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A bioassay for salmon prolactin (PRL) is described. This assay which is based on the 
sodium-retaining action of PRL in the hypophysectomized killitish, Fundulus heteroclitus, 

has proved to be rapid, sensitive (250 pg PRL per gram of fish), and specific. The procedure 
has been used to characterize the biological activity of a highly purified PRL from the 
pituitaries of the chinook salmon, Oncorhynchus tschawytscha, and a similar PRL isolated 
(by acid buffer polyacrylamide disc gel electrophoresis) from pituitaries of coho salmon (0. 
kisutch) (MW ca. 22,000; isoelectric point >9). 

Prolactin (PRL) is essential in teleost fish 
for maintaining salt and water balance in 
f&h-water (for review see Clarke and Bern, 
1980; Loretz and Bern, 1982). Indeed, be- 
cause of a fall in plasma electrolytes 
(Burden, 1956; Pickford and Phillips, 1959) 
some euryhaline species cannot survive in 
fresh-water if deprived of this hormone. 
Thus, one important result of PRL action 
in many teleosts is its ability to maintain 
and even increase plasma electrolyte con- 
centrations, including Naf (for example see 
Pickford et al., 1966; Ensor and Ball, 1968, 
1972; Bern, 1975). The ability to enhance 
plasma sodium levels in teleosts appears to 
be specific to PRL (including human 
growth hormone (hGH)), and no other hor- 
mone has as yet demonstrated similar ac- 
tivity (Pickford et al., 196.5; Ball and Ensor, 
1967; Lahlou. and Giordan, 1970; Clarke, 
1973). For this reason the “sodium-re- 
taining” activity of PRL in teleosts has 

1 To whom reprint requests should be sent at De- 
partment of Zoology, University of Hawaii at Manoa, 
Honolulu, Hawaii 96822. 

2 Present address: Laboratoire de Physiologie des 
Poissons, INRA, Campus de Rennes-Beaulieu, 35042 
Rennes , France. 

been used repeatedly as a basis for the de- 
velopment of PRL bioassays (for examples, 
see Ensor and Ball, 1968; Clarke, 1973). 

Recently there has been wide interest not 
only in defining the actions of PRL but also 
in elucidating its pattern of secretion during 
the period of Parr- smolt transformation 
(smoltification) in migratory salmon and 
trout. This interest derives from two sorts 
of observations. First, smoltification, a de- 
velopmental process associated with the 
seaward migration of anadromous salmo- 
nids, appears to be in many aspects analo- 
gous to amphibian metamorphosis, in 
which PRL may oppose metamorphic 
changes while stimulating tadpole growth 
(Frye et al., 1972). Second, during smolti- 
fication young salmonids leave fresh-water 
for marine salinities, where osmotic prob- 
lems are opposite those whose solution is 
favored by PRL. Accordingly, a significant 
change in the pattern of PRL secretion 
might be expected at this time. Several lab- 
oratories in Japan, France, and North 
America have undertaken programs to pro- 
duce quantities of salmon PRL for experi- 
mental use in the hopes of developing a ra- 
dioimmunoassay for use in quantifying 
blood and pituitary concentrations of this 
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critically important osmoregulatory and de- 
velopmental hormone. 

Until now, however, a suitable teleost 
bioassay for salmon PRL, essential for pro- 
ceeding with hormone purification, has not 
been reported. Salmonid hypophysectomy 
is difficult to perform, making the logical 
assay animal virtually unavailable. In ad- 
dition, the response of intact salmon to 
PRL is inconsistent (W. C. Clarke, personal 
communication). Herein, we present a 
rapid, sensitive, specific, and reliable 
bioassay for salmon PRL based on the so- 
dium-retaining activity of this hormone in 
the hypophysectomized euryhaline killi- 
fish, Fund&s heteroclitus, the teleost in 
which the osmoregulatory action of PRL 
was first demonstrated (Pickford and Phil- 
lips, 1959). 

MATERIALS AND METHODS 
Bioassay animals. Adult F. heferoclitus of both 

sexes weighing from 6 to 12 g, but generally between 
7 and 9 g, were used throughout these studies. These 
fish were caught in tidal creeks near Lewes, Delaware, 
and shipped by air to Berkeley, California, where they 
were held outdoors under ambient conditions in 200- 
gal concrete aquaria in fresh-water and in artificial sea- 
water (changed weekly). They were fed a mixed diet 
of adult Artemia and trout chow. 

Hypophysectomy was performed according to a 
method described by Grau and Stetson (1977) under 
2-phenoxyethanol anesthesia (Sigma, St. Louis, MO.) 
(2.5 ml’per 8 liter HzO, Sehdev er al., 1963). Following 
hypophysectomy the fish were held for 5 days to 2 
weeks (generally 1 week) in 25liter plastic aquaria (10 
per tank) at 20 ? 2” in 26°/sa artificial seawater (Ma- 
rine Environment; Import Assoc. Inc., San Francisco, 
Calif.) under photoperiod conditions of 14 hr of light 
and 10 hr of dark. 

Bioassay procedure. The fish were weighed and in- 
jected once intraperitorreally through the hypaxial 
musculature between 10 and 11 AM. The purified hor- 
manes were delivered in a 0.9% saline vehicle in a 
volume of 10 PI/g of fish. After the single-hormone or 
control injection the fish were transferred to fresh 
water (2022”) aquaria (25 liter) and held for 24 to 30 
hr until, sacrifice. 

At term&atios blood was collected in capillary 
tubes treated with ammonium heparin from the hemal 
arch at the caudal peduncle which was exposed by 
severing the tail. Plasma sodium levels were deter- 
mined by using, a Perkin-Elmer 290 atomic absorption 
spectrophotometer. 

Hormones and pituitary materials. Ovine prolactia 
(oPRL; NIH P-SlO) and ovine growth hormone (oGH; 
NIH GH-Sll) were gifts of National Hormone and 
Pituitary Program, Baltimore, Maryland; bovine 
growth hormone (bGH) was kindly donated by Pro- 
fessor C. H. Li. 

Coho salmon rostra1 pars distalis (RPD), containing 
PRL cells, and proximal pars distalis (PPD), con- 
taining GH cells, were incubated at 14p in 300 ul of 
sodium bicarbonate-Ringer (320 mOsm) containing 
Eagle’s MEM (Gibco), L-glutamine, and glucose (for 
composition see Aida et al., (1980)). The pituitary 
fragments were then homogenized in their respective 
culture media and immediately injeeted as above at a 
dose equivalent to one RPD or one ,PPD per fish. 

Statistics. The statistical significance of the plasma 
sodium responses to oPRL and chinook salmon pu- 
tative PRL was tested using a log dose regression anal- 
ysis of variance method (Steel and Torrie, 19SO)i The 
index of precision X (Bliss, 1967), was also calculated. 
Other differences were tested for significance using 
analysis of variance and Duncan’s multiple range test 
(Steel and Torrie, 1960). 

RESULTS 

The specific association of the sodium- 
retaining action with PRLs and primate 
GHs is well characterized in teleosts gen- 
erally and in Fundulus in particvlar 
(Burden, 1956; Pickford and ,Phillips, 1959; 
Pickford et al., 1965, 1966; Ball and Ensor, 
1967; Clarke, 1973). Whereas our findings 
are, with one exception, largely confirma- 
tory, they demonstrate the dose-related na- 
ture of the sodium-retaining effects of PRL 
in Fundulus and extend the action to puri- 
fied salmon hormone. 

Experiment 1 

Table 1 shows the response of hypophy- 
sectomized Fund&s in our assay system 
to a homogenate of the PRL cell-contaming 
RPD (prepared as described above) and to 
a standard dose of oPRL. On the basis of 
the large and significant response in this 
preliminary study we began further testing 
to determine the specificity, sensitivity, and 
dose dependency of this assay system. 

Experiment 2 

In order to determine whether sodium- 
retaining activity is restricted in salmon to 



80 GRAU ET AL. 

TABLE 1 
EFFECT OF OVINE PROLACTIN (oPRL) AND 

HOMOGENATE OF COHO SALMON (Oncorhynchus 
kisutch) ROSTRAL PARS DISTALIS (RPD) ON PLASMA 

SODIUM CONCENTRATION IN HYPOPHYSECTOMIZED 

Fundulus heteroclitus 

Treatment N 

Saline 14 
oPRL (30 *g/g) 15 
Salmon RPD 15 

Plasma Na+ in mM 
(mean t SE) 

150.7 i- 2.8 
179.7 i 2.7 
171.9 i 2.6 

the PRL cells of the RPD, as it is in the 
pituitary of other teleost species, homoge- 
nates of this tissue and tissue from PPD, as 
control, were prepared and administered to 
two separate groups as described above. 
Two additional groups were given injec- 
tions of oPRL (30 kg/g) and oGH (30 pg/g), 
respectively. The RPD homogenate, oPRL, 
and, surprisingly, oGH, all produced a sig- 
nificant elevation in plasma sodium com- 
pared with control values (Fig. 1). In con- 
trast, the PPD homogenate failed to elicit a 
statistically significant response, although 
mean plasma sodium appeared to be 
slightly elevated. It is possible that this 
weak, though insignificant, response was 
due to imperfect separation of PPD and 
RPD tissue. 

Experiment 3 

Inasmuch as a significant sodium-reten- 
tion response to nonprimate mammalian 
growth hormone in a teleost was unprece- 
dented to our knowledge (Experiment 2), 
our finding posed both an interesting phys- 
iological question and a troublesome 
problem as to the suitability of the hypoph- 
ysectomized Fundulus as a PRL bioassay 
animal. 

We further investigated this question of 
specificity by treating hypophysectomized 
Fundulus using graded doses of oGH and 
highly purified bGH (Fig. 2). In neither case 
did these treatments elicit any changes in 
plasma Na+ when administered to hypoph- 
ysectomized Fund&s. 
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FIG. 1. Response (mean + SE) of hypophysecto- 
mized F. heteroclitus to ovine prolactin (oPRL), ovine 
growth hormone (oGH), rostral pars distalis (RPD), 
and proximal pars distalis (PPD) from pituitaries of 
coho salmon, 0. kisutch (N = 9-11). 

Experiment 4 

Our preliminary disc gel electrophoresis 
studies had shown no protein band unique 
to coho RPD in gels run in a basic buffer 
system. In an acid buffer system, however, 
a distinct and unique band was seen. When 
the RPD band was eluted and run in an iso- 
electrofocusing system, it had an isoelec- 
tric point greater than 9. In sodium dodecyl 
sulfate electrophoresis, the RPD band had 
a molecular weight of approximately 
22,000. 

To determine whether this unique RPD 
band h.ad sodium-retaining activity, hy- 
pophysectomized F. heteroclitus were in- 

pg GH/gm fish 

FIG. 2. Failure of plasma sodium in F. heteroclitus 
to respond to graded doses of oGH (NIH-GH-Sll; 
top) and bGH (C. H. Li; bottom) (mean 2 SE; N = 
7-10 except in one group where N = 5). 
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jetted with material electrophoresed from 
each of three RPDs which had been eluted 
overnight by diffusion from the gel into 
0.9% NaCl. A nonstaining section of the gel 
was eluted as a control. The putative coho 
PRL band elicited a small but significant (P 
< 0.01) elevation in plasma sodium (Fig. 3). 

Experiment 5 

Figure 4 shows a log dose-response 
curve generated to graded doses of oPRL 
in hypophysectomized Fun&&s. Figure 5 
shows the log dose-response pattern to the 
PRL fraction purified from the pituitary of 
chinook salmon (see Prunet and Houde- 
bine, 1983). Both ovine and salmon prepa- 
rations were assayed within the same pe- 
riced (2 weeks) using fish sacrificed 30 hr 
after hormone injection. We have found 
that lengthening the time between injection 
and sacrifice (E. G.‘Grau and P. Prunet, un- 
published results) results in lower plasma 
Na+ levels in control animals; this would 
seem to allow .more latitude.for a significant 
response to be recorded at lower hormone 
doses. 

Several points can be noted about the re- 
sults of this study. First, whereas both 
preparations elicited significant (oPRL: P 
< 0.008; chinook salmon PRL: P < 0.0001) 

3c 

! Control gel elutel 
blank band 

FIG. 3. Effect of eluted (prolactin) band on plasma 
sodium in hypophysectomized F. heteuoclitus (mean 
2 SE; N = 10-16; ;c denotes significant difference, 
P < 0.01. from control). 
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FIG. 4. Log dose-respcmse curve for plasma sodium 
in hypophysectomized F. heteroclitus in response to 
ovine prolactin (oPRL; NIH-P-SO) (N = S-10 per 
treatment: F = 7.85; P < 0.008; X = 2.98). 

and linear dose-response patterns, the 
minimally effective dose of the chinook 
salmon preparation was more than two or- 
ders of magnitude lower than that of the 
ovine preparation. Moreover, the slope of 
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FIG. 5. Log dose-response curve for plasma sodium 
in hypophysectomized F. heteroclitus in response to 
chinook salmon pyolactin (Prunet and Hoadebine, 
1983) (N = 8-10 per tre;itment: F = 24.9; F < oi.001; 
h = 1.17). 



82 GRAU ET AL. 

the linear portion of the dose-response pat- 
tern was nearly eight times steeper than 
that generated for oPRL. 

Second, amounts of the salmon prepa- 
ration above the maximally effective dose 
were less effective in maintaining plasma 
sodium levels, although in all cases these 
levels were significantly higher than those 
recorded for controls. We have observed a 
similar depression of the response previ- 
ously when high doses of oPRL were ad- 
ministered to Fund&us sacrificed 24 hr 
postinjection. 

DISCUSSION 

Initially, several bioassay systems were 
screened for their suitability of detecting 
salmon PRL. These were the tilapia so- 
dium-retaining assay of Clarke (1973), a so- 
dium-retaining assay employing the mud- 
sucker, Gillichthys mirabilis (C. Loretz and 
E. G. Grau, unpublished results), an assay 
using hypophysectomized tilapia similar to 
that described here for Fundulus (T. Gross, 
unpublished results), and the “xanthophore 
pigment dispersion” assay of Sage and 
Bern (1972). In each, the coho salmon RPD 
homogenate lacked consistent activity, al- 
though oPRL was generally effective. 

Among the teleost bioassays for PRL, 
one of the most sensitive and reliable and 
best characterized is a sodium-retaining 
assay using the hypophysectomized molly, 
Poecilia latipinna (Ensor and Ball, 1968). 
Idler et al. (1978) employed this assay with 
some success to characterize purified chum 
salmon (Oncorhynchus keta) pituitary frac- 
tions, although they were unable to gen- 
erate a dose-related reponse pattern to their 
salmon preparations. 

F. heteroclitus, a species related to Poe- 
cilia, was available to us and appeared to 
be an excellent candidate for the bioassay 
of PRL isolated from the salmon pituitary. 
As in previous studies (for review, see 
Clarke and Bern (1980)) oPRL proved ef- 
fective in maintaining plasma sodium in hy- 
pophysectomized Fundulus at levels well 

above those found in controls. In these 
studies, the sodium-retaining response was 
found to be dose-related in Fund&us, 
pointing to the potential usefulness of this 
species in the biological characterization of 
prolactins of teleost origin. 

The unique association of teleost sodium- 
retaining activity with lactogenic mamma- 
lian hormones (PRLs and primate GHs) is 
perhaps best characterized for Fund&s 
(for examples, see Pickford and Phillips, 
1959; Pickford et al., 1965, 1966). Together 
with the evidence accumulated for other te- 
leosts (for discussion see Clarke, 1973), the 
unique occurrence of elevated plasma so- 
dium levels in oGH-treated animals in Ex- 
periment 2 was surprising, and is as yet not 
entirely explained. It is worth noting, how- 
ever, that the oGH preparation used in our 
studies has been found to contain consid- 
erable PRL activity (0.3 to 2.0%; mean 
~1%) in the pigeon crop sac bioassay (Ni- 
~011, personal communication). On this 
basis, the dose of oGH given in Experiment 
2 would provide approximately 0.3 pg/g 
oPRL, a dose slightly higher than that 
which produced a comparable and highly 
significant ‘elevation in plasma sodium in 
Experiment 5 (see Fig. 4). Thus, the so- 
dium-retaining effect of oGH in Experiment 
2 may possibly be explained by its contam- 
ination with oPRL. This explanation, how- 
ever, is made tenous by the complete ab- 
sence of response to several doses of the 
same oGH preparation subsequently (see 
Experiment 3), which raises the issue of a 
possible seasonal change in sensitivity of 
Fundulus. 

Contamination or not, the conclusion of 
previous investigations that among mam- 
malian hormones teleost sodium-retaining 
activity is restricted to those possessing 
lactogenic activity would appear to be con- 
firmed here inasmuch as highly purified 
bGH (C. H. Li) was also without effect in 
the present investigations. 

With respect to salmon, homogenates of 
RPDs and incubation medium from pitui- 
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taries of coho salmon, unlike their PPD 
counterparts, possess considerable and sig- 
nificant sodium-retaining activity. These 
findings are compatible with the accepted 
notion that among teleosts generally so- 
dium-retaining activity is restricted to cells 
of the RPD which secrete a hormone 
broadly similar to mammalian PRLs (in- 
cluding primate GHs). 

For coho salmon this sodium-retaining 
activity of the RPD appears to be restricted 
to a protein with a molecular weight of ap- 
proximately 22,000 and an isoelectric point 
above 9, which runs with a unique Rf in 
acid polyacrylamide disc gel electropho- 
resis. With respect to these criteria, the 
coho material (prolactin) is not distinguish- 
able from chinook salmon PRL character- 
ized by Prunet and Houdebine (1983). 

Chinook salmon PRL is clearly more po- 
tent than oPRL in sodium-retaining activity 
(Figs. 4 and 5). The minimally effective 
dose of salmon material (250 pdg, fish) was 
more than two orders of magnitude lower 
than that for oPRL (&III-PSI,O). Even 
more impressive is the slope of the linear 
portion of the log dose-response curve for 
salmon PRL which was nearly 8 times 
steeper than that generated by oPRL. 
Using Clarke’s (1973) tilapia sodium-re- 
taining assay, Farmer et al. (1977) found, 
similarly, that tilapia PRL was appi-oxi- 
mate& 160 times mare active than oPRL. 
Taken together, these observations8 may 
point to a fairly high, though not.absolute, 
degree of phylogenetic specificity in the 
biochemical requirements for PRL: (so- 
dium-retaining) activity among teleosts 
generally. Teleost fish bioassays may’ thus 
provide a useful tool for the study of mo- 
lecular evolution ‘by aiding in the identifi- 
cation of those &uctural features shared 
by hormones possessing sodium-retaining 
activity. 

The’ high sensitivity of hypophysccto- 
mized FunduEz+-~s for chinook salmon PRL 
(25 pgig fish) is also’ particultirly adv!anta- 

geous in the practical sense of conserving 
valuable harmone, since an 8-g fish re- 
quires only 2 ng of hormone to show a pos- 
itive response. 

The parabolic shape of the log dose-re- 
sponse curve for chinook salmon PRLs 
(Fig. 5) is fairly typical for hormone bioas- 
says generally (e.g., Licht and Crews, 1976; 
Muller, 1977; Muller and Licht, 1980; Bona- 
Gallo and Licht, 1981). It is particularly in- 
teresting that whereas high doses (above’4 
rig/g fish) were somewhat less effective’ in 
promoting sodium retention, they .did, in 
every case elicit a positive and ~ign~c~~t 
elevation compared with controls, Whether 
the higher doses are physiological cannot 
be answered here, but it is worth noting 
that the character, if not the degree of the 
response, is identical within the range of 
doses we examined. It is also true, how- 
ever, that a comparison of hormone poten- 
cies requires the full and detailed elucida- 
tion of dose-response relationshi,ps. 

Along this line, Idler et al. (.197S) dtim- 
onstrated that certain purified fracrions 
from chum salmon pituitaries coul~d main- 
tain significantly elevated plasma sodium 
levels in hypophysectomized Paecn’lia. 
They were, however, unable to show that 
the effect was dose-dependent, but the 
range of doses used was copsiderably 
higher than that used in our studies, 
cilia and Fun&Em, which are closely re- 
lated, are comparably responsive to salmon 
PRLs, it is possible’ that :the lowest do.ses 
used by Idl&and co-workers (I97@ @5 iAnd 
50 mglfish) were above’the d~s~~de~~n~~~t 
range for the sodium-retaining’ effect of 
salmon PRLs ‘in the PoeciliQ assay system. 
Their preparations may therefore contain 
far more activity ‘than previously sus- 
pected. 

We have not as yet extensivel’y tested 
other salmon PRLs in the hypo~~~se~t~- 
mized Fundul~us assay. In conjunction with 
Dr. T. Hirano of the University $,Tokyo, 
who is presently undertaking d~fi~~~~~e 
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testing, we have carried out preliminary 
studies on a chum salmon PRL kindly pro- 
vided by Dr. H. Kawauchi of Kitasato Uni- 
versity. Without implying any characteri- 
zation of its relative potency, we have 
found that this chum salmon PRL prepa- 
ration acted similarly to chinook salmon 
PRL at the few doses tested. Together with 
the activity of coho salmon RPD homoge- 
nates, these findings suggest that this Fun- 
dulus assay system may have broad ap- 
plicability to the biological characterization 
of PRLs from various salmonids, and per- 
haps from other teleosts as well. 

In sum, the method described herein pro- 
vides a rapid and simple assay for salmon 
PRL, which meets the requirements of 
specificity, sensitivity and dose-depen- 
dency. 

Note added in proof. A detailed study of chum 
salmon prolactin has recently been published (H. Ka- 
wauchi, K.-I. Abe, A. Takahashi, T. Hirano, S. Has- 
egawa, N. Naito, and Y. Nakai (1983). Gen. Camp. 
Endocrinol. 49, 446-458). 
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