-B is present instead of a UT-A (see ‘Piscine
Perspectives’ below). It was initially suggested that
the physiological role of urea transporters in RBCs
was to prevent detrimental volume change as they
pass through the vasa recta and experience vast
changes in the concentrations of urea (Macey &
Yousef, 1988). In this regard, there is a human con-
dition where a UT-B gene mutation prevents UT-B
protein expression. People with this mutation (Jk, ;)
are devoid of UT-B protein. If UT-B was important
to maintain RBC integrity then one would expect
evidence of damaged RBCs and hemolysis, yet Jk, .
individuals are asymptomatic and only when chal-
lenged by thirsting do they show a mild reduction in
their ability to concentrate urine (Sands et al., 1992).
As Smith and Walsh (2001) point out, perhaps a
more likely function of UT-B is that its presence
prevents the rapid washout of the medullary urea
gradient by circulating RBCs. The fact that UT-B has
asymmetric transport properties, in that urea moves
out of RBCs (efflux) more effectively than it moves in
(influx) supports this hypothesis (Macey & Yousef,
1988). From this discussion it can be postulated that
animals such as fish lacking the ability to concentrate
their urine as greatly as mammals, and thus pre-
sumably with much lower standing concentrations of
renal urea, may have no requirement for “outwardly
directed” urea transporters in their RBCs. To date,
the admittedly limited literature appears to bear out
this lack of urea transporters in fish RBCs.

Fisu ReEp BLoop CELLS

Relatively speaking, considerably more work has
been carried out to address urea transport across
RBC membranes than for hepatocytes in fish. For
elasmobranchs, initial studies by Murdaugh, Robin
and Hearn (1964), measuring lysis times of Squalus
acanthius RBCs in several artificial solutions, sug-
gested the presence of urea transporters. However,
Rabinowitz and Gunther (1973) later rejected this
hypothesis using more stringent experimental tests on
Squalus suckleyi, including ["*C]-tracer methods.
Kaplan et al. (1974) similarly reported no evidence
for facilitated transport in erythrocytes from Squalus
acanthias and Raja erinecea. Walsh et al. (1994b)
extended this conclusion by showing no effect of
phloretin or acetamide on the influx of urea into
RBCs of the lesser spotted dogfish Scyliorhinus
canicula. In a study of skate erythrocytes, Carlson
and Goldstein (1997) seem to have established that
urea in fact permeates via the lipid phase of the
membrane. The evolutionary implications of the
apparent lack of specialized urea transport in elas-
mobranch RBCs are discussed further below (see
‘Piscine Perspectives’).
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In teleosts, studies of urea transport in RBCs are
also relatively limited. Kaplan et al. (1974) showed
the absence of facilitated transport of urea in ery-
throcytes of winter flounder (Pseudopleuronectes
americanus) and goosefish (Lophius piscatorius).
Walsh et al. (1994) discovered a small (25%) phlore-
tin-sensitive component of urea uptake by redfish
(Scianops ocellatus) RBCs but a lack of inhibition of
urea transport by phloretin and acetamide in RBCs
of the gulf toadfish (Opsanus beta). The latter finding
agrees with the lack of a detectable UT homologous
signal in O. beta RBC mRNA (Walsh et al., 2000).

Fisu HEPATOCYTES

Study of urea transport in elasmobranch hepatocytes
is limited to one work that supports a passive mode
of urea transport (Walsh et al., 1994b). Given this
observation and those on RBCs, however, it is
tempting to conclude that with the obvious exception
of possible gradients within specialized transport
tissues (gills and kidney) aimed at major transepi-
thelial movement, urea concentrations within the
elasmobranch body are largely uniform. Thus, ureca
movement responds slowly to the overall poise set by
synthesis and transport/leak at the animal-environ-
ment interface. Clearly, further molecular studies are
required to determine more precisely the presence/
absence of transporters in various tissues.

In teleosts, O. beta and O. tau (oyster toadfish)
hepatocytes exhibited substantial inhibition of urea
influx and efflux by phloretin (Walsh et al., 1994b;
Walsh & Wood, 1996). Surprisingly, however,
Northern analysis of O. beta liver did not detect
UT-homologues (Walsh et al., 2000). It is possible
that broadly specific AQPs accomplish urea transport
in fish hepatocytes. Certainly, more species of both
elasmobranchs and teleosts need to be examined.
Especially in the case of the toadfishes, we may be
creating a biased view of hepatic urea transport since
this is an atypical group in terms of ureagenesis and
ureotely relative to other teleosts where ammoniotely
predominates.

One further interesting aspect of urea production
in both elasmobranchs and teleosts is that the urea-
producing enzyme, arginase, is located primarily in
mitochondria in many species (Mommsen & Walsh,
1989; Anderson & Walsh, 1995; Jenkinson, Grody &
Cederbaum, 1996; Wright et al., 2004) and not in the
cytoplasm as seen in mammals and other vertebrates
with CPSase 1. It is possible that urea efflux from
mitochondria in fish thus requires a specialized
transporter. Another interesting facet is that this may
be true for not only liver, but extra-hepatic tissues
such as muscle, where as much as 50% of urea
production can occur in several species of fish
(Anderson, 2001; Steele, Yancey & Wright, 2005;
Kajimura et al., 2006).
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Urea Transport for Excretion
ELASMOBRANCHS

Stideler and Frérichs (1858) are documented to be the
first to discover that “‘colossal quantities” of urea
could be found throughout the tissues of elasmo-
branchs (reviewed by Smith, 1936). The intense
research that followed established early on that
sharks, rays and skates retain ~ 300-600 mmol1™"
urea to keep their plasma osmolality slightly above
that of seawater for the purpose of osmoregulation.
To hold these elevated concentrations of urea within
their body fluids and tissues against a massive gradient
(urea concentration in seawater is <0.01 mmol - 17"),
elasmobranchs need an effective way to both produce
urea and retain it within their bodies. Accordingly,
much like terrestrial organisms, elasmobranchs have a
fully functional ornithine-urea cycle (O-UC) and
maintain a tight regulation on urea excretion and
leakage, using urea transporters found in the kidney
and gill.

The Kidney

Early measurements of urine urea concentrations
indicated that they are approximately one-third those
of blood, a finding that initiated concentrated study
with respect to renal urea transport in the elasmo-
branch kidney (Denis, 1913; Smith, 1931a, b, 1936;
reviewed by Hickman & Trump, 1969). Kempton
(1953) found that a substantial amount of urea was
filtered across the glomeruli, however, most if not all
(70-99.5%) of the urea was then reabsorbed by the
kidney tubules, resulting in the relatively low urine
urea concentrations. Classic studies on the
reabsorptive mechanism uncovered that the specific-
ity of the system was such that urea and the urea
analogues methylurea and acetamide were reab-
sorbed by the renal tubules but thiourea, a third urea
analogue, was not (Schmidt-Nielsen & Rabinowitz,
1964). A high correlation was found between urea
and Na ™ reabsorption; both substances being trans-
ported in a ratio of 1.6 urea:1 Na™ that persisted
even with manipulation of extracellular fluid volume
(Schmidt-Nielsen, Truniger & Rabinowitz, 1972).
This finding suggested the involvement of an active,
Na*—coupled urea transporter, much like what has
been measured in mammalian kidney proximal
tubules, although not cloned to date (Isozaki,
Verlander & Sands, 1993, Isozaki et al., 1994a, b;
Sands, Martial & Isozaki, 1996; Kato & Sands, 1998).
However, continued work on elasmobranchs dem-
onstrated that, when administered intravenously,
phloretin, a potent inhibitor of facilitated urea dif-
fusion by what we now know as either UT-A, UT-B
or UT-C transporters, resulted in a 30% decrease in
both urea and Na ™ reabsorption (Hays et al., 1977).
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At the time, this finding added fuel to the already
heated debate on whether renal urea reabsorption in
elasmobranchs was by Na " -coupled secondary active
transport or facilitated diffusion.

Recently, however, molecular analysis has
uncovered a gene that showed high homology to
mammalian UT-A2 facilitated diffusion urea trans-
porters in dogfish shark, Squalus acanthias, kidney
and brain (shUT; Smith & Wright, 1999). Since this
breakthrough, UTs have been found in other elas-
mobranchs (i.e., three transcripts (3.1, 2.8, 1.6 kb) of
SkUT in the little skate, Raja erinacea, Morgan,
Ballantyne and Wright, 2003a; TriakisUT in the
dogfish Triakis syllia, Hyodo et al., 2004), shifting the
general opinion in support of urea reabsorption
occurring by facilitated diffusion, as originally sug-
gested by Boylan (1972) and then elaborated on by
Friedman and Hebert (1990). This theory is strongly
based on the complicated architecture of the elas-
mobranch kidney, which has a nephron arrangement
that results in not one loop, as in the mammalian
kidney, but several, forming a complicated counter-
current system believed to be important in fluid
regulation. The arrangement creates two distinct
anatomical zones; loops I and III are enclosed by a
peritubular sheath creating the “bundle zone” and
loops II and IV are unconfined within the blood sinus
or the ““sinus zone” (Lacy et al., 1985). The facilitated
diffusion theory is also based on the then assumption
that there is differential urea permeability across the
various nephron segments (Boylan, 1972; Friedman
& Hebert, 1990). This is now supported by a recent
study that localized TriakisUT (also expressed in the
brain and liver) to the dogfish renal collecting duct
(i.e., the last segment in the bundle zone) and no
other renal segment (Hyodo et al., 2004).

However, this evidence does not rule out Na™ -
coupled urea transport in the elasmobranch kidney
and it now appears that both facilitated diffusion and
Na " -coupled transport may be responsible for renal
urea transport, much like the mammalian kidney.
Using an in vitro isolated brush border (api-
cal) membrane vesicle preparation, Morgan and
coworkers (Morgan, Wright & Ballantyne, 2003b)
found phloretin-sensitive, non-saturable urea trans-
port in the bundle zone supporting their work
showing skUT expression in this zone of the kidney
(Morgan et al., 2003a; Fig. 14). In the sinus zone,
they found a phloretin-sensitive, Na"-linked urea
transporter that showed Michaelis-Menton satura-
tion kinetics with a low K, suggestive of a high
affinity transporter (K,, = 0.70 mmoll™" and a
Vinax = 1.18 pmol'h™"mg™"). Morgan et al. (2003a)
also found skUT expression in the sinus zone and
together these data suggest the presence of both a
phloretin-sensitive skUT and perhaps a Na ™ -urea
cotransporter in the apical membrane of sinus zone
nephron segments (Fig. 1B). Interestingly, these
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findings support both early studies by Schmidt-Niel-
son et al. (1972) and Hays et al. (1977) showing both
Na™ dependence and phloretin sensitivity.

The primary site of regulation of urea tissue levels
in elasmobranchs is the kidney, not the gill (Goldstein
& Forster, 1971a, b; Payan, Goldstein & Forster,
1973) and one of the main reasons for regulation is
environmental dilution. Elasmobranchs are typically
marine, however, some species have the osmoregula-
tory capacity for tolerating reduced environmental
salinities. As stated above, urea retention, accom-
plished by specific transporters in the gill and kidney,
is an essential component of the osmoregulatory
strategy of marine elasmobranch fishes. However, in
more dilute environments, the osmotic pressure of the
environment is reduced and, correspondingly, eury-
haline elasmobranchs must decrease urea levels.
Studies report that elasmobranchs moving into more
dilute environments can reduce their urea levels so
that they are 30-70% lower than their marine coun-
terparts (Smith, 1931b; Urist, 1962; Thorson, 1967,
Price & Creaser, 1967; Goldstein & Forster, 1971a, b;
de Vlaming & Sage, 1973; Forster & Goldstein, 1976;
Chan & Wong, 1977; Cooper & Morris, 1998; Suli-
kowski & Maginniss, 2001; Morgan et al., 2003a), yet
these fish still maintain very high concentrations of
urea in their plasma (100-250 mmol'1"") compared to
freshwater teleosts (1-2 mmol - "' Wood, 1993;
McDonald & Wood, 1998). The reverse is also true; a
58% increase in plasma urea concentrations has been
measured when the euryhaline Atlantic stingray,
Dasyatis sabina, that normally resides in freshwater, is
transferred into seawater (Piermarini & Evans, 1998).

In general, acclimation to more dilute environ-
mental conditions results in an increase in glomerular
filtration, to help rid the fish of excess water, and a
decrease in renal tubular urea reabsorption, resulting
in an increase in the renal elimination of urea (Smith,
1931b). To date, Morgan and coworkers (2003a) have
been the only group to demonstrate that the reduc-
tion in urea reabsorption could be due to a reduction
in the expression of renal urea transporters. Namely,
upon exposure to 50% seawater, there was a signifi-
cant decrease in the tissue concentration of urea in
both bundle and sinus zones of the kidney in the little
skate, Raja erinacea (Morgan et al., 2003a). At the
same time, the levels of all three skUT transcripts
were significantly diminished in the kidney by up to
3.5-fold, with the 3.1 kb isoform appearing to show
more sensitivity to the environmental change.

The Gill

It was in 1967 when J. Boylan made the observation
that the elasmobranch gill epithelium, a structure of
only one to two cell layers thick, was essentially the
retaining wall for an immense urea concentration
gradient against a virtually urea-free scawater envi-
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ronment. Not surprisingly, the gill epithelium con-
tributes to >90% of the internal urea lost to the
environment; in comparison, the kidney is very
effective at minimizing urinary urea excretion
(Wood et al., 1985). However, if the elasmobranch
gill epithelium had a permeability to urea that was
similar to that of teleost fish, it would result in a
urea efflux across the gill that was 40 times higher
than the actual measured value (Boylan, 1967,
Wood, Piart & Wright, 1995b; Part, Wright &
Wood, 1998). Early work by Boylan (1967) was the
first to establish the low permeability of the elas-
mobranch gill to urea by examining the movement
of ['*C]-labeled urea and the urea analogue, thio-
urea, from the blood into the water. He also found
that thiourea permeabilities at the gill were equal to
those of urea, in contrast to the kidney where
thiourea was not reabsorbed, suggesting different
transporters in the two organs (Boylan, 1967).

Later work by Wood and coworkers (1995) ob-
served that intravenous infusion of thiourea or acet-
amide resulted in an increase in branchial urea
excretion in Squalus acanthias, helping them to
establish the hypothesis that a gill urea “backtrans-
porter” was responsible for returning the leak of urea
into the cell back to the blood plasma. Competitive
interference with this transporter by thiourea or
acetamide would allow the leak to continue una-
bated, leading to an increase in net excretion. Led this
time by Pért, the same group elaborated on this
hypothesis by supposing that the location of the
backtransporter would be on the basolateral mem-
brane (Part et al., 1998). Thus, the net excretion of
urea across the gill epithelium would be a balance
between the passive leakage of urea across the baso-
lateral membrane into the cell and the action of a
basolateral urea transporter pumping the urea back
into the blood. Using the in situ isolated perfused
head preparation from Squalus acanthias, Part and
coworkers (1998) were able to demonstrate that the
basolateral membrane was approximately 14 times
more permeable to urea than the apical membrane
and that phloretin addition to the perfusate nearly
doubled urea excretion rates. They concluded that the
apical membrane was extremely impermeable to urea
and the low permeability of the basolateral mem-
brane was in part due to the active backward
pumping of urea into the blood.

It is now known that the low permeability of the
gill epithelium to urea, especially, and to other solutes
(i.e., NaCl, water), in general, is due to an unusual
basolateral membrane lipid composition (Fines,
Ballantyne & Wright, 2001). To elaborate, cholesterol
content within a lipid bilayer is directly correlated
with the permeability of a membrane to urea. Lipid
analysis of the basolateral membrane of the spiny
dogfish, Squalus acanthias, revealed high levels of
cholesterol contributing to the highest cholesterol to
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Fig. 1. Hypothetical urea transport model of the elasmobranch
kidney tubule bundle zone (A4), sinus zone (B), and gill (C). Urea
would cross the brushborder membrane of a sinus zone tubular cell
via a Na " -urea cotransporter and a phloretin-sensitive UT and of a
bundle zone tubular cell via a phloretin-sensitive UT, as shown in
the little skate (Morgan et al., 2003b). In the gill, urea would leak
across the basolateral membrane and enter the gill cell (Fines et al.,
2001). Urea would be pumped out basolaterally in exchange for
Na™, driven by the Na®, K™ ATPase (Fines et al., 2001). The
apical membrane has a very low permeability to urea, as suggested
by Pirt et al. (1998). Asterisks denote hypothesized transporters in
the basolateral membrane that have not been resolved experimen-
tally.

phospholipid molar ratio (3.68) ever reported (Fines
et al., 2001). In addition, there is now clear evidence
for a basolateral gill urea ‘“backtransporter” (Fines
et al., 2001), as originally hypothesized by Wood
et al. (1995) and Pirt et al. (1998). Analysis of urea
uptake by gill basolateral membrane vesicles (BLMYV)
revealed the presence of phloretin-sensitive, Na™-
dependent, secondary active urea transport that
demonstrated Michaelis Menton kinetics (K,, = 10.1
mmol1™" and V. = 0.34 pmol'mg protein™"h™")
suggestive of a high-affinity transporter (Fines et al.,
2001). This transporter would act to scavenge intra-
cellular urea and pump it from the cell back into the
blood in exchange for Na™ (i.e., counter transport),
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the Na* would then get pumped out of the cell via
the Na™, K™ ATPase (Fig. 1C). This would act to
decrease the intracellular urea concentration of the
gill epithelial cells, reducing the concentration gradi-
ent for urea across the apical surface of the cells and
thus the rate of urea diffusion or loss across the gill.

Phloretin sensitivity is a characteristic of both
facilitated (UT) and secondary active Na'-urea
countertransport systems (Chou & Knepper, 1989;
Isozaki et al., 1993, 1994a, b; Sands et al., 1996; Kato
& Sands, 1998), but not Na ™ -urea cotransporters.
Thus, the phloretin sensitivity shown by both Part
et al. (1998) and Fines et al. (2001) is consistent with
the presence of a Na " -urea countertransporter.
Interestingly, under low stringency conditions, Smith
and Wright (1999) did find evidence for a UT
homologue in Squalus acanthias gill tissue using
Northern analysis. The location of this UT has never
been pursued (i.e., basolateral or apical membrane,
branchial blood vessels) and its existence has essen-
tially been ignored. However, if this transporter does
exist in the gill epithelium, it is likely not present in
the apical membrane, as it is much less permeable to
urea than the basolateral membrane (Part et al.,
1998).

To date, there are no studies that have focused
on the regulation of branchial urea transport in
elasmobranchs. During acclimation to a dilute envi-
ronment, when there are major changes in the renal
handling of urea, the permeability of the gill to urea
stays constant (Goldstein & Forster, 1971a, b; Payan
et al., 1973).

TeLEOST FisH

Unlike terrestrial animals and elasmobranchs, most
teleosts (bony fishes) do not produce urea as their
primary nitrogenous waste. Instead, being sur-
rounded by water allows teleosts to excrete the more
toxic but less metabolically expensive ammonia,
which passively moves across their gills and is diluted
by the environment. This is in contrast to land-
dwelling animals that essentially cannot excrete en-
ough water to dilute ammonia to a nontoxic level
without becoming dehydrated. However, most teleost
fish do produce some urea and generally these fish
can be split into three distinct groups with respect to
urea metabolism and excretion: i. those that always
produce and excrete primarily urea (obligately ureo-
telic), ii. those that occasionally produce and excrete
primarily urea (facultatively ureotelic) and iii. those
that produce or excrete primarily ammonia and very
little urea (ammoniotelic), with the majority of teleost
fish falling under this category. Based on these dif-
ferences, one can imagine that the need for urea
transporters would vary depending on the level of
urea production, with fish producing very little urea
requiring little or no urea transport. In fact, evidence
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suggests that both ammoniotelic and ureotelic fish
have urea transporters regardless of the apparent
necessity of these proteins in their daily survival.
Since the two main routes of nitrogen excretion in
teleosts are the gill and kidney, it is not surprising
that research has focused on these two organs. The
following will describe the types of teleost fish on the
basis of ureotely and urea transporters found to date.

Obligately Ureotelic Teleosts

With respect to urea transport, obligately and facul-
tatively ureotelic teleost fish are the exception to most
other teleost fish in that, similar to terrestrial animals
and elasmobranchs, they have a fully functional orni-
thine urea cycle (O-UC) as adults that allows them to
effectively produce copious amounts of urea. The Lake
Magadi tilapia (Alcolapia grahami) is the only known
obligately ureotelic fish and is so due to its unique and
rather extreme environment (Randall et al., 1989;
Wood et al., 1989; Wright et al., 1990 Wood et al.,
1994, Walsh et al., 2001a). Specifically, this fish lives in
the hot (up to 40°C), strongly alkaline (pH = 10),
highly buffered (total CO, = 180 mmol1™") Lake
Magadi in the Rift valley of Kenya (Coe, 1966) under
conditions that would kill most teleost fish. The alka-
line pH and elevated buffering capacity of the water
makes diffusive ammonia excretion virtually impossi-
ble, mainly because the blood-to-water diffusion gra-
dients for NHj; are extremely low when the
environmental pH is above the pK (9.0-9.5) of the
NH;/NH, reaction (Randall & Wright, 1989). In
addition, because of the high buffering capacity of the
water, acidification of the gill water boundary layer
cannot occur and the conversion of NH; to NH, in
water passing over the gill, which facilitates NHj;
excretion, does not happen (Wright, Randall & Perry,
1989; Wood et al., 1989). Thus, the tilapia excretes only
urea and does so at rates of 5000-10000 pmol-N-k-
g "h™" (Wood et al., 1989), easily the highest values for
nitrogen excretion ever recorded for resting fish and
approaching mammalian values (Fig. 2).

In 2001, Walsh and coworkers gave an in depth
analysis of the mechanism of urea excretion in the
Lake Magadi tilapia. In brief, the tilapia excretes urea
continuously and 80% of urea excretion occurs across
the anterior end of the fish (Wood et al., 1994, 2001a).
Gill permeability to urea is 10-fold greater than that
for standard lipid bilayers (Galluci, Micell & Lippe,
1971) and is 5-fold higher than that of the gulf
toadfish (Wood et al., 1998; McDonald et al., 2000),
in which tUT is present (see below; Fig. 2). The
permeability of the gill to the urea analogue, thio-
urea, is significantly lower than that of urea, a similar
handling pattern to the elasmobranch kidney and the
gulf toadfish, which have a ShUT and tUT, respec-
tively. Most convincingly, molecular analysis of the
Magadi tilapia gill resulted in a 1699 bp sequence
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Fig. 2. An illustration of the different patterns of branchial urea
excretion, measured by the appearance of urea in the water, of an
obligate ammoniotele (rainbow trout, Oncorhynhus mykiss); a
facultative ureotele (gulf toadfish, Opsanus beta) that only period-
ically excretes urea and an obligate ureotele (Lake Magadi tilapia,
Alcolapia grahami). Approximation for urea appearance at 60 h for
Lake Magadi tilapia was extrapolated from 6 h data set shown in
inset. Data from McDonald and Wood (2003), McDonald et al.
(2000) and Walsh et al. (2001).

(mtUT) with high homology to UT-A2 transporters
in other species of fish (i.e., ShUT, tUT) and mam-
mals (rabbit and rat). Lastly, Northern analysis
revealed a single band of 1.9 kb in the gill but not the
liver, muscle, red blood cells or brain. To date,
immunolocalization of mtUT has not been com-
pleted; however, morphological analysis of gill
pavement cells revealed a great density of Golgi
stacks and numerous electron-dense vesicles scattered
around the Golgi apparatus compared to an am-
moniotelic tilapia (Walsh et al., 2001a). Walsh and
coworkers (Walsh et al., 2001a) hypothesize that the
intense vesicular trafficking is the structural mani-
festation of the facilitated diffusion urea transport
process, representing either the insertion of the
transporter into the apical membrane and/or the
packaging of urea into vesicles for transport.

Facultatively Ureotelic Teleosts

Facultatively ureotelic fish such as the Indian air-
breathing Singhi catfish, Heteropneustes fossilis, and
the gulf toadfish, Opsanus beta, have the ability to
produce urea due to their fully functional O-UC.
Unlike the Lake Magadi tilapia, under normal con-
ditions these fish are ammoniotelic. However,
they will switch to wureotelism under stressful
circumstances, in the case of the catfish, high ambient
ammonia or semidry habitat conditions (Saha &
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Ratha, 1986, 1987, 1998) and in the case of the
toadfish, high ammonia, air exposure, crowding or
confinement (Walsh, Tucker & Hopkins, 199%4a;
Walsh & Milligan, 1995; Hopkins, Wood & Walsh,
1995).

The Gill. ~ The gulf toadfish, Opsanus beta is one of
the best-described teleost fish with respect to urea
transport and is also one of the most unusual. When
ureotelic, the excretion of urea is not continuous, as is
the excretion of ammonia. Instead, unlike any other
fish described to date, urea is stored internally,
resulting in a gradual elevation in blood urea con-
centrations (Wood et al., 1995a, 1997). The urea is
then excreted once or twice daily in a distinct pulse of
urea that lasts up to 3 hours and lowers stored levels
throughout the whole body (Wood et al., 1995a,
1997; Fig. 2). The major route of excretion is the gill;
intestinal and urinary excretion accounts for less than
10% of whole-body urea excretion (Wood et al.,
1995a).

Wood and coworkers (1998) came up with three
general hypotheses regarding the pulsatile excretion
of urea in toadfish of which one, the insertion/acti-
vation of a urea-specific facilitated diffusion urea
transport system, was the most convincingly sup-
ported by physiological evidence. Specifically, the
permeability of the gill to urea increased during
pulsing periods, but the permeabilities of *H,O and
the paracellular marker PEG 4000, did not (Wood
et al.,, 1998). Furthermore, there was differential
handling of urea, acetamide and thiourea. In brief,
the permeability of the gill to urea and acetamide
increased by 36- and 17-fold, respectively, during
pulsing periods compared to non-pulsing periods,
while the permeability to thiourea increased only
6-fold during pulsing periods (Wood et al., 1998;
McDonald et al., 2000), similar to the pattern
observed in mtUT of the Lake Magadi Tilapia
(Walsh et al., 2001a). Interestingly, the permeability
of the gill to all three substances was not significantly
different during non-pulsing periods when the trans-
porter is believed to be inactive (McDonald et al.,
2000). Bidirectionality, a characteristic of facilitated
diffusion, was demonstrated by placing high levels of
urea in the water, i.e., reversing the urea gradient,
which resulted in the movement of urea into the fish
when a urea pulse occurred, as measured by the
appearance of ['*CJ-urea in the water (Wood et al.,
1998). This physiological evidence was ultimately
supported by molecular analysis of toadfish gill that
uncovered a facilitated diffusion urea transporter
(tUT; Smith et al., 1999; Walsh et al., 2001a), similar
to mammalian UT-A2 on the amino acid level and
cementing the role of at least one UT in pulsatile urea
excretion. However, Northern analysis suggested the
possibility of a second, larger urea transporter in the
gill (3.5 kb), potentially the UT-A1 isoform as of yet
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only described in mammals. The cellular localization
of tUT is still being pursued. However, during a urea
pulse, morphological changes similar to those ob-
served in the Lake Magadi tilapia, occur within gill
pavement cells but not chloride cells, namely, alter-
ations in the apical membrane and elevations in the
number of cytosolic vesicles, suggesting a potential
role of these cells in pulsatile urea excretion (Laurent
et al., 2001).

Over the past few years the research focus has
turned to determining the regulatory pathway
involved in stimulating a urea pulse. Early work
suggested a role for the hormone, arginine vasotocin
(AVT; the teleost homologue of arginine vasopressin)
in regulating pulsatile excretion, much like arginine
vasopressin is involved in the regulation of mamma-
lian UT-A1. Intravenous injection of AVT does cause
a urea pulse event to occur (Perry et al., 1998; Wood
et al., 2001), however, these urea pulses are at most
10% the size of natural pulses, and occur only at
supraphysiological levels of AVT (107'°-107° M). In
addition, circulating AVT levels are low (107 to
107" M) in toadfish and show no relationship to the
occurrence of natural urea pulses (Wood et al., 2001),
suggesting that the involvement of AVT is minor at
very best.

In contrast, there is a very strong link between
pulsatile urea excretion and the glucocorticoid, cor-
tisol, which acts as a stress hormone in teleost fish. As
described above, ureotelism in toadfish is strongly
correlated with stress, thus, ureotelic toadfish main-
tain plasma cortisol concentrations that are typical
for chronically (but moderately) stressed teleosts
(Hopkins et al., 1985; reviewed by Mommsen,
Vijayan & Moon, 1999; Wood, Hopkins & Walsh,
1997, Wood et al., 2001; McDonald et al., 2004).
However, 24 h before a natural urea pulse event,
plasma cortisol levels fall steadily, a urea pulse occurs
and cortisol levels return to pre-pulse levels rapidly
thereafter (Wood et al., 2001). Plasma cortisol levels
will also decrease without the occurrence of a natural
pulse and so the decline in cortisol concentrations is
not believed to be the direct trigger of pulsatile urea
excretion (Wood et al., 2001). Wood and coworkers
(2001) suggested that the decline in cortisol may be
permissive to pulsatile excretion, however, more re-
cently it was shown that the drop in cortisol does not
have to take place in order for pulses to occur
(McDonald et al., 2004). Indeed, continuous infusion
with cortisol in an attempt to prevent a pre-pulse
decline in levels had no effect on the frequency of urea
pulses, although the infusion did cause a significant
reduction in pulse size. These results suggest a role for
cortisol in the regulation of the number of trans-
porters, i.e., through the regulation of transcription
as described in mammalian UT-Al transporters
(Knepper et al., 1975, Naruse et al., 1997; Peng,
Sands & Bagnasco, 2002) or perhaps through non-
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genomic pathways. Notably, tUT shows high
homology to mammalian UT-A2, which in mammals
are insensitive to cortisol (Peng et al., 2002), lending
further support to the presence of a cortisol-sensitive
UT-Al-like transporter in the toadfish gill that may
be affected on the transcriptional level. Alternatively,
cortisol may directly interfere with the urea pulse
“triggering” mechanism. Perhaps during chronic
cortisol loading or during the natural pulse cycle
when cortisol levels are elevated more acutely, fewer
urea transporters get activated, resulting in a smaller
pulse size.

Interestingly, interactions between cortisol and
the monoamine, serotonin (5-hydroxytryptamine;
5-HT), are well-established in mammals (reviewed by
Chaouloff, 1993; Carrasco & Van De Kar, 2003) and
to a lesser extent, in fish (Winberg et al., 1997; Overli,
Harris & Winberg, 1999; Hoglund, Balm &Winberg,
2002). In 2003, we found that arterial injections of
5-HT resulted in natural size urea pulses, suggesting
5-HT as the trigger for the pulsatile mechanism
(Wood et al., 2003). McDonald and Walsh (2004)
went on to show that intravenous injection of the 5-
HT, receptor agonist, a-methyl 5-HT, also elicited a
natural size urea pulse while the 5-HT; agonist, 8-
OH-DPAT, did not. The a-methyl 5-HT-induced
pulse was blocked in a dose-dependent manner by the
5-HT, receptor antagonist, ketanserin, which at low
doses caused a significant inhibition of pulse size, and
at high doses significantly inhibited the occurrence of
pulsatile excretion altogether. Taken together these
data suggest the involvement of a 5-HT,-like receptor
in mediating the activation of a urea pulse. Possibly,
the co-localization of tUT and 5-HT, could poten-
tially result in the direct activation of tUT through
5-HT, receptor-mediated phosphorylation. Sequence
analysis of tUT shows two potential phophorylation
sites within a much longer C-terminal sequence that is
unique to tUT and has been suggested to be related to
the rapid upregulation of urea transport during a
urea pulse (Walsh et al., 2000). Ketanserin could then
be inhibiting the 5-HT,—mediated phosphorylation
of proximal tUTs, reducing the number of activated
transporters and subsequently causing a reduction in
pulse size. Perhaps through the sensitization/desen-
sitization of 5-HT, receptors, fluctuating plasma
cortisol concentrations during the natural pulse cycle
are involved in mediating pulsatile urea excretion.
More research is necessary to determine the interac-
tion between cortisol and 5-HT; however, it is clear
that the mechanism of regulation of urea excretion in
the toadfish is different from that in mammals.

The Kidney.  In most teleost fish studied to date, the
renal route of urea excretion is minor compared to that
of the gill (Sayer & Davenport, 1987; Wright , Pirt &
Wood, 1995b; Wood, 1993, 1994, 1995a). However,
physiological evidence has accumulated that suggests
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that the renal handling of urea, albeit minor, is carrier-
mediated. The gulf toadfish, Opsanus beta, is interest-
ing with respect to kidney physiology and renal urea
handling because it has an aglomerular kidney and
thus urine is formed primarily by secretion. Interest-
ingly, toadfish urine urea concentrations generally
exceed plasma levels by at least 30% and both urine and
plasma concentrations increase when the fish are
ureotelic (McDonald et al., 2000, 2003; Wood et al.,
1995a). McDonald and coworkers (2000) suggested
that the movement of urea into the kidney tubule might
occur against a concentration gradient and by active
transport. To investigate this hypothesis, the renal
handling of urea was compared to the handling of
acetamide and thiourea in vivo as well as the movement
of Na™*, CI' and water (McDonald et al., 2000). In
contrast to the gill, urea and thiourea were handled
similarly (i.e., were more concentrated in ureteral urine
unmodified by the urinary bladder) by the kidney,
whereas acetamide was found equally in plasma and
ureteral urine. Furthermore, the rate of urea secretion
was correlated with the movement of water and CI” but
was almost 3 times faster than the movement of either
substance. There was no correlation between the
movement of urea or Na™¥, making a Na™-linked
mechanism, as seen in elasmobranch kidney and gill,
unlikely. Upon exogenous urea loading in vivo, renal
urea secretion rate maintained a strong linear rela-
tionship to plasma urea levels with no observable
transport maximum (McDonald et al., 2003).
Northern analysis using a tUT cDNA probe was
negative for the kidney, supporting the pattern of
urea and analogue handling that suggests a renal urea
transporter unique from that in the gill (Walsh et al.,
2000). However, the recent finding of eUT-C (Mistry
et al., 2005; see below) has brought a new perspective
to the original work on the ureotelic gulf toadfish and
its close relative, the plainfin midshipman. Based on
physiological and pharmacological characteristics,
the renal urea transporters in both these species were
hypothesized to be (a) different than that found in
the gill and (b) active, due to the uphill movement of
urca. However, differential expression across the
segments of the fish nephron (eUT-C is expressed in
the proximal tubule but not in the distal tubule)
makes it possible for a facilitated diffusion trans-
porter to exist in the nephrons of other teleosts, even
if urea appears to be moving against a concentration
gradient. If this were the case, the tubule segments of
lower urea permeability (i.e., no UT-C expression)
would be responsible for concentrating the urea.

Ammoniotelic Teleosts

Despite the lack of a fully functional O-UC, even
adult ammonioteles retain low levels (1-2 mmol1™")
of circulating urea that is produced by uricolysis and/
or argininolysis and is excreted continuously (Fig. 2).
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While the reasons may not be as clear, like ureotelic
teleosts, many ammonioteles have UTs in their gill
and less well described urea transporters in their
kidney to effectively excrete urea (McDonald &
Wood, 1998; Pilley & Wright, 2000; McDonald &
Wood, 2002, 2003, 2004; Mistry et al., 2001; Walsh et
al., 2001b; Mistry et al., 2005).

The Gill.  In 2001, Walsh and colleagues completed
an intensive survey of 14 ammoniotelic teleosts that
excreted less than 25% of their total nitrogen waste as
urea. Despite the relatively low level of urea excre-
tion, expression of UT-like mRNA using tUT cDNA
as a probe was discovered in the gill of most of the
species surveyed, suggesting that a large proportion
of ammoniotelic fish have UT expression in their gill.
Whether this translates to UT protein function in
many of them is yet to be determined, as not all
teleosts may have UT function. A physiological study
on the tidepool sculpin, Oligocottus maculosus, sug-
gested that urea excretion was likely by passive dif-
fusion and not carrier-mediated (Wright et al., 1995b)
and several teleosts in the Walsh et al. (2001) survey
showed low to negative signal strength for tUT.
However, there is clear evidence for functional
gill UT in many ammoniotelic fish. When character-
ized on the basis of the handling of urea, acetamide
and thiourea, the rainbow trout (Oncorhynchus
mykiss) and the plainfin midshipman (Porichthys
notatus) gill showed a similar handling pattern as the
activated tUT in toadfish and the mtUT in Magadi
tilapia (McDonald, Walsh & Wood, 2002; McDonald
& Wood, 2003). Specifically, the permeability of the
gill to urea was greater than that of acetamide and
both substances were more permeable than thiourea,
cementing the idea that this pattern of urea, acet-
amide and thiourea handling is characteristic for UTs
in fish. In both trout and midshipman, urea transport
was bidirectional and there was no evidence of satu-
ration of the mechanism during exogenous urea
loading in vivo (McDonald et al., 2002; McDonald &
Wood, 1998). However, urea uptake by trout isolated
BLMYV (basolateral membrane vesicles) from gill
displayed a sensitivity to phloretin and saturation
kinetics at physiological concentrations (K,= 1.17
mmol1™" and V. = 0.42 pumol'mg protein-h™),
suggesting the presence of a UT on the basolateral
membrane of the gill (McDonald & Wood, 2004).
Similarly, in rainbow trout embryos, exposure to
phloretin and urea analogues significantly inhibited
urea excretion from the embryos to the external water
(Pilley & Wright, 2000). Influx of urea from the water
to the embryo tended to saturate at elevated external
urea concentrations with a K, that was similar to
adult trout (K, = 2 mmoll™" and V. = 10.50
nmol-g "h™"). In both adult trout gill BLMV and
trout embryos, there was also a non-saturable com-
ponent of urea movement that could be simple dif-
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fusion or movement through non-specific pathways
(Pilley & Wright, 2000; McDonald & Wood, 2004).
This physiological and pharmacological evidence was
supported by molecular analysis of adult rainbow
trout gill (P.A. Wright, C. Rexroad, M.D. McDon-
ald, P.J. Walsh unpublished) in which a small (1000
bp) cDNA fragment was amplified that showed high
homology to other UTs on the amino acid level.
Midshipman gill showed strong signal strength with
Northern analysis using a tUT cDNA probe (Walsh
et al., 2001b).

Mistry and coworkers (2001) reported the first
cellular localization and expression analysis of a fish
UT, specifically eUT in the seawater-acclimated,
ammoniotelic Japanese eel, Anguilla japonica.
Expressed only in the gill, a comparison of the eUT
sequence (~1.9 kb) with others revealed high homol-
ogy with mtUT (Magadi tilapia), tUT (toadfish) and
shUT (shark). A significant increase in eUT mRNA
expression was measured in eels during adaptation to
seawater. Lastly, immunohistochemistry localized
eUT to the basolateral membrane of gill chloride cells
(Mistry et al., 2001), supporting BLMV data from
rainbow trout gill of a UT located on that membrane
(McDonald & Wood, 2004). Interestingly, it is the
pavement cells that are hypothesized to be involved in
urea excretion in the Magadi tilapia (Walsh et al.,
2001a) and the gulf toadfish (Laurent et al., 2001) due
to morphological changes in these cells.

The Kidney. Similar to the toadfish, renal urea
transporters have been described on a physiological
and pharmacological level in both the glomerular
rainbow trout and the aglomerular midshipman, a
close relative of the gulf toadfish, which has a urea
secretory mechanism with pharmacological charac-
teristics similar to that of toadfish (McDonald et al.,
2002). With respect to the glomerular rainbow trout,
renal urea transport is complicated (McDonald &
Wood, 1998, 2003; Bucking & Wood, 2004). Put
simply, it appears that at least two different urea
transporters may be present, one that is responsible
for urea reabsorption that is strongly correlated with
Na™ reabsorption but independent of glucose trans-
port (Wood, 1993; McDonald & Wood, 1998, 2003;
Bucking & Wood, 2004), perhaps similar to the Na " -
coupled urea cotransporter in elasmobranch kidney.
The second appears to move urea in the secretory
direction independently of Na® (McDonald &
Wood, 2003). The influence of either transporter in
the trout varies as urea has been shown to move in
both the net reabsorptive (Wood, 1993; McDonald &
Wood, 1998; Bucking & Wood, 2004) and net secre-
tory directions (McDonald & Wood, 2003). Inter-
estingly, the trout kidney handles urea and acetamide
identically, whereas there was no net renal transport
of thiourea, surprisingly similar to the handling pat-
tern characteristic of UTs, suggesting that the Na -
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independent transporter in trout kidney may be a
UT, similar to what is hypothesized in the elasmo-
branch kidney (see above). Furthermore, a small
(<500 bp) cDNA fragment has been isolated from
trout kidney that shows high homology with mtUT
(Magadi tilapia) and tUT (toadfish) (M.D. McDon-
ald, P.A. Wright, P.J. Walsh, unpublished). The
presence of a trout renal UT suggests that changes in
the direction of net urea transport may be regulated
at the level of the possible Na *-linked reabsorptive
mechanism. Consistent with a secretory kidney and a
lack of glomerular filtration, there is no evidence for
Na “-linked urea reabsorption in aglomerular fish
(McDonald & Wood, 1998; McDonald et al., 2000,
2002).

From a molecular standpoint, the best-described
renal urea transporter is the unique eUT-C that is
expressed in the renal proximal tubules of the sea-
water-acclimated Japanese eel, with weak expression
in the stomach (Mistry et al., 2005). Originally found
in the pufferfish (Takifugu rubrigpes,; fgUT-C), using
a database mining approach, eUT-C is a facilitated
diffusion transporter that is sensitive to phloretin and
not dependent on the presence of Na*. However, it is
distantly related to other UTs, sharing only 35%
identity with eUT found in the gill of the same species
and even less sequence homology to other known
UTs. Similar to the branchial eUT, expression of
eUT-C is upregulated upon acclimation to seawater,
suggesting a potential role of urea transporters in
ammoniotelic fish (see below).

Why Urea Transport in Ammoniotelic Fish? ~ While it is
not difficult to understand the reason for urea
transport proteins in fish that effectively produce and
predominantly excrete urea, it is more difficult to
explain why an ammoniotelic teleost fish would
possess specific urea excretory mechanisms when urea
makes up only 10% of their total nitrogenous waste.
Only a very few teleost fish have a fully functional
O-UC as adults, but during early life stages all teleost
species studied to date, including Zoarces viviparous
(Korsgaard, 1994), the Atlantic cod (Gadus morhus,
Chadwick & Wright, 1999), the rainbow trout (On-
corhynchus mykiss, Wright, Felskie & Anderson,
1995a; Wright & Land, 1998; Pilley & Wright, 2000),
the African catfish (Clarias gariepinus, Terjesen,
Verreth & Fhyn, 1997, Terjesen et al., 2001), the
guppy (Poecilia reticulata, Dépéche et al., 1979) and
Atlantic halibut (Hippoglossus hippoglossus, Terjesen
et al., 2000), express a full complement of O-UC
enzymes (see review by Wright & Fyhn, 2001). The
capacity to produce urea effectively at this life stage
has been hypothesized to assist in detoxification of
ammonia accumulating from protein catabolism
(Griffith, 1991; Wright et al., 1995a) and urea trans-
porters present in embryos then facilitate urea re-
moval (Pilley & Wright, 2000). However, when
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ammonia toxicity is not a daily problem in adult life,
O-UC function is lost and the fish becomes ammon-
iotelic. Yet, adult ammonioteles retain urea trans-
porters, despite a lowered capacity to produce urea,
suggesting that these proteins may be useful under
the right circumstances.

For instance, an elevation in internal cortisol
causes a rise in endogenous urea concentrations and
in urea excretion in the ammoniotelic marine sea
raven, Hemitripterus americanus and the adult rain-
bow trout (Vijayan et al., 1996; McDonald et al.,
2004). The increase in endogenous urea appears to be
through the uricolytic pathway, as there are reported
increases in glutamine synthetase, arginase and
allantoicase in response to exogenous cortisol loading
(Wilkie et al., 1993; Vijayan et al., 1996). Since cor-
tisol has been documented to stimulate gluconeo-
genesis and proteolysis in fish resulting in elevated
plasma ammonia levels, the glucocorticoid-mediated
increase of urea synthesis may somehow be a mech-
anism of ammonia detoxification (McDonald et al.,
2004). Regardless, the availability of urea transport-
ers to facilitate the excretion of excess urea produced
during times of stress would be beneficial.

Another reason for retaining urea transporters
is salinity acclimation. As mentioned above, the
expression of eUT and eUT-C is stimulated by sea-
water acclimation (Mistry et al., 2005). Unlike elas-
mobranchs, the role of urea and urea transporters in
marine teleost osmoregulation is not quite clear.
However, it is interesting that cortisol, which stimu-
lates urea production in both ureotelic and ammon-
iotelic fish, is also secreted upon seawater exposure to
stimulate chloride cell proliferation and changes in
gill permeability.

Feeding (Beamish & Thomas, 1984), temperature
(Alsop, Kieffer & Wood, 1999) and exercise (Lauff &
Wood, 1996; Alsop & Wood, 1997, Alsop et al., 1999)
also have implications on nitrogen metabolism, stress
and cortisol secretion and could be reasons for which
ammoniotelic teleosts have retained urea transporters
in adulthood long after they have lost the capacity to
effectively produce urea through the O-UC (reviewed
by Wood, 2001).

Piscine Perspectives on Evolution of Urea Transporters

The urea transporter gene family appears to have
undergone some rather interesting evolutionary
changes, no doubt associated with its critical func-
tional role in the evolution of terrestriality in the
vertebrates (Fig. 3). Indeed, special kidney isoforms
of the “A” group are critical to the processing of
concentrated urine in mammals to prevent water loss.
Furthermore, it is likely that one selective pressure
for evolution of the “B’ group (expressed in red
blood cells, erythropoetic tissue, some blood vessels,
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etc.) also relates to kidney architecture and the need
to maintain urea gradients within the kidney (see
‘Hepatocytes and Red Blood Cells’, above). Thus far,
the model of UT evolution within the mammals
strongly suggests two duplications of the ancestral
UT gene (Fenton et al., 1999), which to date in fish
and amphibians encodes a protein of 380 to 475
amino acids with 8—10 transmembrane segments. A
first duplication is believed to have led to a similar-
sized UT-B that then evolved a relatively different
amino acid sequence consistent with its function in
erythrocytes and related tissues; in mammals, identi-
ties between UT-A and UT-B fall in the range of 50
to 70%. A second duplication yielded a double-sized
A gene with very similar halves (and a connector
motif to yield a 929 AA protein). When UT-A is fully
transcribed and translated it yields UT-A1, but the
gene can be alternatively processed to yield a total of
5 other isoforms (UT-A2, 3, 4, 5 and 6) with a very
diverse tissue-specific expression pattern. The tree in
Fig. 3 and those previously published (e.g., Minocha,
Studley & Saier, 2003) suggests that the duplication
and divergence yielding UT-B took place before the
internal UT-A duplication. It would be very inter-
esting to know if UT-B occurs in non-mammalian
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vertebrates, especially fishes. Walsh and Smith (2001)
have presented arguments as to why a specialized
blood UT might not be present in erythrocytes and
other fishes, and we have reiterated these above.
However, continuing database searches and more B-
specific primer designs for PCR cloning would be
useful in searching for fish analogs of B.

Another interesting facet of the UT family is the
absence so far of identified UT’s in the invertebrates
and other eukaryotes (e.g., plants, fungi, etc.). This is
surprising given that there are many bacterial urea
transporters and the physiological and biochemical
evidence that at least some invertebrates make and
excrete urea (Cohen & Lewis, 1949; Bishop &
Campbell, 1965). If these transporters are truly ab-
sent, a potential explanation is that urea passage
through other transporters (e.g., promiscuous ver-
sions of AQPs, like AQP-9) may be rapid enough to
support the relatively noncomplex invertebrate
nephridial tubule systems (e.g., Tillinghast, 1967).
Minocha et al. (2003) conducted a very thorough
examination of databases at the time and first pointed
out this gap in eukaryotic UT expression. They
speculated that vertebrate UTs could have arisen ei-
ther from: (1) vertical transmission of UTs from
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prokaryotes to very early eukaryotes, and subsequent
gene loss in groups like invertebrates, plants and
fungi; or (2) horizontal transmission directly from a
bacterium to an early vertebrate. The parsimony of
the second hypothesis is that no selective loss from
major groups of organisms needs to be invoked.

We suggest a third possibility, namely that it
could simply be that other eukaryotic urea trans-
porters have diverged significantly enough from
bacterial transporters and fish/early vertebrate UTs
(which until very recently appeared to be only
exclusively UT-A homologs) to remain undetected so
far. This third possibility becomes a more viable
alternative if there are more primitive chordate UTs
yet to be discovered. In this regard, very recently, a
UT has been cloned from Japanese eel kidney (and a
homologue found in Fugu, pufferfish) that appears to
be more basal to UT-A (of even elasmobranchs) and
UT-B or mammals, and has been termed UT-C
(Mistry et al., 2005). Notably, UT-C shares only 35%
amino acid similarity with its closest relatives. It may
be that as we work backwards within the chordate
lineage to more primitive forms (e.g., hagfish, lam-
prey, amphioxus, etc.), using primers that are more
specific to UT-C and perhaps other more primitive
UTs yet to be discovered, we may find more UT-like
genes, but with rather different sequences, in earlier
eukaryotes. We are clearly only at the beginning of
discovery of UT types, and it will be exciting to dis-
cover which of the above (or potentially other) sce-
narios are most likely.
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