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INTRODUCTION

The rainbow trout (Salmo gairdneri) and its anadromous form, the steelhead trout,
maintain their milieu intbrieur hypotonic to the environment after transfer to sea water
(Houston, 1959, i960). Such a transfer involves the physiological adjustment from a
condition of continual hydration and electrolyte depletion to the opposite circumstance
of a sustained tendency towards dehydration and excessive electrolyte intake.
Part of this physiological adjustment probably involves a reduction in urineflowof a
magnitude comparable to the differences seen between stenohaline freshwater and
marine forms. Further, it has been suggested that such a reduction in urineflowmay
be achieved by a lowering of the glomerular filtration rate (G.F.R.) (Smith,i95i;
Fontaine, 1956).
The purpose of this study was to examine the glomerular filtration rates of freshwater-adapted and sea-water-adapted rainbow trout and also the effects of adrenocortical and posterior pituitary hormones on filtration in the freshwater form.
MATERIALS AND METHODS

These studies were conducted in two separate series of experiments during winter
and summer months. During the winter, the freshwater fish were kept in running
dechlorinated tap water at 6° C , and the sea-water-adapted fish in 80% standard sea
water at the same temperature. The first group of sea-water-adapted trout was
acclimated for 10 days in the sea water before the determination of G.F.R. A second
group was maintained in sea water for 1 month and then returned to fresh water for
10 days before use. Fish used during the summer months were kept under similar conditions, but at io° C. All fish were unfed for at least a week previous to G.F.R. estimations.
Fish were removed from their respective holding facility, injected intraperitoneally
with 50 mg. inulin in 0-5 ml. isotonic saline (NaCl, 078 %) and placed individually in
plastic tanks containing exactly 1 1. of aerated fresh water or sea water at the same
temperature. Five hours after the injection of inulin, a 20 ml. sample of the tank water
was taken. This was considered to be the zero-hour sample and similar 20 ml. aliquota
were taken at 5, 10 and 15 hr. thereafter.
Zero-hour and terminal blood samples were also taken from separate inulin-injected
groups of fish. The blood was collected in heparinized tubes and immediately centrifuged. Protein was precipitated from the plasma samples with cadmium sulphate
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(Fujita & Iwatake, 1931, as modified by Smith, Finkelstein, Aliminosa, Crawford fii
Graber, 1945) and the supernatant was filtered through washed cotton.
Duplicate 2 ml. samples of the plasma filtrate and similarly filtered samples of the
tank water were analysed for inulin according to the Schreiner (1950) modification of
the direct resorcinol method of Roe, Epstein & Goldstein (1949). Standard solutions
of inulin were included with each determination.
The total inulin excreted, after correction for the quantities removed in previous
samples, was calculated for each period and expressed in mg./kg. body weight of fish.
From these values, and the plasma inulin concentration, the total volume of plasma
filtered up to the end of each period was calculated as follows:
Total plasma filtered (ml.) at any given time = uv/p,
where u = urine inulin concentration (mg./ml.), v = volume of urine (ml.), and/) =
plasma inulin concentration (mg./ml.). Although the volume of urine excreted by the
trout was not known, the product (uv) was represented by the total weight of inulin
excreted at any time.
The accumulated volume (ml.) of plasma filtered was plotted against the time in
hours. Each regression was fitted by the method of least squares, and the various
regressions were compared by the analysis of covariance (Snedecor, 1956). From the
slopes of the lines the glomerular filtration rates were calculated in ml./kg. body
weight/day.
Sodium and potassium concentrations in plasma and in muscle were measured in
freshwater-adapted and sea-water-adapted fish. All measurements were made with a
Zeiss PF 5 flame photometer. Concentrations were expressed as milliequivalents per
litre of plasma and as milliequivalents per kilogram wet weight of muscle. Muscle
samples were dried to constant weight at 1 io° C. and the percentage water content was
determined.
All hormones were injected intraperitoneally at the time of the inulin injection.
Commercial preparations of oxytocin and vasopressin ('Pitocin' and 'Pitressin',
Parke-Davis) were administered in aqueous solution, corticosterone (Sigma) was prepared as a stabilized suspension in isotonic saline, and aldosterone (D-aldosterone-free
alcohol, Ciba) was given in oil solution.
RESULTS

Several investigators have demonstrated the presence of an extra-renal, as well as a
renal, excretory pathway in the teleost fishes (Smith, 1930; Keys, 1931; Krogh, 1939;
Holmes, 1959). Therefore, when the G.F.R. is measured by analysis of the environment,
rather than of the urine per se, the possibility of extra-renal secretion or filtration of
inulin must be examined. This source of error was evaluated in preliminary studies by
the estimation of the inulin output from freshwater trout in which the cloaca was closed
by a 'purse-string' ligature immediately after the injection of inulin. Although the
rate of appearance of inulin in the tank water was significant, it was extremely low
(mean = 0-42 mg./kg./hr.) and highly variable. It is possible, indeed probable, that
this low rate of appearance of inulin was due to leakage from the tissue damaged at
ligation. Therefore, we considered the extra-renal excretion of inulin to be negligible.
Another possible source of error in this type of estimation may result from the
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production by the fish of some ' inulinoid' chromogenic material. This was investigated
by means of saline-injected controls. The average rate of appearance of non-inulin
chromogen from saline-injected fish was equivalent to about 0-03 mg. inulin/kg./hr.
(equivalent to less than 0-95 ml. filtrate/kg./day) and was not significant (P > 0-5). We
consider, therefore, that the inulin clearances reported here represent valid estimations
of the G.F.R.

In all groups of trout studied the cumulative total volume of glomerular filtrate varied
directly with time according to the equation Y = bX+a, where Y = the volume of
glomerular filtrate in ml./kg. body weight, X = the time in hours and a = the ordinate
intercept. It follows, then, that b, the slope of the line described by the equation, will
represent the rate of clearance of inulin, in ml. plasma cleared per hour.
Freshwater rainbow trout maintained at 6° C. showed a highly significant rate of
inulin excretion which represented a G.F.R. of 156-718-9 ml./kg./day (Table 1).
Adaptation of the fish to 80 % sea water at 6° C. for 10 days resulted in a reduction in
G.F.R. to io-1 ± 2-6 ml./kg./day (Table 1). This represented a very significant decline to
only 6-8 % of the freshwater value. Further, during the period of acclimation to sea
water, the water and electrolyte composition of the tissues had returned to values
approximating those found in the freshwater fish (Table 2).
Trout which were maintained in 80 % sea water at 6° C. for 1 month and then transferred back to fresh water at the same temperature showed a restoration of the previously observed filtration rate (184*3 ± J I 'S «"• 156*7 ± 8-9 ml./kg./day). Although the
mean rate was higher than the freshwater controls the level of significance was borderline (Table 1).
Rainbow trout maintained at io° C. had a slightly higher mean G.F.R. (169-0 ±
11-8 ml./kg./day), than those maintained at 6° C , but the two values were not significantly different (Table 3). Treatment of freshwater fish with a single intraperitoneal
dose of 100 mu. vasopressin increased the G.F.R. to 263-0 ± 19-7 ml./kg./day. Similar
treatment with 100 mu. oxytocin enhanced the G.F.R. to an even greater degree
(284-4 ± 2 6'9 ml./kg./day). Both these rates were significantly higher than the intact
freshwater control value (Table 3). The combination of 50 mu. vasopressin and 50 mu.
oxytocin also increased the G.F.R. (247*0 ±23-5 ml./kg./day). This value was not significantly different from the values obtained when the hormones were administered
separately (Table 3).
There was no detectable effect on the G.F.R. of freshwater trout following a single
intraperitoneal dose of 25^g. aldosterone. However, treatment with 5*0 mg. corticosterone significantly reduced the G.F.R. to 126-0+ 14-6 ml./kg./day (Table 3).
DISCUSSION

Dr R. M. Holmes (1961) has recently been able to collect urine from catheterized
rainbow trout for periods up to 500 hr. Under these conditions, freshwater rainbow
trout, in the same weight range as in the present study, showed urine flows of 7590 ml./kg./day and urine chloride concentrations of 5-12 mM./l. This would suggest, on
the basis of our estimated G.F.R., and at a plasma chloride concentration of 137-2 mM./l.
(Houston, 1959), that 43-52% tubular reabsorption of water and 95-98% tubular
reabsorption of chloride occurred in the rainbow trout in fresh water. In the same study,
R. M. Holmes reported that, after adaptationjof the rainbow trout to sea water, the urine
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production had declined to 0-5-1-0 ml./kg./day and the urine chloride concentration
had increased to 200-220 mM./l. The plasma chloride concentration of sea-wateradapted rainbow trout was found by Houston (1959) to be 140 mM./l. Using the G.F.R.
value of io-1 ± 2-6 ml./kg./day, it would seem that 90-95 % reabsorption of water and
84-93 % reabsorption of chloride occurred in the rainbow trout adapted to sea water.
Apparently, therefore, part of the homoiostatic mechanism associated with the
adaptation of rainbow trout to sea water consists of a reduction in the G.F.R. together
with an increased renal tubular reabsorption of water. These factors could welL
account for the drastic antidiuresis observed at this time.
The rapid re-establishment of the high G.F.R. upon return of the rainbow trout from
sea water to fresh water suggests that the low G.F.R. observed in the sea-water-adapted
fish was due to physiological rather than morphological or developmental changes (cf.
Nash, 1931; Ford, 1956).
Shortly before, during and after the spawning season rainbow trout do not show the
marked reduction in urine flow normally associated with adaptation to sea water. The
antidiuresis can be induced, however, by intramuscular perfusion of these fish with
posterior pituitary extract equivalent to 0-04 i.u. vasopressin/oxytocin per kilogram
body weight every 6-8 hours (R. M. Holmes, 1961). The present study does not
indicate that a mammalian neurohypophysial hormone is capable of causing thisreduction in non-spawning trout; however, neither does it establish the converse.
Almost all studies of the effects of mammalian posterior pituitary hormones on the
water diuresis of lower vertebrates indicate a diuretic effect at low doses and an antidiuretic effect at high doses (Richards & Schmidt, 1924; Burgess, Harvey & Marshall,.
1933; Adolph, 1936; Uranga, i960; Holmes & Adams, 1963). In the present experiments, however, the doses were several times greater than those used by R. M. Holmes,
yet their effects suggest diuresis. Furthermore, vasopressin has not been found to
occur in fish. The antidiuretic material extractable from teleost pituitaries is instead
arginine vasotocin (Heller & Pickering, 1961). During the period immediately after
transfer of the rainbow trout to sea water there is certainly a depletion of pituitary
antidiuretic material, probably arginine vasotocin (Carlson & Holmes, 1962). Since
corticosterone was the only hormone to cause a reduction in the G.F.R. of freshwater
rainbow trout under the conditions of the present study, it is possible that the antidiuretic response reported by R. M. Holmes was due to the stimulation of ACTH
release by some neurohypophysial hormone. This would be consistent with the
observed increase in adrenocortical activity during the smoltification of salmonid
fishes (Fontaine & Hatey, 1954; Olivereau, i960), a period of halophilia and increased
ability to withstand transfer to sea water (Baggerman, i960; Houston, i960).
SUMMARY

1. Variations in the glomerular nitration rate (G.F.R.) and the renal tubular reabsorption of water are probably important factors in the homoiostatic mechanismsassociated with the euryhalinity of the rainbow trout (Salmo gairdneri).
2. The observed reduction in urine flow after the adaptation of rainbow trout to sea
water can be largely accounted for on the basis of the reduced G.F.R.
3. Intraperitoneal injections of mammalian preparations of vasopressin, oxytocin
and vasopressin/oxytocin into freshwater trout significantly increased the G.F.R.
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4. The intraperitoneal injection of aldosterone into freshwater fish had no detectable
effect on G.F.R.
5. The similar administration of corticosterone significantly reduced the G.F.R. to
73 % of the intact freshwater control value.
The authors are grateful to Dr Walter Murphy, Ciba, Dorval, P.Q. for the gift of
aldosterone. We should also like to thank Dr Charlotte Froese, Department of Mathematics, for advice in preparing these data for analysis on the I.B.M. 1620 computer.
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