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Summary. Hypophysectomy significantly reduced se-
rum sodium levels in Desmognathus fuscus and
D. monticola. Prolactin, corticosterone or aldosterone
replacement failed to restore serum sodium to control
levels. Hypophysectomy also led to decreases in
in vitro integumental potential difference and short-
circuit current, which were not restored to control
levels by prolactin or corticosterone. Thyroidectomy
significantly reduced the level of serum sodium in
D. monticola, but it increased in vitro potential differ-
ence and short-circuit current. .Thyroxine treatment
of either hypophysectomized or thyroidectomized
D. monticola completely restored serum sodium,
potential difference and short-circuit current to con-
trol levels.

Introduction

There is general agreement that the pituitary gland
is important in regulating mineral balance in amphib-
ians since hypophysectomy results in lowered serum
sodium levels in both anurans and urodeles (Middler
et al., 1969; Crim, 1972; Brown and Brown, 1973;
Pang and Sawyer, 1974; Oguro and Uchiyama, 1975;
Wittounck, 1975). However, the identity of the specific
pituitary hormone(s) involved in such regulation re-
mains obscure. For example, although several
workers have found evidence that prolactin may play
an important role in maintaining salt balance {Wit-
touck, 1972, 1975; Pang and Sawyer, 1974 ; Gallagher,
1974), other investigators have found prolactin treat-
ment to be either without effect (Brown and Brown,
1973; Platt and Christopher, 1977) or to lower salt
levels even further (Crim, 1972). Similarly, adrenocor-
ticotrophin (ACTH) or adrenal steroids have been
shown to be effective in maintaining serum sodium
in some amphibians (Chester Jones, 1957; Myers

etal.,, 1961; Jorgensen and Larsen, 1963; Middler
et al., 1969) but not others (Crim, 1972). A third pitui-
tary hormone, thyrotrophin (TSH), acting via thyroid
hormones, has received some attention as a salt-con-
trolling factor in amphibians. However, initial reports
of its effectiveness in regulating in vitro sodium trans-
port in anuran tissues {e.g., Green and Matty, 1963;
Matty and Green, 1964; Marusic and Toretti, 1964)
have not been substantiated (e.g., Taylor and Barker,
1964, 1967 ; Marusic et al., 1966)

In this paper we report the results of an investiga-
tion on the hormonal control of salt balance in two
species of plethodontid salamanders.

Materials and Methods

Animals

Desmognathus monticola (3.75-4.62 g) and Desmognathus fuscus
(1.48-2.32 g) were collected from streams near the Mountain Lake
Biological Station, Blacksburg, Virginia, and all experiments were
carried out at the Station. The animals were maintained in finger
bowls on wet paper towels (changed daily) at room temperature.
They experienced natural day lengths (July and August) although
the light intensity was low. Experiments were initiated within a
few days of collection and the animals were not fed during the
course of the study.

Surgical Procedures

Prior to surgery, all animals were anesthetized by an intraperitoneal
injection of 0.1 ml of 1.0% MS-222 (tricaine methane sulfonate,
Sigma). For hypophysectomy the pituitary was exposed by drilling
a hole through the parasphenoid bone in the roof of the mouth,
and the gland removed with fine forceps. Sham hypophysectomy
consisted of drilling the hole, but leaving the pituitary intact. For
thyroidectomy an incision was made through the skin on both
sides of the neck and the underlying muscle cut to expose the
carotid artery and thyroid gland. The thyroid was then removed
with fine forceps. Sham thyroidectomy consisted of exposing the
gland as described above, but leaving it in place.
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Fig. 1 A-C. Eftects of hypophysectomy (Hx) and
replacement prolactin (Hx/P) and corticosterone
(Hx/C) treatment, in Desmognathus fuscus.

A Serum sodium.

B In vitro integumental potential difference.

C In vitro integumental short-circuit current.
Means + SE.; numbers in parentheses = number

a B
91 |19 of observations

o}
CON Hx Hx/P Hx/C CON  Hx Hx/P H:/C CON  Hx

Blood Sodium Measurement

Blood samples were collected in 200 pl capillary tubes following
aortic transection. The capillaries were flame-sealed, centrifuged and
stored at 4 °C until analyzed. For sodium determinations, serum
samples were diluted with an appropriate amount of glass-distilied
water. Flame photometry was carried out using a Coleman Jr. 11
spectrophotometer with flame attachment, and the results com-
pared fo a standard curve made from solutions of known sodium
concentration.

Integumental Potential Difference, Short-Circuit
Current and Osmotic Permeability

In vitro preparations of ventral belly skin were made according
to procedures previously described (Brown and Brown, 1973).
Potential difference and short-circuit current measurements were
made with amphibian Ringer’s on both sides of the membrane,
employing standard methods (Ussing and Zerahn, 1951; Brown
and Brown, 1973).

Experimental Design

Following surgery in each experiment, a recovery period of 3 days
was allowed to elapse before replacement injections were begun.

Experiment 1. D. fuseus were divided into groups and treated as
follows: {A) Sham hypophysectomy - injected with 5 pl saline
(0.7% NaCl) each day; (B) Hypophysectomy — injected with 5 pl
saline/day; (C) Hypophysectomy — injected with 10 pg prolactin
(NIH B-2,19.91U/mg) in 10 pl saline/day; and (D) Hypophysec-
tomy — injected with 10 pg corticosterone suspended in 10 pl saline/
day. At the end of 10days treatment, serum sodium, in vitro
potential difference and short-circuit current were measured.

Experiment II. D. monticola were divided into groups and treated
as follows: (A) Sham hypophysectomy — injected with 5 pl solvent
(propylene glycolifday; (B) Hypophysectomy — injected with 5 ul
solvent/day; and (C) Hypophysectomy - injected with 10 pg aldo-
sterone in propylene glycol/day. At the end of 14 days treatment,
serum sodium was measured.

Experiment IIl. D. monticola were divided into groups and treated
as follows : (A) Sham thyroidectomy — injected with 5 ul saline/day;
(B} Thyroidectomy — injected with 5 ul saline/day; (C) Thyroidec-
tomy — injected with 0.2 pg thyroxine (T,) in 5 pl saline/day; and
(D) Hypophysectomy — injected with 0.2 ug thyroxine/day. At the
end of 9 days treatment, serum sodium, in vitro potential difference
and short-circuit current were measured.

Hx/P Hx/C

Results

Experiment I. Removal of the pituitary from Desmo-
gnathus fuscus (Fig. 1A) reduced the level of serum
sodium (by 30% compared to sham; P<0.001) as
well as in vitro integumental potential difference
(Fig. 1B; P<0.001) and short-circuit current
(Fig. 1C; P<0.01). Neither prolactin nor corticoste-
rone treatment of hypophysectomized animals re-
stored serum sodium, in vitro integumental potential
difference or short-circuit current to sham values
(Figs. 1 A-C).

Experiment II. Removal of the pituitary from Des-
mognathus monticola (Fig. 2) reduced the level of se-
rum sodium {(by 18% compared to sham; P <0.05).
Aldosterone-treated, hypophysectomized animals had
even lower serum sodium levels {a reduction of 36%
compared to sham; P<0.001). The difference be-
tween hypophysectomy and hypophysectomy + al-
dosterone was not statistically significant.

Experiment III. Removal of the thyroid from D. mon-
ticola (Fig. 3A) also significantly reduced the level
of serum sodium (by 8% compared to sham;
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Fig. 2. Effects of hypophysectomy {Hx) and replacement aldoste-
rone (Hx/A) treatment on serum sodium, in Desmognathus monti-
cola. Means + SE.; numbers in parentheses = number of observa-
tions
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P <0.025). Most interesting was the finding that thy-
roxine treatment restored serum sodium levels to nor-
mal in both thyroidectomized and hypophysectom-
ized animals. In contrast to the effect of hypophysec-
tomy (Fig. 1), thyroidectomy increased in vitro inte-
gumental short-circuit current and potential differ-
ence (Fig. 3B and C; P<0.005 between sham and
thyroidectomy, for both). As with serum sodium, thy-
roxine treatment of both thyroidectomized and hypo-
physectomized animals restored integumental short-
circuit current and potential difference to control
values (Fig. 3B and C).

Discussion

In the present series of experiments, hypophysectomy
decreased the levels of serum sodium by 18% of sham
values in Desmognathus monticola and by 30% in
D. fuscus. The decrease seen in D. fuscus is compar-
able to those reported by Middler et al. (1969) for
Bufo marinus (25-31%)), by Wittouck (1975) for larval
Ambystoma mexicanum (23-29%), and by Oguro and
Uchiyama (1975) for Cynops pyrrhogaster (29%) and
Hynobius nigrescens (23%). The somewhat smaller
effect seen in D. monticola is comparable to those
found by Gallagher (1974) and Pang and Sawyer
(1974) for Necturus maculosus (19% and 8-18%, re-
spectively), by Brown and Brown (1973) for Notoph-
thalmus viridescens (17%), and by Crim (1972) for
Taricha torosa (8-11%) and Rana pipiens (9-13%).
The comparatively large magnitude of the decrease
in serum sodium, following hypophysectomy, in the
Desmognathus species clearly indicates the importance
of pituitary hormones in the regulation of sodium
balance in these two semi-aquatic urodeles.

Prolactin clearly did not correct for the effects
of hypophysectomy on serum sodium in D. fuscus.
Previously, prolactin has been reported to maintain
normal serum sodium levels in hypophysectomized
larval Ambystoma tigrinum {(Wittouck, 1975) and in

one out of three experiments on Necturus maculosus
(Pang and Sawyer, 1974). Serum sodium levels inter-
mediate between sham and hypophysectomized ani-
mals were maintained by prolactin treatment in the
remaining two experiments of Pang and Sawyer
(1974) and also in Gallagher’s (1974) experiment on
Necturus. However, prolactin treatment failed to sig-
nificantly raise serum levels in hypophysectomized
Notophthalmus viridescens (Brown and Brown, 1973)
or intact Ambysioma tigrinum (Platt and Christopher,
1977), and was found to lower sodium still further
in hypophysectomized Taricha torosa and Rana pi-
piens (Crim, 1972).

Pang and Sawyer (1974) propose that such vari-
able results may be due to failure to start prolactin
treatment immediately after surgery. Alternatively,
Crim (1972) suggests that diurnal variation in hor-
mone effectiveness may at least partially explain the
disparity in results. To us, a more likely explanation
will be found along the lines of suggestions by Bern
(1975) and Platt and Christopher (1977) that prolactin
may have unique osmoregulatory influence in juve-
nile, typically aquatic stages of amphibians. We would
amend this general hypothesis by specifically suggest-
ing that while prolactin is probably involved in some
aspect of osmoregulation in virtually all amphibians,
it is only sodium-retaining in functionally “juvenile”
stages (i.e., larvae or neotenic forms). '

In our experiments, hypophysectomy also resulted
in a decrease in in vitro integumental short-circuit
current and potential difference. This suggests that
a decrease in sodium uptake may at least partially
account for the observed decrease in serum sodium.
Although Myers et al. (1961) also found a decrease
in skin short-circuit current and potential difference
following hypophysectomy in Rana pipiens, Lodi et al.
(1978) report that hypophysectomy of Triturus cris-
tatus led to increased in vitro integumental short-
circuit current.

Prolactin treatment of hypophysectomized D. fus-
cus failed to restore short-circuit current or potential
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difference to sham values. This is consistent with data
from other éxperiments which show that in adult ani-
mals, prolactin either has no effect on integumental
short-circuit current (Harlow, 1977) or actually lowers
it (Brown and Brown, 1973; Lodi et al., 1978).

There are a number of studies on adult amphib-
ians which indicate that ACTH or adrenal hormones
are necessary to maintain serum sodium (Chester
Jones, 1957; Myers et al., 1961 ; Jorgensen and Lar-
sen, 1963 ; Middler et al., 1969). However, in our ex-
periments, neither aldosterone nor corticosterone sig-
nificantly raised serum sodium, and aldosterone may
actually have lowered it further. Middler et al. (1969)
and Crim (1972) likewise found no effect of aldoste-
rone replacement in maintaining serum sodium in
hypophysectomized toads and newts, respectively.

An interesting outcome of these experiments is
the demonstration that thyroidectomy of D. monticola
results in a decrease in serum sodium and an increase
in short-circuit current, while thyroxine replacement
in either hypophysectomized or thyroidectomized ani-
mals results in normal values. This indicates that thy-
roid hormones are very important, either directly or
indirectly, in the regulation of salt balance in this
species. Although few, if any, other studies have deter-
mined serum sodium in amphibians after thyroidec-
tomy, there are a few pieces of indirect evidence sug-
gesting that thyroid hormones may have a role in
salt regulation. For example, thyroxine treatment of
intact Notophtalmus viridescens resulted in decreased
levels of serum sodium (Brown and Brown, 1973).
In addition, Lodi et al. (1978) found that thyroxine
treatment of intact Triturus cristatus increased integu-
mental short-circuit current in winter, but not sum-
mer, animals. They also found that thyroidectomized
newts showed increased skin short-circuit current,
such as was observed in our experiments with D. mon-
ticola.

The proximate cause of the hyponatremia
observed in thyroidectomized salamanders is not pre-
sently known, but it may well be due to increased
urinary sodium loss since the short-circuit current
data indicate that sodium uptake through the skin
is increased, not decreased, by thyroidectomy. In this
regard, certain data from studies on thyroid hormohe
actions in mammals may prove to be relevant. For
example, Fregly and Taylor (1974) have shown that
hypothyroid rats have an increased urinary sodium
loss, a decreased urinary concentrating capacity, and
an increased sodium and water intake. These authors
suggest that hypothyroidism alters both the secretion
of, and sensitivity to, aldosterone and antidiuretic
hormorie. On the other hand, the proposal of Ismail-
Beigi and Edelman (1970, 1971) that thyroid hormone
action in mammals is primarily related to sodium

transport may also be applicable to amphibian salt-
transporting systems. It is clear that future studies
on amphibians must attempt to determine whether
thyroid hormone acts directly, by regulating mem-
brane salt-transport mechanisms, or indirectly, by in-
fluencing the secretion of, and/or sensitivity to, other
hormones, or both.

We acknowledge, with thanks, M. Murphy and E. Frye for help
in collecting the animals. This work was carried out at the Univer-
sity of Virginia Mountain Lake Biological Station, and we express
our appreciation to the station director, Dr. James Riopel.
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