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Abstract-I. Increases and subsequent decreases in gill NaC -K+ ATPase activity during parr-smolt 
transformation in coho salmon were accompanied by changes in blood nucleoside triphosphate (NTP) 
levels, hemoglobin concentrations and hematocrits. 

2. An advanced photoperiod schedule accelerated the parr-smolt transformation and the rate of changes 
in NaC-KC ATPase activity, NTP and hematocrit levels. 

3. Ratios of NTP:hematocrits and of NTP:hemoglobin increased during smoltification. 
4. Hematological changes suggest preparation for increased oxygen demand during migration and 

greater energy requirements by erythrocytes during smoltification and sea-water adaptation. 

INTRODUCTION ments for these energy sources change, and  the 
evidence of highcr concentrations a t  the  time of the 

Numerous mor~hological and ~ ~ ~ ~ ~ o ~ ~ g ~ ~ ~ l  changes parr-smolt transformation suggests a n  increased de- 
occur as  juvenile salmon, residing in fresh water, mand by some function necessary for the transition transform to seaward-migrating smelts. Many Of of the freshwater-dwelling parr t o  a seawater-tolcrant 
these changes have been extensively described in the 

smelt, 
literature (Hoar, 1976; Folmar and Dickhoff, 1980; Here, we report changes in NTP, hemoglobin and 
Aquaculture 28, 1-270, 1982) and are currently being hematocrit levels that were observed during the 
investigated in many laboratories worldwide. Zaugg parr-smolt transformation of coho salmon, as 
(1982a) reported that blood levels of nucleoside tri- measured by changes in gill NaA-K+ ATPase activ- 
phosphates (NTP) in coho salmon (Oncorlz~~nchus ity, 
kisutch) increased during parr-smolt transformation 
simultaneously with elevating levels of gill NaC-KC MATERIALS AND METHODS 
ATPase activity. The  increase in NTP is interesting 

On 16 December 1981, two groups of juvenile coho because purine nucleotides, adenosine triphosphate 
salmon from the Willard National Fish Hatchery, near 

(ATPI and guanosine t r i ~ h o s ~ h a t e  (GTP), have Cook, Washington, USA, were placed in 1.5 m diameter 
been implicated as potential regu1ators Of tanks with 1 m water depth. Group 1 (280 fish, mean weight 
~~~~~~~~~~~xygen affinity in fish (Gillen and Riggs, 9.9 g) W ~ S  subjected to a 3-month advance in photoperiod 
1971; Wood and Johansen, 1972; Johansen er a/., (AP) by extending evening light using a 150 W incandescent 
1976; Vaccaro Torracca et al., 1977; Weber and  flood lamp positioned 1.3 m above the tank. Beginning 21 
Lykkeboe, 1978). Investigators have also observed December 1981, the light was turned on each afternoon at 
that erythrocyte ATP concentrations decrease in fish 1500 hr and off at 2030 hr. Artificial day length was ex- 
under hypoxic conditions (weber et 1975; wood tended about 15min each 9-10 days so that by 8 April 1982 

et 1975; Greany and Powers, 1978). By observing the light was turned off at231 5 hr On 23 April the advanced 
photoperiod schedule was terminated, and thereafter the 

shifts in Oxygen dissociation curves, Brunori fish experienced natural light until the end of the experiment 
showed that ATP and GTP hinder Oxygen-binding to on 16 August. Group 2 (285 fish, mean weight 9.4 g), the 
trout hemoglobins. Both ATP and cX"l-' occur in controls, were kept in natural light (NP). Water from the 
widely varying amounts in freshwater and seawater Little White Salmon River, a tributary of the Columbia 
fishes (Leray, 1979 and 1982). River, was regulated to a flow of 19 I/min and ranged from 

Adenosine triphosphate is also directly involved in 6 to 7.5'C during the experiment. Fish were fed Oregon 
the transport of ions across erythrocyte membranes Moist Pellets to satiation twice daily on weekdays. In 

by energy-dependent systems (Caviares, 1977; Sark- addition to the two experimental groups, fish from one of 

adi and T ~ ~ ~ ~ ~ ~ ~ ,  1 9 ~ ~ )  and in many other metabolic the hatchery ponds (HAT) were sampled on each sampling 
date from 18 February to 19 May, just prior to release. 

activities Of the Lane that NTP Biological samples were obtained approximately every 2 
content rainbow trout (Salmo gairdneri) erythro- weeks from 10 fish in each group: selected randomly by dip 
cytes increases as  the cells mature. Therefore, levels net. ~ l ~ o d  was obtained from each fish by severing the 
of N T P  in red cells appear t o  fluctuate as require- caudal peduncle and dripping the blood onto a piece of 
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Fig. 1. Gill Na+-K+ ATPase activity, hematocrits, NTP and hemoglobin concentrations in coho salmon 
under advanced or natural photoperiods. Mean (SE) gill Naf-K+ ATPase activities (A), hematocrits (B), 
NTP (C) and hemoglobin (D) levels are shown for experimental groups of coho salmon exposed to a 
3-month advance in photoperiod (AP ---) and to natural photoperiods (NP ---). These same 

measurements are also shown for hatchery production fish (HAT ...). 
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Fig. 2. Comparison of changes in hematocrit and hemoglobin levels during smoltification of coho salmon. 
Curves from Fig. 1 are replotted to illustrate relationships in the changes of hematocrit (---) and 

hemoglobin (---) values for AP, NP and HAT coho salmon. 

Parafilm.. From this pool, 10 yl were taken for hemoglobin 
and 2 0 ~ 1  for NTP analyses, and a sample for hematocrit 
determination was collected in a heparinized micro- 
hematocrit tube and centrifuged for 3min in a micro- 
hematocrit centrifuge. Hemoglobin analysis was performed 
by pipetting the lOpl of blood into 2.5ml of cyan- 
methemoglobin reagent (Hycel), centrifuging briefly in a 
clinical centrifuge to sediment the debris, then withdrawing 
the supernatant liquid for examination of absorbance at 
540nm. Blood levels of NTP were determined by slight 
adjustments of the procedure provided by Sigma (Tech. Bul. 
366UV). The blood was placed into 7.2% tcichloroacetic 
acid solution (150 PI). After mixing thoroughly and stand- 
ing for at least 3 min (up to 1 hr) in ice water, the material 
was centrifuged for 5 min a t  about 3000r.p.m. in a clinical 
centrifuge. An aliquot (100~1)  was withdrawn from the 
supernatant liquid and placed in 0.65 ml of a stock reaction 
solution consisting of 10 ml Sigma's PGA Buffered Solution, 
16 ml H,O and enough reduced nicotinamide adenine dinu- 

'Reference to trade names does not imply endorsement by 
the National Marine Fisheries Service, NOAA. 

cleotide (approximately 6mg) to give an absorbance of 
about 1. After thorough mixing, the absorbance at 340 nm 
was determined; 10yl of Sigma's GAPD/PGK suspension 
was introduced, the contents mixed and the reaction allowed 
to go to completion (about 5 min). The final absorbance at 
340 nm was determined and NTP levels calculated from the 
differences in absorbance. Gill Na+-K" ATPase activities 
bmoles P,.mg/protein/hr) were dletermined on gill filaments 
from individual fish, using a simplified, partially purified 
homogenate described elsewhere (Zaugg, 1982b). 

RESULTS 

F o r  the purpose of these experiments, the time 
period during which pronounced changes in gill 
Na+-K+ ATPase activities occurred is designated as 
the time of smoltification. This is a simplification of 
the entire process, where some aspects begin prior t o  
the elevation of Naf-K+ ATPase activity and others 
extend beyond its return t o  "pre-smolt" levels. 

Gill NaC-Kc ATPase activity underwent acceler- 
ated development in the advanced photoperiod group 
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Fig. 3. Relationships of blood NTP concentrations to hematocrits and to hemoglobin levels in coho 
salmon under advanced or natural photoperiods. Mean values (SE) are plotted for ratios of 
NTP: hematocrits (3A) for coho salmon under advanced (AP -) and natural (NP ---) photoperiods, 

and for ratios of NTP:hemoglobin (3B) under the same conditions. 

compared to the control and hatchery production fish 
(Fig. 1A). Similar relations were observed in packed 
red blood cells per volume (hematocrit) (Fig. 1B). 
Blood concentrations of NTP, including ATP and 
GTP, are shown in Fig. lC, while hemoglobin levels 
are indicated in Fig. ID. Correlations within each of 
the experimental groups show a lag in hemoglobin 
changes compared to changes in hematocrits (Fig. 2). 

Comparisons of NTP concentration with hemato- 
crits (Fig. 3A) and with hemoglobin levels (Fig. 3B) 
indicate an increase in the conccntration of these 
energy sources during the smolting period. 

Mean fork lengths (mm) for the groups of fish used 
in this study are shown in Fig. 4. 

DISCUSSION 

Parr-smolt transformation in anadromous salm- 
-- 

*AM. Dutchuk, US Fish & Wildlife Service, Willard Sub- 
station, Willard, WA 98605. 

onids is not defined by a single event but by a 
combination of physiological, biochemical, mor- 
phological and behavioural changes that are essential 
to successful seaward migration and survival in sea- 
water. In this study, wc have compared certain 
hematological changes to changes in gill Na+-K+ 
ATPase activity, one of the events in parr-smolt 
transformation. We observed high correlation be- 
tween changes in this enzyme activity and hemato- 
crits in all three studied groups of coho salmon (Fig. 
1, Table 1); values tended to increase and decrease 
synchronously. An advancc in the increase4ecrease 
cycle of hematocrits caused by advancing the photo- 
period (AP group), compared to the hematocrit cycle 
in controls (NP), strongly suggests a direct re- 
lationship of hematocrit changes to smoltification. In 
support of this conclusion, elevated hematocrits 
(45-50%) have been observed in scaward-migrating 
spring chinook salmon (0. tshuwytscha) smolts 
(Dutchuk, personal communication*). Although 
hematological values have been reported to change 
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Fig. 4. Fork lengths of fish sampled. Mean fork lengths are plotted for each group of fish used in this 
study; (AP --), (NP ---) and (HAT ...). 

with temperature, there appears to be considerable 
inconsistency (Koss and Houston, 1981). Banks et al. 
(1971) rcported increased hematocrits with increased 
temperature in small ( ~ 4 . 0  g) fall chinook salmon 
fingerlings, whereas no significant response was ob- 
served in larger fish. Miles and Smith (1968) reported 
increased hematocrits in juvenile coho salmon as 
water temperature increased in the spring. However, 
considering the results of the present study, that 
increase may have been due to smoltification rather 
than temperature. During our study, water tem- 
peratures increased by only about 1.5"C, and by the 
end of the experiment in August, when the tem- 
perature was maximal, hematocrits had returned to 
February levels. 

Hemoglobin levels inexplicably decreased during 
the initial increase in hematocrits, but later increased 
in all three groups of fish (Figs. 1 and 2). The lag in 
hemoglobin increase (Fig. 2) suggests that the newly- 
produced cells were slow in synthesizing a normal 
complement of hemoglobin. This is similar to recov- 
eries of normal hematology demonstrated by chinook 
salmon made anaemic with phenylhydrazine, where 
there was a greater delay in the return towards 
normal hemoglobin values than towards normal 
hematocrits (Smith et al., 1971). 

Nucleoside triphosphate content of young red cells 
is less than that of mature cells in rainbow trout 
(Lane, 1984). However, we observcd an increase in 
NTP levels as hematocrits increased, apparently be- 
cause of the production of new cells. Ratios of NTP 

to hematocrits and to hemoglobin levels increased as 
hematocrits and hemoglobin values increased (Fig. 
3). However, as a result of the delay in hemoglobin 
synthesis, there was less correlation betwcen hemo- 
globin values and levels of hematocrits, NTP and 
Nai-Kt ATPase activities than between any of the 
other pairs of parameters investigated (Table 1). Fish 
on an accelerated photoperiod again showed earlier 
changes than those on natural light. Lane (1984) 
observed that the formation of NTP in young cells 
came primarily from oxidative phosphorylation and 
in older cells by glycolysis. Whether increasing 
amounts of NTP arose through oxidative phos- 
phorylation in younger cells that contain mito- 

Table 1. Correlation coefficients (r) calculated from the means of 
all sampling periods, for advanced photoperiod (AP), natural 

photoperiod (NP) and hatchery (HAT) coho salmon groups 

Group Hemoglobin NTP ATPase 

Advanced photoperiod 
Hematocrit 0.17 0.78 0.76 
Hemoglobin - 0.22 0 
NTP - - 0.80 

Natural photoperiod 
Hematocrit 0.6 1 0.90 0.69 
Hemoglobin - 0.81 0.66 
NTP - - 0.76 

Hatchery 
Hematocrit 0.25 0.72 0.76 
Hemoglobin - 0.32 0 
NTP - - 0.86 



chondria or by glycolysls in older cells that lack 
mitochondria, or by both processes, was not deter- 
mined. Regardless, the levels of NTP increased dur- 
ing smoltification in all three groups of coho salmon. 
Similar increases in chinook salmon and steelhead 
(Salmo gairdneri) have been observed (Zaugg, un- 
published data). 

The noticcably delayed increases in hematocrits, 
NTP and hemoglobin in fish from hatchery pro- 
duction ponds, when compared to  the experimental 
group on natural light (Fig. 1B: lC, ID), probably 
resulted from a slightly smaller size and slower 
growth rate (Fig. 4). 

One might speculate that hematocrits and hemo- 
globin levels should increase during smoltification in 
anticipation of the need for greater oxygen supplies 
in the tissues during seaward migration and seawater 
adaptation. Cameron and Wohlschlag (1969) sug- 
gested that anadromous salmonids might be expected 
to  show hemoglobin increases before and during 
migration to reduce the cardiac cncrgy required over 
prolonged periods of activity. The rapid depletion of 
lipid reserves observed in smolting and migrating fish 
(Hoar, 1939; Vanstone and Markert, 1968; Fessler 
and Wagner, 1969) occurs through oxygen-requiring 
metabolic processes that must surely increase oxygen 
demand and therefore increase rcd cell production. 

The reason for the increases in erythrocyte NTP 
content must be more speculative. If a primary 
function of NTP is to decrease hemoglobin-oxygen 
binding (Gillen and Riggs, 1971; Wood and 
Johansen, 1972; Brunori, 1975), then elevated NTP 
levels would not be expected during smoltification, 
when the demand for oxygen increases. Perhaps NTP 
synthesized under these conditions is insufficient to  
significantly affect the in uivo hemoglobin-oxygen 
equilibrium, but is used for other cellular functions. 
A build-up of NTP may reflect preparation for some 
increase in osmoregulatory activity upon seawater 
entry. Synthesis of new hemoglobins that appear 
during parr-smolt transformation (Giles and Van- 
stone, 1976; Kock, 1982; Sullivan et al., 1985) would 
require energy that could be readily supplied by NTP. 

In thcse experimental groups of yearling coho 
salmon we have observed changes in hematocrits, 
hemoglobin levels and NTP concentrations that 
occurred during the period of parr-smolt trans- 
formation. We have observed similar changes in 
other groups of Pacific salmonids. Nevertheless, we 
hesitate to suggest that hematological changes would 
occur during all instances of smoltification, for we 
recognize that not all groups of anadromous salm- 
onids undergo the same degree of transformation, 
and that factors such as diet, disease and temperature 
may alter relationships among physiological changes 
at  that time. The extent to which the hematological 
changes we have reported can be related to other 
events in parr-smolt transformation must await more 
exhaustive investigations. 

REFERENCES 

Banks J. L., Fowler L. G. and Elliot J. W. (1971) Effects of 
rearing temperature on growth, body form and hema- 
tology of fall chinook fingerlings. Progue Fish Cult. 33, 
2C-26. 

Brunori M. (1975) Molecular adaptation to physiological 

requirements: the hemoglobin system of trout. Curr. Top. 
Cell. Regul. 19, 1-39. 

Cameron J. N. and Wohlschlag D. E. (1969) Respiratory 
response to experimentally induced anaemia in the pinfish 
(Lagodon rhomboides). J. exp. Biol. 50, 307-3 17. 

Caviares J. D. (1977) The sodium pump in human red cells. 
In Membrane liansport in Red Cells (Edited by Ellory 
J. C. and Lew V. L.), pp. 1-37. Academic Press, London. 

Fessler J. L. and Wagner H. H. (1969) Some morphological 
and biochemical changes in steelhead trout during parr- 
smolt transformation. J. Fish. Res. Bd Can. 26, 
2823-2841. 

Folmar L. C. and Dickhoff W. W. (1980) The parr-smolt 
transformation (smoltification) and seawater adaptation 
in samonids. A review of selected literature. Aquaculture 
21, 1-37. 

Giles M. A. and Vanstone W. E. (1976) Ontogenetic 
variation in the multiple hemoglobins of coho salmon 
(Oncorhynchus kisutch) and effect of environmental fac- 
tors on their expression. J. Fish. Res. Bd Can. 33, 
11441 149. 

Gillen R. G. and Riggs A. (1971) The hemoglobins of the 
freshwater teleost, Cichlasoma cyanoguttatum (Baird and 
Giard). I. The effects of phosphorylated organic com- 
pounds upon the oxygen equilibria. Comp. Biochem. i 
Physiol. 38B, 585-595. 

Greany G. S. and Powers D. A. (1978) Allosteric modifiers 
of fish hemoglobins: in virro and in viuo studies of the 
effect of ambient oxygen and pH on erythrocyte ATP 
concentrations. J. exp. 2001. 203, 339-350. 

Hoar W. S. (1939) The length-weight relationship of the 
Atlantic salmon. J. Fish. Res. Bd Can. 4, 441-460. 

Hoar W. S. (1976) Smolt transformation: evolution, behav- 
ior and physiology. J. Fish. Res. Bd Can. 33, 12341252. 

Johansen K., Lykkeboe G., Weber R. E. and Maloiy G. M. 
0. (1976) Respiratory properties of blood in awake and 
estivating lungfish, Protopterus amphibius. Respir. Phys- 
iol. 27, 335-345. 

Kock H. J. A. (1982) Hemoglobin changes with size in the 
Atlantic salmon (Salmo salar). Aquaculture 28, 231-240. 

Koss T. F. and Houston A. H. (1981) Hemoglobin levels 
and red cell ionic composition in goldfish (Carrassius 
auratus) exposed to constant and diurnally cycling tem- 
peratures. Can. J. Fish. Ayuut. Sci. 38, 1182-1188. 

Lane H. C. (1984) Nucleoside triphosphate changcs during 
the peripheral life-span of erythrocytes of adult rainbow 
trout (Salmo gairdneri). J. exp. Zool. 231, 57-62. 

Leray C. (1979) Patterns of purine nucleotides in fish 
erythrocytes. Comp. Biochem. Physiol. 64B, 77-82. 

Leray C. (1982) Patterns of purine nucleotides in some 
North Sea fish erythrocytes. Comp. Biochem. Physiol. 6 

71B, 77- 8 1. 
Miles H. M. and Smith L. S. (1968) Ionic regulation in 

migrating juvenile coho salmon: Oncorhynchus kisutch. 
Comp. Biochem. Physiol. 26, 381-398. 

Sarkadi B. and Tosteson D. C .  (1979) Active cation trans- 
port in human red cells. In Membrane Transport in 
Biology, Vol. 2 (Edited by Giebisch G., Tosteson D. C .  
and Ussing H. H.), pp. 117-160. Springer Verlag, 
Heidelberg. 

Smith C. E., McLain L. R .  and Zaugg W. S. (1971) 
Phenylhydrazine-induced anemia in chinook salmon. 
Toxicol. Appl. Pharmacol. 20, 73-8 1. 

Sullivan C .  V., Dickhoff W. W., Mahnken C. V. W. and 
Hershberger W. K. (1985) Changes in the hemoglobin 
system of coho salmon (Oncorhynchus kisutch) during 
smoltification and the effects of triiodothyronine and 
nronvlthiouracil treatment. Comp. Biochem. Phvsiol. 81A, 
807-813. 

Vaccaro Torracca A. M.. Raschetti R., Salvioli R.. Ricciardi 
G. and Winterhalter K. H. (1977) Modulation of  the root 
effect in goldfish by ATP and GTP. Biochim. biophys. 
Acta 496, 367-373. 



Blood changes during parr-smolt transformation 493 

Vanstone W. E. and Markert J. R. (1968) Some mor- 
phological and biochemical changes in coho salmon, 
Oizcorhynchus kisutch, during parr-smolt transformation. 
J.  Fish. Res. Bd Can. 25, 2403-2418. 

Weber R. E. and Lykkeboe G. (1978) Respiratory adapta- 
tions in carp blood. Influences of hypoxia, red cell organic 
phosphates, divalent cations and CO, on 
hemoglobin-oxygen affinity. J. Comp. Physiol. 128, 
127-137. 

Weber R. E., Lykkeboe G. and Johansen K. (1975) Bio- 
chemical aspects of the adaptation of hemoglobin-oxygen 
affinity of eels to hypoxia. Life Sci. 17, 1345-1350. 

Wood S. C. and Johansen K. (1972) Adaptation to hypoxia 

by increased HbO, affinity and decrcascd red cell ATP 
concentration. Nature, New Biol. 23'1, 278-279. 

Wood S. C.. Johansen K. and Weber R. E. (1975) Effects 
of ambient PO, on hemoglobin-oxygen affinity and red 
cell A'TP concentrations in benthic fish, Pleuronectes 
platessa. Respir. Physiol. 25, 259-26'7. 

Zaugg, W. S. (1982a) Some changes in smoltification 
and seawater adaptability of salmonids resulting from 
environmental and other factors. Aquacullure 28, 
143-151. 

Zaugg. W. S. (1982b) A simplified preparation for adenosine 
triphosphatase determination in gill tissue. Can. J .  Fish. 
Aquat. Sci. 39, 215-217. 




