
A Journal of Integrative Biology

Urea Production Capacity in the Wood Frog
(Rana sylvatica) Varies With Season and
Experimentally Induced Hyperuremia
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Department of Zoology, Miami University, Oxford, Ohio

ABSTRACT Wood frogs (Rana sylvatica) can accumulate substantial amounts of urea during
fall and winter. In this study, maximal urea production capacity was examined in R. sylvatica
collected at various times of the year and in response to experimental hyperuremia and dehydration.
Activity and expression of carbamoyl phosphate synthetase I (CPS I), the hepatic regulatory enzyme
of the urea cycle, were used as indicators of urea production capacity. The high levels of CPS I
activity in summer frogs were maintained through much of winter, a time when many metabolic
processes are downregulated, suggesting that urea production is important during hibernation. In
laboratory experiments, hyperuremia in fully hydrated frogs caused CPS I activity to decrease by
�41%, suggesting that urea functions as a feedback inhibitor. In contrast, CPS I activity was
maintained in hyperuremic, dehydrated frogs. The significance of this response is unclear, although
perhaps urea functions to counteract inhibitory effects of concentrated salts. Generally, changes in
CPS I activity were not reflected by corresponding changes in CPS I quantity, indicating that this
enzyme is not primarily regulated through transcription and translation; rather, control may be
achieved by posttranslational modifications and/or feedback inhibition. Our findings suggest that
maintenance of urea production capacity in hibernating R. sylvatica facilitates accumulation of this
osmolyte, which has important roles in the winter biology of this species. J. Exp. Zool. 309A:484–493,
2008. r 2008 Wiley-Liss, Inc.
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Anurans are especially prone to dehydration
because their skin is relatively permeable and by
itself is an insufficient barrier to water loss.
Therefore, these animals must rely on other
means to limit desiccation. Urea accumulation is
one such mechanism universally used by amphi-
bians (and some other vertebrate ectotherms) to
maintain water balance under dehydrating condi-
tions (Gordon et al., ’61; McBean and Goldstein,
’70; McClanahan, ’72; Ip et al., 2005). An organic
osmolyte, urea replaces some of the ionic solutes
that might otherwise concentrate and become
detrimental to cellular functions during osmotic
stress (Grundy and Storey, ’94).

There are two known mechanisms by which
organisms accumulate urea. One is simply to
retain urea rather than excrete it (Balinsky, ’81).
Many organisms using this stratagem reduce
urine production and excretion, thereby causing
urea to accrue in tissues. Among some amphi-
bians, retention is aided by reabsorption of urea

across the walls of the urinary bladder (Chew
et al., ’72). Another mechanism, which may be
used in addition to retention, is to increase
urea synthesis through modulation of urea-cycle
activity (Balinsky, ’81).

Much of our current understanding of urea-cycle
regulation comes from studies of mammals. These
indicate that carbamoyl phosphate synthetase I
(CPS I), the first enzyme of the urea cycle, which
catalyzes the conversion of ammonium and bicar-
bonate to carbamoyl phosphate, is a key regula-
tory point (Morris, 2002). CPS I function requires
N-acetyl-L-glutamate, but it is unclear whether
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this molecule is involved in regulation of urea-
cycle activity. Substrate availability is often the
major determinant of the rate of urea synthesis in
the short term, whereas long-term regulation in
response to changing demands for urea synthesis
apparently occurs primarily by controlling the
quantity of CPS I and other urea-cycle enzymes
through transcription and/or translation (Morris,
2002). Few other mechanisms of regulation have
been identified, although it is known that acyla-
tion of the active site of rat CPS I irreversibly
inhibits its activity (Corvi et al., 2001). Because of
its regulatory role, researchers have interpreted
changes in CPS activity to be reflective of changes
in urea production capacity (McBean and Gold-
stein, ’70; Chew et al., 2003; Wright et al., 2004).
Modulation of CPS activity reportedly occurs in
several, though certainly not all, urea-accumulat-
ing species (Weng et al., 2004; Lee et al., 2006).

The wood frog (Rana sylvatica) has a geographic
range that extends from the southeastern United
States into Canada and Alaska. In fall, these frogs
begin hibernation under leaf litter and seem to
prefer upland forests with well-drained soils as
opposed to more moist lowlands (Regosin et al.,
2003). At this time, soil moisture can be scarce,
which can create an osmotic challenge to hibernat-
ing frogs. In addition, these frogs may face
increasingly desiccating conditions when the
remaining soil water freezes and becomes biologi-
cally unavailable. Urea may be an important
osmoprotectant at this time. Plasma urea levels
of up to 50 mmol L�1 have been found in hibernat-
ing R. sylvatica, and in the laboratory these frogs
can accumulate to at least 90 mmol L�1 (Costanzo
and Lee, 2005). Recent studies indicate that
modest physiological levels of urea reduce freezing
damage to cells and tissues (Costanzo and Lee,
2005; Costanzo et al., 2008), and may also
contribute to an energy-sparing metabolic depres-
sion (Muir et al., 2007, 2008). Efforts to elucidate
these roles are ongoing, but it is unclear whether
urea accumulation in fall and winter is owing to
decreased excretion alone or whether it also
involves increased rates of urea synthesis. We
compared both the activity and quantity of CPS I
in R. sylvatica sampled at various times of the year
to determine the relative roles of decreased
excretion and increased synthesis in urea produc-
tion capacity. Additionally, we examined regula-
tion of urea production capacity by measuring
CPS I activity and quantity in frogs rendered
hyperuremic via urea injections in both the fully
hydrated and dehydrated states.

MATERIALS AND METHODS

Animal collection and maintenance

Male wood frogs (R. sylvatica) were collected
from a vernal pool in February 2004 and 2006 in
Adams Co., Ohio, OH. Frogs from the 2004
collection were placed in an outdoor enclosure at
the Ecology Research Center (ERC), Miami Uni-
versity, where they were exposed to naturally
varying environmental conditions. During spring
and summer they were fed crickets three times a
week; water was continuously available. In Octo-
ber, feeding was terminated. Four frogs were
transported to the laboratory and euthanized to
provide tissue for experimentation (see below),
whereas the remaining animals were transferred
to a separate facility at the ERC for overwintering.
Sited in a deciduous woodlot, this enclosure
contained sparse shrub cover and leaf litter and
provided environmental conditions appropriate to
hibernation (see Costanzo and Lee, 2005). Small
groups of frogs were recaptured in January,
February, and March, transported to the labora-
tory, and euthanized for tissue collection.

Frogs collected in February 2006 were divided
into two lots. One group was placed in covered,
opaque boxes containing damp moss and kept at
41C for up to 6 weeks until used in laboratory
experiments. The other group was maintained
inside the summer enclosure at the ERC (as
described above) until August, when several frogs
were transported to the laboratory and euthanized
to provide tissue for experimentation (see below).
The care and experimental treatment of frogs
were in accordance with protocols approved by
Miami University’s Institutional Animal Care and
Use Committee (protocol 629).

Euthanization and tissue collection

Frogs were euthanized by double pithing and
immediately dissected. A portion of the liver was
dissected out, placed in a cryo-storage vial, and
immediately frozen in liquid N2. Samples were
subsequently stored at �801C until used in
determinations of CPS I activity and western
(immunoblot) blot assays (see below).

Seasonal variation in CPS I activity
and expression

In the population of R. sylvatica under investi-
gation, feeding wanes and ultimately eases in
October and the ensuing period of hibernation
lasts until the frogs emerge to breed, usually in
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late February. To determine whether CPS I
activity varies seasonally in R. sylvatica, we
sampled frogs (N 5 4) from the outdoor enclosures
on October 1 in 2004 (fall), and on January 31
(winter), February 28 (late winter), and March 16
(spring) in 2005. We included in this experiment
frogs (N 5 5) that were sampled from the outdoor
enclosure in August 2006 (summer). Liver tissue
was sampled as described previously and used in
determinations of CPS I activity and semi-quanti-
tative western blot protein assays.

Effect of hyperuremia on CPS I activity
and expression

We examined the influence of hyperuremia on
CPS I activity and expression in fully hydrated
R. sylvatica by comparing these variables in urea-
treated and saline-treated frogs. Cold-acclimated
frogs from the February 2006 collection were
randomly assigned to either of two groups (N 5 5
each) and injected with phosphate-buffered saline
(PBS; in g L�1: 6.10 NaCl, 0.15 KCl, 0.88 Na2H-
PO4, 0.15 KH2PO4; pH 7.4) or PBS containing
1.5 mol L�1 urea. The injectant (volume, �3% of
standard body mass) was delivered into the dorsal
lymph sac using a 27.5 gauge needle. From
measurements of body mass and tissue water
concentration, we estimated that administering
this urea solution would elevate plasma urea
concentration to 70 mmol L�1, which is within
the physiological range (Costanzo and Lee, 2005).
After receiving the injection, each frog was
returned to its box and held at 41C, in darkness,
for 24 hr before being euthanized and dissected.
Approximately 250 mL of blood was collected from
the dorsal aorta in heparinized capillary tubes and
centrifuged (4,000g, 5 min), and the resulting
plasma was stored at �801C until analyzed for
urea using a colorimetric BUN kit (Pointe Scien-
tific, Canton, MI). Liver tissue was sampled as
described previously and used in determinations
of CPS I activity and western blot assays.

Effect of hyperuremia and dehydration
on CPS I activity and expression

In a separate experiment, we examined the
influence of hyperuremia coupled with dehydra-
tion on CPS I activity and expression in
R. sylvatica by comparing these variables in
urea-treated and saline-treated frogs subjected to
gradual dehydration. Cold-acclimated frogs from
the February 2006 collection were injected with
PBS (N 5 5) or PBS containing 1.5 mol L�1 urea

(N 5 5) as described above. They were placed
individually inside plastic tubes (which also served
as respirometry chambers in the study by Muir
et al., 2007) and held for 6 d at 41C, in darkness,
after which they received a second injection of
PBS or PBS with 1.5 mol L�1 urea as appropriate.
Frogs were gradually dehydrated over the next
23 d by slowly passing a stream of air (41C; relative
humidity �60%) through the tubes during a 14-hr
period on alternating days. Finally, the frogs were
weighed and euthanized, and blood and liver
samples were collected as described above. Body
water content, expressed as percentage of fresh
mass, was determined by thoroughly drying the
carcass (including residual liver) in a 651C oven.
Plasma was assayed for urea concentration and
liver tissue was used in determinations of CPS I
activity and western blot assays.

CPS I activity assay

Liver samples were thawed on ice, gently blotted
on laboratory tissue, and weighed to 0.01 mg.
We added homogenization buffer (50 mmol L�1 tri-
ethanolamine HCl, 15 mmol L�1 magnesium acet-
ate, 1 mmol L�1

DL-dithiothreitol, 10 mmol L�1

ATP; 10 mL mg�1 tissue) and homogenized the
sample on ice using a rotating-blade homogenizer
(Tissue Tearor, Biospec, Bartlesville, OK). The
homogenate was centrifuged (14,000g, 41C,
15 min) and most of the resulting supernatant
was passed through a Sephadex G25 column
(20 cm high�0.7 cm diameter) equilibrated with
homogenization buffer. Small aliquots of the raw
supernatant and residual filtrate were frozen in
liquid N2 and stored at �801C for subsequent
protein determination using an assay kit (Brad-
ford protein assay, Bio-Rad Laboratories,
Hercules, CA).

Two reaction tubes were prepared for each
enzyme sample. A 10-mL volume of the enzymati-
cally active filtrate was added to 165 mL of
homogenization buffer in each tube. One tube in
each pair was incubated at 951C for 5 min to
inactivate the enzyme, whereas the other was kept
on ice. The enzymatic assay was carried out as
described by Pierson (’80) except that our initial
incubations were carried out at room temperature
(�231C). Before reading sample absorbances,
reaction tubes were centrifuged (4,000g, 41C,
6 min) to remove precipitated proteins. Absor-
bances were read at 458 nm zeroed on reagent
blanks prepared by substituting an equal volume
of homogenization buffer for filtrate.
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To account for possible color formation owing to
other components of the homogenate, we sub-
tracted the absorbance of the inactivated solution
(range 0.001–0.022) from that of the correspond-
ing active solution before calculating the amount
of carbamoyl phosphate produced. This step was
necessary because urea also produces a yellow
color with this assay. However, our preliminary
studies showed that the Sephadex G25 column
effectively removed high levels (4150 mmol L�1)
of urea; thus, urea in the liver samples should not
have contributed to color formation. Because the
water content of liver samples varied in our study,
we expressed CPS I activity as nmol carbamoyl
phosphate produced hr�1 mg�1 soluble protein.

Western blot analysis

A separate portion of each liver sample was
prepared by mechanical homogenization for 45 sec
in extraction buffer (250 mmol L�1 sucrose,
10 mmol L�1 Tris, 1 mmol L�1 dithiothreitol,
1 mmol L�1 phenylmethylsulfonyl fluoride; pH 7.4)
followed by sonication (10-sec pulses, 4�). Homo-
genates were frozen in liquid N2 and stored at
�801C until used. After thawing, samples were
centrifuged (7,000g, 41C, 5 min) and the total
protein concentration in the resultant supernatant
was determined. Protein (1, 2, or 4mg) was
incubated with Lammelli buffer (Bio-Rad Labora-
tories) and loaded into 4–15% gradient Tris–HCl
Ready Gels (Bio-Rad Laboratories); electrophoresis
was run for 7 min at 120 V and then for 40 min at
180 V. Protein was transferred to a nitrocellulose
membrane (Bio-Rad Laboratories) for 90 min at
80 V. We used Ponceau S staining (Sigma Chemical
Company, St. Louis, MO) to confirm that protein
was transferred properly and equally loaded.

Following destaining, the membranes were
blocked overnight at 41C in wash buffer
(10 mmol L�1 Trizma, 100 mmol L�1 NaCl; pH 7.5
with 0.1% Tween 20) containing 10% nonfat dry
milk. The membranes were warmed to room
temperature, incubated with rabbit anti-CPS I
primary antibody (Abcam, Cambridge, MA)
diluted 1:4,000 in wash buffer containing 5% milk
for 1 hr, and then given four 10-min washes with
wash buffer. Next, the membranes were incubated
with goat anti-rabbit secondary antibody (Sigma,
St. Louis, MO) diluted 1:1,000 in wash buffer
containing 5% milk for 1 hr, followed by four
10-min washes with wash buffer. CPS I was
visualized using an enhanced chemiluminescence
system (Amersham ECL western blotting detec-

tion system, Amersham Biosciences, Piscataway,
NJ). Bands were quantified with ImageQuant 5.2
software (Molecular Dynamics, Amersham Bios-
ciences). Each sample was run in duplicate on two
separate blots; densitometry volumes from the
duplicate blots were averaged to provide the single
value used in the statistical analysis.

Statistical treatment of data

Group means (reported7SEM) were compared
using Student’s t-test or analysis of variance,
followed by Fisher’s protected least-significant
difference. Percentage data were analyzed after
arcsine-root transformation. Significance was
accepted at Pr0.05.

RESULTS

Approximately 1–3mg of protein was present in
the 10-mL aliquot of filtrate used in the enzyme
assays. Preliminary experiments showed that the
relationship between protein concentration and
absorbance remained linear at least up to 7 mg of
protein; thus, enzyme activity was not limited by
substrate or cofactor availability. We detected CPS
I activity in all liver samples tested. Heat-
inactivated preparations had very little or no color
development over the reagent blanks.

Our preliminary western blot experiments
showed that the primary anti-CPS I antibody
cross-reacted equally well to R. sylvatica CPS I as
it did to rat liver CPS I, against which the
antibody had been raised. Western blots revealed
an expected single band of 165 kDa that occurred
just above the 150 kDa molecular-weight marker,
which we identified as CPS I.

Seasonal variation in CPS I activity
and expression

CPS I activity in R. sylvatica liver varied
seasonally (Fig. 1A; P 5 0.04). The activity in
summer frogs was similar to that in frogs sampled
in fall and winter, but was substantially higher
than that found in frogs sampled in late winter
and spring. Soluble protein concentration of the
filtrate ranged from 3.5370.53 mg 100 mg�1 wet
tissue in winter frogs to 4.3070.24 mg 100 mg�1

wet tissue in spring frogs, but there was no
statistically significant (P 5 0.17) variation among
any of the groups.

Western blot analyses indicated that quantities
of CPS I varied among frogs collected at different
times of the year (P 5 0.002). Summer frogs had
�1.8 times more CPS I than the quantity found in
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frogs sampled at other times, but no other
differences among groups were detected (Fig. 1B).

Effect of hyperuremia on CPS I activity
and expression

Experimental hyperuremia was associated with
a decrease in CPS I activity, but not quantity, in
R. sylvatica liver. At the time of euthanization,
urea-treated frogs exhibited a blood urea concen-
tration of 69.672.5 mmol L�1 as contrasted
to 9.870.8 mmol L�1 for saline-treated frogs; both
values are within the physiological range for
hibernating R. sylvatica (Costanzo and Lee,
2005). Saline-treated frogs had 1.7-fold higher
(P 5 0.01) levels of CPS I activity relative to urea-
treated frogs (Fig. 2A). This variation could not be
attributed to differential amounts of enzyme,
because western blot analyses indicated that the
groups had similar (P 5 0.96) quantities of CPS I

(Fig. 2B). Neither was there a difference (P 5 0.61)
in total soluble protein concentration between
urea-treated (4.770.4 mg protein 100 mg�1 wet
tissue) and saline-treated frogs (4.470.4 mg
protein 100 mg�1 wet tissue).

Effect of hyperuremia and dehydration on
CPS I activity and expression

All frogs were alive at the end of the 23-d
dehydration experiment, though they had lost
�27% of their initial body mass. Results from
paired t-tests showed that body water content
decreased from an estimated initial value of
78.570.2 to 71.570.4% in saline-treated frogs
(Po0.0001), and from 78.370.6 to 69.371.0% in
urea-treated frogs (Po0.0001). The final measure-
ments did not differ (P 5 0.08) between the
groups, indicating that all frogs had lost approxi-
mately the same quantity of water. By the last day
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Fig. 1. Seasonal variation in CPS I activity and quantity in R. sylvatica. (A) CPS I activity expressed as nmol carbamoyl
phosphate hr�1 mg�1 soluble protein. (B) Western blot detection of CPS I showing densitometric analyses (arbitrary units) and
representative blots. Samples from summer frogs were run on separate blots alongside additional samples from fall frogs against
which the densitometric results were normalized. Bars represent mean7SEM; N 5 4 for all groups except summer, where
N 5 5. Within each panel, groups not sharing the same letter are significantly different (ANOVA/Fisher’s PLSD; Pr0.05). CPS
I, carbamoyl phosphate synthetase I; ANOVA, analysis of variance; PLSD, protected least-squares difference.
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of the experiment, plasma urea concentration had
reached 38.371.8 mmol L�1 in saline-treated frogs
and 161.577.6 mmol L�1 in urea-treated frogs.
Urea levels in the latter group probably were
higher than those usually occurring in natural
populations of R. sylvatica, but were readily
tolerable (Shpun et al., ’92).

Hepatic CPS I activity in liver of urea-treated
frogs, 2,0327386 nmol carbamoyl phosphate
hr�1 mg�1 protein, was 1.8-fold higher (P 5 0.05)
than that measured in saline-treated frogs
(Fig. 3A). Western blot analyses indicated that

CPS I quantity did not differ (P 5 0.70) between
these groups (Fig. 3B). Total soluble protein
concentrations in filtrates prepared from saline-
treated frogs (5.370.5 mg soluble protein
100 mg�1 wet tissue) and urea-treated frogs
(6.170.2 mg soluble protein 100 mg�1 wet tissue)
were statistically indistinguishable (P 5 0.14).

DISCUSSION

Measurements of CPS I activity in R. sylvatica
liver were consistent with the relatively
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Fig. 2. Variation in CPS I activity and quantity in R.
sylvatica treated with phosphate-buffered saline or phosphate-
buffered saline containing 1.5 mol L�1 urea. (A) CPS I activity
expressed as nmol carbamoyl phosphate hr�1 mg�1 soluble
protein. (B) Western blot detection of CPS I showing
densitometric analyses (arbitrary units) and representative
blots. Bars represent mean7SEM (N 5 5). Within each panel,
groups not sharing the same letter are significantly different
(Student’s t-test; Pr0.05). CPS I, carbamoyl phosphate
synthetase I.
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Fig. 3. Variation in CPS I activity and quantity in R.
sylvatica treated with phosphate-buffered saline or phosphate-
buffered saline containing 1.5 mol L�1 urea before being
exposed to dehydrating conditions for 23 d. (A) CPS I activity
expressed as nmol carbamoyl phosphate hr�1 mg�1 soluble
protein. (B) Western blot detection of CPS I showing
densitometric analyses (arbitrary units) and representative
blots. Bars represent mean7SEM (N 5 5). Within each panel,
groups not sharing the same letter are significantly different
(Student’s t-test; Pr0.05). CPS I, carbamoyl phosphate
synthetase I.
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high values expected of terrestrial species
(Jørgensen, ’97) and comparable to those reported
for the crab-eating frog, R. cancrivora (2,358 nmol
carbamoyl phosphate h�1 mg�1 protein; Wright
et al., 2004), and Xenopus laevis (1,860 nmol carba-
moyl phosphate hr�1 mg�1 protein; Lindley et al.,
2007) while under osmotic stress.

Many metabolic processes in amphibians (and
other ectotherms) are downregulated in winter to
conserve energy, as survival depends on the
judicious use of finite endogenous energy reserves
(Pinder et al., ’92; Tattersall and Ultsch, 2008).
Because urea synthesis is energetically costly, one
might expect urea-cycle activity to decrease mark-
edly during hibernation. To the contrary, hepatic
CPS I activity in R. sylvatica was maintained in
fall and winter at the levels found in summer
animals with a decrease occurring only with the
advent of spring. Maintenance of this relatively
high capacity for urea production, coupled with
anuria and urea retention, probably contributes to
the urea accumulation observed in hibernating
R. sylvatica (Costanzo and Lee, 2005), whereas its
reduction in spring coincides with arousal from
hibernation and diminishing levels of freeze
tolerance (see discussion in Layne et al., ’98). This
finding supports our hypothesis that elevated urea
is of physiological importance in hibernation
owing to its functions as a cryoprotectant (Cost-
anzo and Lee, 2005; Costanzo et al., 2008) and a
metabolic depressant (Muir et al., 2007, 2008).

Current understanding of urea-cycle function
suggests that CPS I activity is regulated primarily
through transcription and translation (Morris,
2002). Apparently, this is true not only of
mammals, but also of some nonmammalian
vertebrates. For example, in one study, CPS I
activity in X. laevis increased two-fold with a
concomitant six-fold increase in mRNA (Lindley
et al., 2007). In another study, the air-breathing
catfish (Clarias batrachus) responded to high
ambient ammonia by increasing CPS III (a
glutamate-dependent CPS) activity two-fold, and
this rise was reflected by a 1.75-fold increment in
protein quantity (Saha et al., 2007). We antici-
pated finding that CPS I activity more or less
matched the quantity of this enzyme in R.
sylvatica liver. However, that this was generally
not the case suggests that CPS I activity in R.
sylvatica is also regulated at the protein level.
Unfortunately, little is known about regulation of
urea-cycle activity in nonmammalian vertebrates,
although Anderson (’81) proposed that urea-
accumulating species might use multiple mechan-

isms of control. Saha et al. (2007) suggested that,
in addition to transcriptional regulation, mechan-
isms such as phosphorylation or regulation by N-
acetyl-L-glutamate could influence control of urea-
cycle activity in C. batrachus. In our experiments,
N-acetyl-L-glutamate was present in the assay
mixture; thus, the observed variation in CPS I
activity cannot be ascribed to differential cellular
concentrations of this activator. In principle,
regulation of this enzyme could be achieved
through feedback inhibition, phosphorylation, or
allosteric modifiers. Reversible phosphorylation is
a particularly efficient means to adjust metabolic
functions in estivating animals (Storey, 2002), but
whether or not this mechanism is also used by
hibernating
R. sylvatica remains to be determined.

Although CPS I activity was comparable
between fall and winter frogs and those sampled
in summer, the latter had more of the enzyme. In
summer, frogs undoubtedly experience intermit-
tent periods when dietary protein is catabolized
followed by periods of only basal levels of protein
degradation and nitrogenous waste production.
We suspect that protein-level regulatory mechan-
isms could keep CPS I activity at lower levels
while frogs are not feeding, yet also allow for
accelerated urea production when needed. This
seems to be the case in the dogfish shark (Squalus
acanthias), which also exhibits alternating periods
of elevated protein metabolism, as activities of
urea-cycle enzymes increase markedly upon feed-
ing (Kajimura et al., 2006). The mechanism(s) by
which S. acanthias modulates enzyme activities in
this nitrogen-conserving response remains
unknown. However, in feeding R. sylvatica,
increasing blood ammonia levels could be a major
regulatory signal to upregulate CPS I activity.

Experimentally treating R. sylvatica with exo-
genous urea apparently inhibited hepatic CPS I
activity, which decreased by �41% relative to
saline-treated frogs. Because hyperuremia would
serve no osmoregulatory purpose in these fully
hydrated frogs, it is conceivable that enzyme
activity was downregulated in order to retard
urea production. Similarly, rats rendered hyper-
uremic (10 mmol L�1 urea vs. 4 mmol L�1 in con-
trols) from partial nephrectomy show a transient
decrease in urea synthesis as well as decreased
levels of mRNA for all urea-cycle enzymes except
ornithine transcarbamoylase (Nielsen et al., 2007).
Because we found no difference in CPS I quantity
between urea-treated and saline-treated frogs, it is
unlikely that elevated urea influenced regulatory
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pathways involving CPS I transcription and
translation. It is more likely that elevated urea
activated a separate control pathway or directly
acted upon the enzyme to reduce its activity.
Indeed, urea is a well-known protein destabilizer
that can markedly alter enzyme function. Marine
elasmobranchs, which maintain on the order of
400 mmol L�1 urea in their tissues, accumulate
methylamines that serve to counteract urea’s
perturbing effects on proteins (Yancey et al., ’82;
Robertson, ’89). In S. acanthias, lacking appro-
priate concentrations of these counteractants,
elevated urea directly inhibits activity of CPS III
(Anderson, ’81). Given that anurans seemingly do
not accumulate substantial amounts of methyla-
mines (Wray and Wilkie, ’95; Withers and Guppy,
’96; Yancey, 2005), we suggest that elevated urea
(�70 mmol L�1) in our urea-treated frogs could
have functioned as a feedback inhibitor by
perturbing enzyme function. Whether or not
CPS I levels would have changed had these frogs
been sampled later than 24 hr after urea treat-
ment is unknown; however, in the dehydration
experiment, protein levels in hyperuremic frogs
were unaltered even after �1 month (Fig. 3B).

Hibernating R. sylvatica can encounter low
ambient water potential leading to dehydration
(Costanzo and Lee, 2005), which is a potent
stimulus of urea-cycle activity in some ectothermic
vertebrates (Janssens and Cohen, ’68; Wright et al.,
2004). However, CPS I activity in frogs undergoing
experimental dehydration was maintained (urea-
treated frogs) or decreased (saline-treated frogs),
rather than stimulated. This outcome was some-
what surprising, particularly because the kinetic
response to hyperuremia in these frogs was
contrary to that in fully hydrated frogs. Although
we cannot provide a definitive explanation, the
physiological states of the frogs used in the two
experiments were markedly different. Besides
having comparatively higher urea levels, frogs
subjected to experimental dehydration undoubtedly
had higher ion concentrations that, in principle,
could have caused excessive stabilization of CPS I
(Hochachka and Somero, 2002) and thereby re-
duced enzyme activity. Although this effect might
explain our findings for saline-treated frogs, salt
stabilization was not expressed in urea-treated
frogs, which instead maintained levels of CPS I
activity during dehydration. Speculation suggests
that the much higher uremia in these frogs could
account for the disparity, as elevated urea is known
to counteract such salt inhibition (Dotsch et al., ’95;
Cerasoli et al., 2003; Pervushin et al., 2004).

Similarly, urea treatment reduces salt toxicity
and inhibition of enzyme activity in the feathered
mosquitofern, Azolla pinnata (Mishra and Singh,
2006). In R. sylvatica, although the precise
mechanism of protection was not discerned, urea
pretreatment apparently preserved CPS I activity
during dehydration. Perhaps urea accumulating in
amphibians during osmotic stress serves not only to
replace inorganic ions as osmolytes, but also to
counteract the perturbing effects of salts on
proteins.

Experimental dehydration of R. sylvatica failed
to increase CPS I activity, such as that occurring
during osmotic stress in some urea-accumulating
species. However, we must consider that osmotic
responses can be influenced by acclimatization
and temperature (Jørgensen, ’97) and, contrary to
the case with many investigations, our findings
pertain to cold-acclimated frogs. Upregulating
urea production may be unnecessary, assuming
that rates of water loss in hibernating frogs are
lower than those experienced by frogs moving
from fresh to saline water or from water to land.
Moreover, because the maximal capacity of the
urea cycle exceeds the usual demands for urea
synthesis, the urea synthesis rate in dehydrating
frogs could be accelerated by increasing substrate
availability, even as CPS I activity remains
constant (Weng et al., 2004; Lee et al., 2006). This
process possibly contributed to urea accumulation
in R. sylvatica in our dehydration experiment.

In conclusion, our findings suggest that urea
production capacity is maintained at a high level
in R. sylvatica during hibernation, because the
advantages of sustaining urea-cycle activity
during winter apparently outweigh the costs.
The ability to accumulate urea is important not
only because this osmolyte is functioning as an
osmoprotectant, but also because urea assuages
freezing injury (Costanzo and Lee, 2005; Costanzo
et al., 2008) and contributes to energy conserva-
tion (Muir et al., 2007, 2008). Additional research
is needed to determine the precise mechanism(s)
of CPS I regulation and also to elucidate how urea
and other solutes influence urea-cycle activity in
this species.
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