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Abstract

This study tested the hypothesis that the renal reabsorption of urea occurs via the glucose transport
pathway in the freshwater rainbow trout (Oncorhynchus mykiss). The relationship between glucose trans-
port and urea transport was examined by experimentally elevating the rate of renal glucose reabsorption
via infusion of the fish with exogenous glucose, and by inactivating the glucose transporters via the
administration of phlorizin. Under all treatments, urea was reabsorbed against a concentration gradient,
with plasma levels of urea being higher than urine levels. Glucose was almost completely reabsorbed
(88%) whereas urea was reabsorbed less efficiently (47%) but to a greater extent than water (22%). Glu-
cose and urea reabsorption were both found to be correlated with Na+ and Cl) reabsorption, though
the latter were 20 fold and 200–300 fold higher than glucose and urea transport rates, respectively. Glu-
cose infusions greatly increased glucose reabsorption but urea reabsorption was unaffected. Phlorizin
treatment completely blocked glucose reabsorption, but urea reabsorption was again unaffected. We
conclude that there is no relationship between glucose and urea handling in the trout kidney, thus dis-
proving the hypothesis.

Introduction

Freshwater fish have highly advanced renal filtra-
tion–reabsorption mechanisms in their nephrons,
creating the most monovalent ion free urine of
any vertebrate (Hickman and Trump 1969). The
urine is also nearly free of other solutes, and on
average its volume balances the quantity of water
entering from the external environment, as the
fish are subject to hyperosmotic regulation
(Hickman and Trump 1969). Glucose is a solute
that is essentially completely reabsorbed, with
normal urine levels being close to detection limits
in fish. It is assumed that the proximal tubule is
the primary site of glucose absorption in the ver-
tebrate kidney (Dantzler 1989). Work by Friere
et al. (1995) to isolate and prepare brush-border
membrane vesicles (BBMV) from the proximal
tubule of the rainbow trout has led to consider-

able insight into the glucose reabsorption path-
way. The BBMVs displayed a single Na+

dependent D-glucose co-transport system, which
appeared to use the energy from Na+ and volt-
age gradients to transport glucose. The trans-
porter was also found to bind Na+ and glucose
in a 1:1 stoichiometry, with phlorizin inhibiting
the transport system.

Phlorizin (phloretin-2¢-B-glucoside) is a flavo-
noid found exclusively in apples and apple-
derived products, where it occurs naturally as
phloridzin (phloretin-2¢-O-glucose) (Crespy et al.
2002). The most frequently described biological
effect of phlorizin is its competitive inhibition
of glucose uptake via Na+–D-glucose co-
transporters, specifically SGLT1 (a human renal
glucose transporter) (Alvarado and Crane 1964).
In the case of SGLT1, the binding affinity of
phlorizin is dependent on the conformational
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changes induced by the binding of Na+ to the
transporter (Leung et al. 2000).

In mammals, the physiological effect of
phlorizin appears to be primarily the inhibition
of renal tubular reabsorption of filtered glucose.
This is accomplished by phlorizin binding to the
transporter and inhibiting the conformational
change necessary for glucose transport
(Horsburhg et al. 1977). This blockade of glucose
transport by phlorizin occurs mainly on the lumi-
nal membrane of proximal cells (Horsburhg et al.
1977).

Urea is another plasma solute that is trans-
ported by the kidney. In fish, urea can be
excreted or reabsorbed at two main locations, the
gill and the kidney. In the rainbow trout, bran-
chial excretion of urea generally accounts
for >90% of total urea excretion (McDonald
and Wood 2003). A facilitated diffusion trans-
porter has been suggested for this transport
mechanism (McDonald and Wood 1998, 2003),
an idea that is strongly supported by studies on
other species such as the gulf toadfish (Wood
et al. 1998; Walsh et al. 2000), the Magadi tilapia
(Walsh et al. 2001b), and the plainfin midship-
man (Walsh et al. 2001a, McDonald and Wood
2002).

The pathway of urea transport in the fish kid-
ney is currently unclear. The transporters in the
kidney show a differential handling of urea ana-
logues compared to those in the gills, suggesting
that a different transporter is present in each
organ (McDonald and Wood 2003). McDonald
and Wood (1998) found that the concentration
of urea in the plasma was greater than the con-
centration in the urine, and therefore that urea
was reabsorbed against an apparent concentra-
tion gradient. However in a later study on the
same species, McDonald and Wood (2003) found
that urea was secreted in some cases and reab-
sorbed in others. Reasons for these differences
are unclear but may involve seasonal, nutritional,
age or genetic differences in fish stocks.

Neither McDonald and Wood (1998) nor
McDonald and Wood (2003) showed any evi-
dence for saturation of the transporter. Thus as
the amount of urea loaded into the trout
increased, net renal reabsorption increased in
direct proportion even up to urea levels that
proved toxic to the fish (McDonald and Wood
1998). The relationship with Na+ reabsorption

was the same in both studies; with an increase in
Na+ reabsorption came a linear increase in urea
reabsorption. This directs attention to a possible
Na+-coupled transport mechanism for renal han-
dling of urea as reported in marine elasmo-
branchs (Schmidt-Nielson et al. 1972; Morgan
et al. 2003), though facilitated type diffusion
transporters have also been reported in elasmo-
branchs (Smith and Wright 1999; Hyodo et al.
2004).

McDonald and Wood (1998) put forth three
possible explanations for the retention of urea by
the freshwater trout. First, urea retention is a
developmental legacy from embryonic life. This
is supported by findings of Wright et al. (1995),
who found that embryonic trout synthesize and
retain urea. The second is that urea may be act-
ing homeostatically in an unknown pathway, and
hence urea retention is intentional. Thirdly, urea
retention is ‘‘accidental’’ with urea acting as an
alternative substrate for a transport mechanism.
This has also been suggested by Kaplan et al.
(1974) for the marine dogfish and was the subject
of the present project.

The hypothesis tested in the present study is
that urea may be acting as an alternative sub-
strate for the reabsorptive glucose transporter in
the trout kidney. This is supported by several
studies on the mammalian glucose transporter,
SGLT1. Heirmann and Wright (2001) reported
that SGLT1 transported water and urea, and
identified transmembrane segments 10–14 (known
as C5) as being integral to this function. Water
and urea channel activity in SGLT1 have been
reported in other studies as well (Loo et al. 1999;
Leung et al. 2000), and water and urea influx
have been coupled to its co-transport cycle (Loo
et al. 1996; Meinld et al. 1998)

In the present study, we examined the rela-
tionship between renal glucose transport and the
renal handling of urea by the rainbow trout. We
aimed to increase the rate of renal tubular glu-
cose reabsorption by exogenous glucose loading
and decrease it by phlorizin treatment. Since glu-
cose loading is known to increase tubular glucose
reabsorption in fish, we hypothesized two possi-
ble outcomes if urea was transported by the same
mechanisms as glucose. Specifically, urea reab-
sorption would decrease if urea and glucose were
competing for the same site on the transporter,
or urea reabsorption would increase if urea flux
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were coupled to the co-transport cycle of glucose
transport. Furthermore, we hypothesized that in
either case, blockade of glucose transport by
phlorizin would likely decrease urea reabsorp-
tion. Finally, in view of the likely coupling of
glucose reabsorption to Na+ reabsorption, the
effects of altering the glucose transporter’s level
of functioning on Na+ and Cl) reabsorption
were explored, and possible correlations with
urea and glucose transport were investigated.

Materials and methods

Experimental animals

Rainbow trout 242 ± 25 g (N ¼ 7) (ranging
from 200–350 g) were obtained from Humber
Springs Trout Farm, Orangeville Ont. They
were acclimated to seasonal temperatures and
dechlorinated Hamilton tap water [Ca2+ ¼ 1.8;
Cl) ¼ 0.8; Na+ ¼ 0.6; Mg2+ ¼ 0.5; K+ ¼ 0.04;
titration alkalinity (to pH 4.0) ¼ 1.9 mequiv l)1;
total hardness ¼ 140 mg l)1 as CaCO3; pH 8.0].
The fish were fed daily with 5 pt commercial
trout pellets (Martin Mills, Ontario, Canada)
until 1 week before surgery. The experimental
temperature was 10–13 �C.

Experimental protocol

Dorsal aortic and urinary catheters were
implanted simultaneously in the fish while they
were anaesthetized with MS-222 (0.07 g l)1;
Sigma) and artificially ventilated on an operating
table. The dorsal aortic catheters (Clay-Adams
PE-50) were implanted according to Soivio et al.
(1972) and filled with 0.3 ml of Cortland saline
(Wolf 1963) containing 50 i.u ml)1 of lithium
heparin (Sigma). The internal urinary catheters
(heat-molded Clay-Adams PE-60) were implanted
in the urinary bladder according to Curtis and
Wood (1991) and Wood and Patrick (1994). The
catheters drained into glass vials placed 3 cm
below the water line to allow for gravimetric col-
lection of urine from the kidneys. This method
negates any reabsorptive/secretory role of the
bladder and therefore solely examines the func-
tion of the kidney.

Following the surgery the fish were placed in
individual darkened flux boxes and allowed to

recover for 24 h, during which the functionality
of the catheters was assessed by measuring the
urine volume collected and taking a blood sam-
ple. A fish was deemed to be experimentally via-
ble if both catheters were functional. Such fish
were then injected with 17 lCi of [1,2 3H] poly-
ethylene glycol (PEG-4000) (New England
Nuclear) in 0.66 ml of Cortland saline, which
was washed through the catheter with an addi-
tional 0.3 ml of Cortland saline. [3H] PEG-4000
was chosen to monitor GFR because it under-
goes the least radioautolysis, metabolic break-
down or post-filtration reabsorption across
tubules of freshwater fish relative to other GFR
markers (Beyenbach and Kirschner 1976; Erick-
son and Gingrich 1986; Curtis and Wood 1991).
The [3H] PEG-4000 was allowed to equilibrate
for 12 h before experimentation was begun.

The infusions, at a rate of 0.5 ml kg)1 h)1,
were begun after allowing the [3H] PEG-4000 to
equilibrate. Blood samples (100 ll) were taken
every 12 h and centrifuged at 13 000 g for 2 min
to separate plasma and red blood cells, and urine
samples were collected over 12 h periods. Plasma
and urine samples were immediately frozen in
liquid nitrogen and then stored at )80 �C. Each
fish was subjected to three 24 h infusions in
sequence. The first infusion solution contained
10 mM glucose, the second 15 mM glucose and
the third 5 mM phlorizin. The solutions for the
infusions were changed every 24 h after consecu-
tive urine and blood samples had occurred. The
solutions were administered in a 140 mM NaCl
solution which was pH balanced to 7.4–7.5 using
1 M NaOH. Previous tests demonstrated that
infusion of saline of the pH at this rate had no
effect on blood pH.

Analytical techniques

Glucose in plasma and urine was measured
enzymatically (hexokinase, glucose-6-phosphate
dehydrogenase) using a commercial kit (Sigma,
301A). Urea in plasma and urine was measured
using the diacetyl monoxime method of
Rahmatullah and Boyde (1980). The radioactivity
of the plasma and urine was measured by taking
25 ll of plasma or 1 ml of urine, and then
adding enough double distilled water to make
5 ml of solution. Then 10 ml of ACS scintillation
fluor (Amersham) was added and the samples
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were counted in a LKB Rackbeta 1217 Counter.
Tests demonstrated that quenching was uniform
and therefore no correction was necessary. Na+

and Cl) concentrations in plasma and urine were
measured using a Varian 1275 Atomic Absorp-
tion Spectrophotometer and the colorimetric
spectrophotometric assay of Zall et al. (1956),
respectively.

Calculations

All rates were related to fish body mass e.g.
ml kg)1 h)1.

Urinary excretion (U) rates of any substance
(X) were calculated as:

Ux ¼ ½X�u �UFR ð1Þ
using measured values of urine flow rates (UFR)
and urine concentrations of the substance ([X]u).
Glomerular filtration rates were calculated as the
clearance of [3H] PEG-4000 – i.e. the excretion of
radioactivity in the urine (cpmu) relative to its
concentration in the blood plasma (cpmp):

GFR ¼ cpmu �UFR

cpmp

ð2Þ

The filtration rate (FR) of a substance X at
the glomeruli was calculated as:

FRx ¼ ½X�p �GFR ð3Þ

and the net tubular reabsorption rate (TR) of X
as:

TRx ¼ Ux � FRx ð4Þ
The clearance ratio of a substance (CRx; Wood

1995) relates the clearance of X to the GFR:

CRx ¼
½X�u �UFR

½X�p �GFR
ð5Þ

A CRx of more than 1 indicates that there
has been net secretion of X; less than 1, then net
reabsorption has occurred.

Statistics

Data have been reported as means ± S.E.M
(N ¼ number of fish), unless otherwise stated.
Regression lines were fitted by method of least
squares, and the significance (p < 0.05) of the
slope assessed. The significance (p < 0.05) of dif-
ferences between two regression lines was

calculated according to Zar (1974). The signifi-
cance of differences between means was evaluated
using Student’s paired and unpaired two-tailed
t-test as appropriate (p < 0.05) with Bonferroni
correction for multiple comparisons (Nemenyi
et al. 1977).

Results

Seven trout were deemed viable after the initial
recovery period and [3H] PEG-4000 equilibration
period (i.e. 36 h after surgery). Glucose levels in
the plasma increased over time in response to
glucose loading, but they declined at 72 h (i.e.
24 h after the start of the phlorizin infusion)
when they dropped to become not significantly
different from the starting values (Table 1). Glu-
cose levels in the urine were much lower then the
levels in the plasma, indeed close to the limits of
analytical detection, until phlorizin was adminis-
tered when they rose to levels close to those
found in the blood plasma (at 60 and 72 h).
Plasma and urine urea levels did not change sig-
nificantly over time, but urine urea levels were
significantly lower than plasma levels (the aver-
age value was 59% of that in the plasma).
Plasma Na+ and Cl) levels fluctuated with a sig-
nificant decrease during the phlorizin infusion for
both. Urine Na+ and Cl) levels were much lower
than those in plasma (averaging 8.8% and 11%
of the plasma values, respectively), and exhibited
comparable fluctuations over time. There was a
significant increase in UFR during the 15 mM
glucose infusion, while there was no change in
GFR throughout the experiment (Table 1). The
average overall GFR value was 4.53 ± 0.29 ml
kg)1 h)1 (N ¼ 7), and the average UFR value
was 3.58 ± 0.11 ml kg)1 h)1 (N ¼ 7).

There was a significant increase in glucose
excretion during the phlorizin infusion compared
to both the 10 mM glucose infusion and the
15 mM glucose infusion, as would be expected
by the blockade of the renal glucose reabsorptive
transporters (Figure 1). However there was no
significant change in the urea excretion rates dur-
ing the various infusions (Figure 1B). Note that
urinary excretion rates of urea exceeded those of
glucose prior to phlorizin treatment, whereas glu-
cose excretion rates rose to many fold higher
than urea excretion rates thereafter.
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Further support of the action of phlorizin on
renal glucose reabsorptive transporters is shown
in Table 2. The rate of glucose reabsorption rose
significantly from the 10 mM infusion to the
15 mM infusion in concert with an increase in
the filtration rate of glucose, and then fell signifi-
cantly as the glucose transporters were blocked
by phlorizin. The reabsorption rates during the
phlorizin infusion were not significantly different
from zero, indicating that the filtration rate of
glucose was equal to the excretion rate of glu-
cose. Urea reabsorption was not affected by the
infusions, indicating that urea filtration and
excretion rates are not affected by the alterations
in glucose transport or by the blockade of glu-
cose transporters. Similarly neither Na+ nor Cl)

reabsorption were significantly affected by the
various infusions.

The clearance ratio of glucose was close to
zero [0.12 ± 0.05 (7), indicating 88% reabsorp-
tion] until the phlorizin treatment was begun
(Figure 2a). At this point the clearance ratio
became not statistically different from 1.0, show-
ing that glucose was being filtered with the same
efficiency as the [3H] PEG-4000 and was subject
to neither net secretion nor net reabsorption.
However the urea clearance ratios were signifi-
cantly less than one and the average value was
0.53 ± 0.01 (7), meaning that 47% of the urea
was reabsorbed (Figure 2b) against an apparent

concentration gradient (Table 1). This did not
change over time indicating that the infusions did
not affect urea reabsorption.

Na+ and Cl) clearance ratios (Table 3) were
also not affected by the treatments either, averag-
ing 0.041 ± 0.007 (7) for Na+ (96% reabsorp-
tion) and 0.08 ± 0.02 for Cl) (7) (92%
reabsorption). The clearance ratio for water aver-
aged 0.78 ± 0.19 (7) indicating that 22% of the
filtered water was reabsorbed.

The phlorizin treatment significantly altered
renal glucose handling across a wide range of
glucose filtration rates (Figure 3a). During the
phlorizin infusions reabsorption was not occur-
ring, while during the glucose infusions the glu-
cose reabsorption was equal to the filtration (i.e.
the slope of the line was 1.0), showing that all
the filtered glucose was reabsorbed. In contrast,
phlorizin did not affect the relationship between
urea reabsorption and urea filtration (Figure 3b).
The linear relationships for the glucose treat-
ments, indicate a lack of a transport maxima for
both glucose (Figure 3a) and urea reabsorption
(Figure 3b) at these experimental concentrations,
which would be indicated by a leveling off of the
lines at high values.

While Na+ reabsorption and glucose reab-
sorption were well correlated, Figure 4a illus-
trates that Na+ reabsorption rates were almost
20 fold higher than glucose reabsorption rates in

Table 1. Comparison of mean plasma and urine concentrations, and UFR and GFR values, means ± SEM (N = 7)

Infusion Glucose Phlorizin

10 mM 10 mM 15 mM 15 mM 5 mM 5 mM

Time (h) 12 24 36 48 60 72

[glucose]p (mM) 3.5 ± 1.4 4.8 ± 0.7 5.5 ± 1.91 6.2 ± 1.71 7.4 ± 2.01 5.4 ± 1.81

[glucose]u (mM) 0.25 ± 0.042 0.45 ± 0.032 0.26 ± 0.062 0.18 ± 0.082 8.5 ± 1.21 7.5 ± 1.31

[urea]p (mM) 1.0 ± 0.1 0.88 ± 0.07 0.89 ± 0.06 0.77 ± 0.08 0.85 ± 0.05 0.88 ± 0.06

[urea]u (mM) 0.65 ± 0.042 0.60 ± 0.032 0.50 ± 0.102 0.48 ± 0.082 0.43 ± 0.032 0.43 ± 0.072

[Na+]p (mM) 160 ± 3 150 ± 3 140 ± 21 150 ± 31 140 ± 11 140 ± 21

[Na+]u (mM) 12.0 ± 0.62 8.5 ± 1.02 11.0 ± 0.82 8.6 ± 1.12 6.9 ± 0.92 7.0 ± 0.92

[Cl)]p (mM) 140 ± 1 120 ± 1 110 ± 11 130 ± 21 95 ± 21 96 ± 11

[Cl)]u (mM) 10.0 ± 1.42 9.1 ± 0.72 21.1 ± 2.91,2 13.0 ± 1.82,1 11.1 ± 2.02 7.9 ± 1.62

UFR (ml kg)1 h)1) 2.4 ± 0.1 3.0 ± 0.8 5.6 ± 0.91 4.6 ± 0.61 3.0 ± 0.8 2.9 ± 0.6

GFR (ml kg)1 h)1) 5.2 ± 2.5 3.2 ± 0.6 6.1 ± 0.8 5.1 ± 0.9 3.5 ± 0.8 4.1 ± 0.7

1indicates a significant difference (p < 0.05) between the mean of the indicated infusion values and the mean of the 10 mM glucose
infusion values.
2Indicates a significantly lower urine value than plasma value. N = 7.
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glucose-loaded fish. Urea reabsorption was also
correlated with Na+ reabsorption (Figure 4b),
but here the discrepancy in the relative rates was
even greater, approximately 200–300 fold. During
the phlorizin treatment, the reabsorption of glu-
cose was blocked, eliminating the relationship
with Na+ (Figure 4a). However Na+ continued
to be reabsorbed, presumably by other transport-
ers. In contrast, phlorizin treatment did not affect

the relationship between urea and Na+ reabsorp-
tion (Figure 4b).

Discussion

It is evident that the phlorizin infusion at
2.5 lmol kg)1 h)1 was effective in blocking the
reabsorption of glucose. The reabsorption of
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Figure 1. (a) Urinary glucose excretion rates (lmol kg)1 h)1). (b). Urinary urea excretion rates (lmol kg)1 h)1). The values are shown
above the infusion that the fish received as well as the time period over which the sample was collected. Values are means ± 1 S.E.M
(N ¼ 7). * indicates a significant difference (p < 0.05) between the mean of the indicated infusion values and the mean of the 10 mM
glucose infusion values. + indicates a significant difference (p < 0.05) between the mean of the indicated infusion values and the mean
of the 15 mM infusion values.
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glucose was complete in the absence of phlorizin
as evidenced by the extremely low clearance ratio
of glucose (Figure 4a), the nearly undetectable
urine concentrations (Table 1) as well as the low
excretion rates for glucose (Figure 1a). Glucose
excretion rates increased in response to phlorizin
(Figure 1a), becoming equal to filtration rates.
As the excretion rates were rising, the reabsorp-
tion rates were falling to zero creating a clear-
ance ratio of glucose that was not significantly
different from one (Figure 1a), indicating glucose
was subject only to filtration to the same extent
as [3H] PEG-4000 (Wood 1995).

This was expected as previous in vitro studies
on fish encounter complete inhibition of glucose
transport at plasma phlorizin concentrations of
0.1–10 lM. Pritchard et al. (1976) found that
2.5 lmol kg)1 (the amount we infused in each
hour) of phlorizin injected into the caudal vein of
the winter flounder (creating an estimated plasma
concentration of 5–10 lM of phlorizin) created an
increase in mannitol clearance ratios to 0.8–1.0
from a starting value of 0.3. Phlorizin appears to
be acting on the single glucose transporter located
in the rainbow trout kidney, which was identified
by Friere et al. (1995) as a Na+-dependent D-glu-
cose co-transport system. The data of Figure 4a
are in accord with Na+ dependency, though they
do not prove it. Stimulation and inhibition of
renal glucose reabsorption by glucose and phlori-
zin infusion, respectively had negligible effects on
the active reabsorption of Na+ (and Cl))
(Tables 2 and 3). However it is likely that any
such effect would be so small as to be undetectable

against Na+ (and Cl)) transport rates 20 fold
greater than those of glucose (Figure 4a).

Contrary to the hypothesis behind this
study (see Introduction), urea transport is
not related to glucose transport in any way
in the trout kidney. There was no obvious
effect of either glucose loading or phlorizin
on any of the indices of urea reabsorption lead-
ing to the conclusion that urea transport is
not associated with the glucose transporter,
and that urea is transported via a different
mechanism than proposed. These results
must be interpreted against the background of
literature on glucose–urea coupling which is
somewhat clouded at present. Heirmann and
Wright (2001) found that urea actually passed
through a channel that was a part of the glu-
cose transporter but some distance from the glu-
cose and Na+ binding sites on the rabbit renal
glucose transporter (rbSGLT1). The channel
was not affected by phlorizin because it was not
involved with the binding of phlorizin to the
transporter and hence urea transport was not
affected by phlorizin or glucose binding as in
this study. However Heirmann and Wright
(2001) also found that urea transport was pas-
sive in this system which is in contradiction to
present and previous findings (McDonald and
Wood 1998, 2003) that urea was being trans-
ported via an active transporter against its con-
centration gradient in the trout kidney, as
sometimes also reported in the mammalian kid-
ney (Kawamura and Kokko 1976; Kato and
Sands 1998).

Table 2. Reabsorption rates of glucose, urea, Na+, and Cl–, means ± SEM (N = 7)

Infusion Glucose Phlorizin

10 mM 10 mM 15 mM 15 mM 5 mM 5 mM

Time (h) 12 24 36 48 60 72

Reabsorption rates

Glucose (lmol kg)1 h)1 ) 9.8 ± 1.9 8.9 ± 1.9 34 ± 71 32 ± 41 )5.0 ± 3.41,2 )4.3 ± 4.01,2

Urea (lmol kg)1 h)1 ) 0.85 ± 0.25 1.40 ± 0.35 3.10 ± 0.79 2.30 ± 1.00 1.10 ± 0.22 2.00 ± 0.291

Na+ (lmol kg)1 h)1 ) 280 ± 25 420 ± 86 700 ± 1101 500 ± 391 450 ± 110 460 ± 60

Cl) (lmol kg)1 h)1 ) 390 ± 95 480 ± 150 890 ± 1801 630 ± 1901 490 ± 102 430 ± 96

H2O (ml kg)1 h)1 ) 2.6 ± 1.7 0.20 ± 0.09 0.30 ± 0.08 0.32 ± 0.09 0.51 ± 0.07 0.98 ± 0.79

1Indicates a significant difference (p < 0.05) between the mean of the indicated infusion values and the mean of the 10 mM glucose
infusion values.
2Indicates a significant difference (p < 0.05) between the mean of the indicated infusion values and the mean of the 15 mM infusion
values. N = 7.
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Leung et al. (2000) presented evidence that
the co-transporters studied (rbSGLT1, the low
affinity Na+–glucose co-transporter (pSGLT3),
the Na+–iodide co-transporter (rNIS), and the
Na+–Cl)–GABA co-transporter (hGAT1))
behave as passive urea channels in the absence of
substrate, and under substrate-transporting
conditions the same co-transporters behave as
active urea co-transporters. They go on to fur-

ther propose that water and urea are transported
by conformational changes, which the co-trans-
porters undergo during substrate transport, an
idea that is supported by many (Zeuthen 1991,
1994; Loo et al. 1996, 1999; Zeuthen et al. 1996,
1997; Meinld et al. 1998, 2000). However, Leung
et al. (2000) also found that phlorizin was effec-
tive in blocking urea transport and that the addi-
tion of sugars to the medium stimulated the
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Figure 2. (a) Renal clearance ratios of glucose. (b). Renal clearance ratios of urea. The values are shown above the infusion that the fish
received as well as the time period over which the sample was collected. Values are means ± 1 S.E.M (N ¼ 7). *indicates a significant
difference (p < 0.05) between themeanof the indicated infusion values and themeanof the 10 mMglucose infusion values. + indicates a
significant difference (p < 0.05) between the mean of the indicated infusion values and the mean of the 15 mM infusion values.
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Table 3. Clearance ratios for Na+, Cl), and H2O, means ± SEM (N = 7)

Infusion Glucose Phlorizin

10 mM 10 mM 15 mM 15 mM 5 mM 5 mM

Time (h) 12 24 36 48 60 72

Clearance ratio

Na+ 0.071 ± 0.019 0.061 ± 0.021 0.097 ± 0.022 0.089 ± 0.024 0.043 ± 0.0102 0.039 ± 0.0072

Cl) 0.141 ± 0.071 0.085 ± 0.035 0.122 ± 0.036 0.109 ± 0.029 0.077 ± 0.013 0.084 ± 0.017

H2O 0.75 ± 0.15 0.87 ± 0.09 0.92 ± 0.09 0.91 ± 0.08 0.85 ± 0.07 0.67 ± 0.04

1Indicates a significant difference (p < 0.05) between the mean of the indicated infusion values and the mean of the 10 mM glucose
infusion values.
2Indicates a significant difference (p < 0.05) between the mean of the indicated infusion values and the mean of the 15 mM infusion
values. N = 7.
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Figure 3. (a). Glucose filtration (lmol kg)1 h)1) vs. glucose reabsorption (lmol kg)1 h)1) in fish infused with glucose or phlorizin. (b)
Urea filtration (lmol kg)1 h)1) vs. urea reabsorption (lmol kg)1 h)1). N ¼ 7, *indicates significantly different (p < 0.05) regression
lines. Points are values for individual fish at different times, not mean values.

9



uptake of urea, both of which are in contradic-
tion to the findings of the present study. As well,
Heirmann and Wright (2001) found that urea
transport through rbSGLT1was Na+-indepen-
dent, which again is contrary to this study as well
as others (McDonald and Wood 1998, 2003).
Overall, these findings suggest that the model
proposed for urea transport in SGLT1 is not
appropriate for trout renal handling of urea.

Urea was always reabsorbed against a concen-
tration gradient in support of the original find-
ings of McDonald and Wood (1998). The

clearance ratio found for urea in the present
study (0.53 ± 0.01) match those (0.40 ± 0.09)
reported by McDonald and Wood (1998).
McDonald and Wood (1998) also reported water
clearance ratios of 0.50 ± 0.04 which were lower
than those (0.78 ± 0.19) found in this experi-
ment. However, the clearance ratios of urea in
both this study and the report of McDonald and
Wood (1998) were lower than those of water,
which suggests that urea transport is relatively
greater than water transport and is therefore not
occurring by solvent drag. The urea clearance
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Figure 4. (a). Glucose reabsorption (lmol kg)1 h)1) vs. Na+ reabsorption (lmol kg)1 h)1) in fish infused with glucose or phlorizin.
(b) Urea reabsorption (lmol kg)1 h)1) vs. Na+ reabsorption (lmol kg)1 h)1). N ¼ 7, *indicates significantly different (p < 0.05)
regression lines. Points are values for individual fish at different times, not mean values.
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ratio was also higher than the clearance ratios
for Na+ and Cl), which suggests that it is not
being actively transported as efficiently as
these ions. Active secretion of urea was also
seen in some of the trout studied by McDon-
ald and Wood (2003), but not in the pres-
ent study. Reasons for this contradiction
are unclear, but unseen variations in the nutri-
tional levels of protein in the fish may
have played a part. Both active reabsorption
and active secretion of urea have been reported
in the mammalian kidney (Kato and Sands
1998). Kato and Sands (1998) found that rats fed
a low protein diet expressed active Na+-depen-
dent urea reabsorption in the initial inner medul-
lary collecting duct, while rats fed a normal
protein diet expressed no such activity. Varia-
tions in the mass of the fish are not believed to
be responsible for the contradiction as both stud-
ies had similar values [242 ± 25 g (present
study), and 259 ± 17 g (McDonald and Wood
2003)].

Urea transport was active and correlated
well with Na+ transport in the trout kidney
in both this and earlier studies (McDonald
and Wood 1998, 2003), though correlation
does not prove causation. In the spiny dogfish kid-
ney, an active urea transporter was identified
(Schmidt-Nielson and Rabinowtiz 1967) where
Na+ and urea were reabsorbed at a much lower
fixed ratio of 1.6:1 (Schmidt-Nielson et al. 1972).
Active Na+-dependent ‘‘back transport’’ of urea
(of unknown stoichiometry) has also been
reported in the gills of the dogfish (Fines et al.
2001), and both active Na+-coupled reabsorption
and secretion of urea (again of unknown stoichi-
ometry) have been described in the mammalian
kidney (Kato and Sands 1998). Urea transport in
the little skate kidney exhibits a non-saturable
uniporter in the dorsal section and a Na+-
linked transporter in the ventral section of the
kidney (Morgan et al. 2003). All of the mecha-
nisms appear to be very different from the
facilitated diffusion transporters (‘‘UT’’s) charac-
terized in teleost gills in recent years (Wood et al.
1998; Walsh et al. 2000; Walsh et al. 2001a, b)
which appear to be Na+-independent and pas-
sive, but controlled in different manners in differ-
ent species by mechanisms which are not yet
understood. Clearly there is much more to learn
about urea handling in fish.
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