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SUMMARY

1. An electrolytic method was used to plot the oxygen dissociation
curves of whole blood from both the larva and adult of the lamprey
Lampetra fluviatilis at a temperature of 10 °C and over a pH range of
6-s-8-1.

2. Larval blood has a far higher affinity for oxygen than that of adults,
the respective calculated PB0's at a pH of 7*75 being 1-9 and 10-7 mmHg.

3. The high affinity of larval blood is of use to a relatively sedentary
animal living in burrows, and the increased oxygen delivery pressure
brought about by the shift of the curve to the right in the adult is of
advantage to an animal exhibiting greater activity.

4. The n value obtained from the Hill plots increased with increasing
saturation and were lower in larvae than adults at the same level of blood
saturation.

5. The Bohr effect in larvae at 10 °C over the pH range 6-5-8-1 was
— 0-25, a value which did not differ significantly from the —0-22 found in
adults.

INTRODUCTION

Lampreys and hagfishes are the sole representatives of the Agnatha, the most
primitive group of vertebrates. Although they are also in many ways highly
specialized (Hubbs & Potter, 1971), their possession of a monomeric haemoglobin
with a molecular weight of approximately 17000-18000 (Roche & Fontaine, 1938,
1940; Allison et al. i960; Rumen & Love, 1963; Behlke & Scheler, 1970a) almost
certainly represents the retention of a primitive character. Using work on the lamprey
haemoglobin as part of the basis for a phylogenetic discussion of the genealogy of
haemoglobin, Goodman, Moore & Matsuda (1975) have considered the selective
advantages that may have been involved in the evolution of the heterotetrameric
type of structure found in all other vertebrates (Wald & Riggs, 1951). It should be
noted, however, that although lamprey haemoglobin is monomeric when oxygenated,
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it does form homodimers and transitory tetramers in its deoxygenated state (Behlke
& Scheler, 1970a; Anderson & Gibson, 1971).

Much of the work on the affinity of lamprey haemoglobins for oxygen has con-
centrated on solutions rather than on the characteristics of the whole blood (e.g.
Wald & Riggs, 1951; Gibson, 1955; Briehl, 1963; Love & Rumen, 1963; Antonini
et al. 1964; Anderson, 1970; Behlke & Scheler, 1970 a, b, c; Dohi, Sugita & Yoneyama,
1973). By contrast, Manwell (1963) has examined both haemoglobin solutions and
erythrocyte suspensions. He found that in each case the oxygen affinity was greater
in the larval (= ammocoete) components than in those of the adult, a feature which
he suggested possibly reflected the 'mud dwelling habits' of the larva in its river
environment. There can be little doubt that the adult is more active than the larva
since both in its search for food, which usually consists of teleost fishes, and during
its upstream spawning run, it often travels considerable distances and sometimes
also has to overcome obstacles to its migration (Hardisty & Potter, 1971a, b).

Although both the studies on the affinity of larval erythrocyte suspensions for
oxygen have yielded what have been termed sigmoidal oxygen dissociation curves
(Manwell, 1963; Potter, Hill & Gentleman, 1970), the curve in the adult has been
described both as sigmoidal (Johansen, Lenfant & Hanson, 1973) and as approxi-
mately hyperbolic (Manwell, 1963). With respect to the curves, Manwell (1963)
has stated that when the n value (the slope) in Hill plots is below 1-5 the curve is
essentially hyperbolic, whereas at higher values it is sigmoidal. The position in
lampreys is complicated, however, by the fact that n changes markedly with oxygen-
ation, a feature apparently related to changes in the degree of aggregation of the
haemoglobin molecules (see Johansen & Lenfant, 1972; Riggs, 1972).

This study was undertaken in order to provide oxygen dissociation curves of the
blood of the larva and adult of the anadromous parasitic lamprey, Lampetra fluviatilis
(L.). The electrolytic technique described by Longmuir & Chow (1970) was used since,
compared with other techniques, it reduces the time lag between the equilibration
and measurement of the blood (Lutz et al. 1973) and because it is particularly good
at ascertaining the shape of the curve at low -Po/s (Hughes, Palacios & Palomeque,
1975). The results are related to the difference between larvae and adults in terms
of their mode of life, metabolic rate and ability to survive in reduced oxygen
tensions.

MATERIALS AND METHODS

Larvae of L. fluviatilis were collected by electric fish shocker from a site on the
River Teme approximately 15 km from its junction with the River Severn. The
adults of the river lamprey came from in front of the weir at Tewkesbury on the
River Severn soon after they had re-entered fresh water on their upstream spawning
migration. The samples were taken in the autumn and early winter at a time when
the water temperatures lay between 6 and 12 °C. After the lampreys had been brought
back to the laboratory, they were held for at least 3 weeks in well aerated tanks
maintained at 10 + 1 °C and exposed to a light/dark regime paralleling field conditions.
Larvae were provided with a natural soft substrate in which they remained burrowed
for the duration of the acclimation period.

After the lampreys had been anaesthetized in MS 222 (Sandoz), they were im-
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Fig. i. Oxygen dissociation curves for the blood of a larva (•) and adult (•) of
L. fluviatilis at a temperature of io °C and a pH of 7-75.

mediately cut in half just behind the cloaca. Care was taken to place the heparinized
collecting syringe next to the point at which the caudal vein had been severed so
that the blood was uncontaminated with other body fluids. The volume of blood
used in the experiments was 0-5 ml. While this volume could always be obtained
from a single adult lamprey, it was necessary in the case of larvae to pool blood from
between eight and twelve separate individuals. The oxygen dissociation curves of
larval and adult blood were determined by the electrolytic method described by
Longmuir & Chow (1970). The apparatus contains a 30 ml temperature-controlled
chamber (IO + O-I °C) into which o-i M phosphate buffer containing 0-003 M sodium
succinate is introduced before being deoxygenated by the addition of 0-5 ml of
heart muscle preparation (Keilin & Hartree, 1938). The blood was then added and,
after the recorder had again registered zero oxygen, the action of the heart muscle
preparation was inhibited by the addition of 0-3 ml of 0-5 M oxaloacetic acid. Oxygen
was generated at a constant rate by a platinum electrode and the subsequent changes
in POi followed by a Clarke oxygen electrode. The oxygen dissociation curves were
plotted on a Watanabe multicorder. A total of 39 larvae and 16 adult curves over
the pH range 6-5-8-1 were produced, each using blood from different individuals,
or in the case of ammocoetes, groups of individuals.

RESULTS

Typical oxygen dissociation curves of larval and adult blood of L. fluviatilis
recorded at 10 °C and at a pH of 7-75 illustrate the marked difference that exists
in the oxygen affinity of the blood of the two different stages in the life cycle (Fig. 1).
For example, in Fig. 1 the P80 for larval blood is i-8 mmHg whereas in adults it is
11 -8 mmHg. These values correspond closely to the respective values of 1-9 and
10-7 calculated from the equation given later for the relationship between pH and
P60. Another way of demonstrating the difference between larvae and adult is by
comparing in Fig. 1 the values which correspond to the range 70 to 100 % saturation.
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Fig. 2. Hill plots of the blood of the larva (•)
and adult ( • ) used for Fig. i.

In the larval blood this is represented by a Po ranging from 4-0 to 26-4 mmHg,
whereas in the adult the corresponding values are 21-5 to 91-9 mmHg. The marked
affinity of larval blood for oxygen is obviously of advantage to an animal living
in burrows formed in silt deposits where the water flow is slow and oxygen tensions
are probably reduced (Hardisty & Potter, 1971a). By contrast, the adult rarely
burrows and is much more active, undergoing a downstream movement after the
completion of metamorphosis and later an upstream spawning migration during
which it has to travel considerable distances and overcome regions of fast water and
obstacles such as dams and weirs (Hardisty & Potter, 19716). During the marine
trophic phase which separates these two movements, the adult lamprey also has
to be able to swim sufficiently rapidly to reach potential teleost hosts. Clearly, there
will therefore have been strong selection pressures to shift the oxygen dissociation
curve in the adult to the right to facilitate an increase in oxygen delivery pressure.
In terms of metabolism, these views are also consistent with the fact that the adult
lampreys have a higher metabolic rate (Hill & Potter, 1970; Potter & Rogers, 1972;
Beamish, 1973; Claridge & Potter, 1975).

Hill plots of log (yjioo—y) vs log POj, where y = percentage saturation of the
blood and Po = partial pressure of oxygen, yielded curved lines (Fig. 2). To provide
an approximate measure of this change, the n value, i.e. the slope in these plots, was
calculated over restricted saturation ranges of 30-40%, 45-55% and 75-85%, sub-
sequently referred to as 35, 50 and 80 % respectively. The values of n at each of these
saturation levels were clearly seen to be independent of pH over the pH range
used in this study. In larval blood, the mean (±95% confidence limits) were
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Fig. 3. The Bohr effect in larval (•) and adult (•) blood of L. fluviatilis.

0-85 + 0-055, i-O2±o-O93 and 1-49 + 0-093, whereas in adult blood the respective
values were 1-00 + 0-071, 1-2110-077 and 2-3210-12. These data show that the
rate of change in n with increasing saturation occurs more rapidly in adults than
larvae. Since an n > 1 has been taken as implying some kind of subunit interaction
(Riggs, 1972) and an n < 1 has been said to indicate negative or hindering haem-haem
interactions (Manwell, 1963), it appears that some inhibition might be occurring in
larval blood at low saturation levels. While, however, an n < 1 could mean negative
cooperativity, Riggs (personal communication) has suggested that it might be better
explained in terms of functional heterogeneity. As he has pointed out, in some
vertebrate haemoglobins an n < 1 is associated with large differences between the
a and /? chain subunits which may behave electrophoretically as a single unit.

The Bohr effect over the pH range 6-5-8-1 was calculated as —0-25 in larvae and
— 0-22 in adults (Fig. 3). The full equations were:

larvae log PB0 = 2-2579-0-2538 pH (n = 39, r = 0-740),

adults logP60 = 2-7007-0-2158 pH (n = 16, r = 0-714).

The relatively small Bohr shift does not conflict markedly with the findings for
erythrocyte suspensions of larval Ichthyomyzon hubbsi in which there was a negligible
effect over the pH range of 6-7-7-7 (Potter et al. 1970). It does differ greatly, however,
from the —0-70 given by Manwell (1963) for haemoglobin solutions of larval and
adult Petromyzon marinus, a value identical to that recorded for haemoglobin solutions
of adult sea lampreys by Wald & Riggs (1951). At the same time these values are
higher than the — 0-45 given for solutions of Ichthyomyzon unicuspis by Manwell
(1963), using exactly the same method as he had employed for P. marinus, and also
the -0-41 recorded by Johansen et al. (1973) for Lampreta (Entosphenus) tridentata.
It would therefore appear that the Bohr effect in haemoglobin solutions of adult
P. marinus may be greater than that of other species. Furthermore, since all the
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values for the Bohr effect in solutions are greater than those we found in either larva
or adult, the Bohr effect in solutions may be higher in haemolysates than in whole
blood. In this context, Riggs (1972) has pointed out that in dilute solutions all
lamprey haemoglobins exhibit a marked Bohr effect. At the same time caution must
be exercised as our experimental temperature was 10 °C lower than the minimum
employed in the studies on solutions. In agreement with the similarity in the Bohr
effect found in larval and adult haemoglobin solutions of P. marinus by Manwell
(1963) was the lack of a significant difference (P > 0-05) between the Bohr effect
in the blood of larval and adult L. fluviatilis.

DISCUSSION

In this study, an attempt has been made to produce oxygen dissociation curves
which are as physiologically realistic as possible within the limits of the experimental
regime. Particular attention was paid to acclimation and experimental temperatures,
to the choice of pH, and to the provision of sufficient data to permit confidence
limits to be placed on n values and correlation coefficients for the Bohr effect. Thus,
the animals were acclimated at a temperature similar to the mean field temperature
at the time of capture, the experiments later also being performed at this temperature.
The importance of this approach was illustrated by the increased variability of
oxygen dissociation curves for blood from a few animals acclimated at just over
20 °C and run at 10 °C compared with those in which both the acclimation and
experimental temperatures were the same. While recognizing the quality of Manwell's
(1963) excellent attempt to relate the characteristics of lamprey blood to the biology
of the whole animal, it should be noted that the experimental temperature he used
(25-26 °C) for the determination of oxygen dissociation curves of erythrocyte sus-
pensions was very high and probably lies outside the range normally experienced
by the species he used. Furthermore, it is only 5 °C below the ultimate incipient
lethal level for larval P. marinus (Potter & Beamish, 1975), a value which may be
even lower in the case of adults. With respect to pH, the range employed in our
experiments was chosen on the basis that it covered the values we recorded for
five adult L. fluviatilis (7*3-7-5) acclimated at 10 °C and those given for the pH of
blood of larval /. hubbsi by Potter et al. (1970).

In studies carried out at three different temperatures on the behaviour and
tolerance of larval / . hubbsi to hypoxia, the animals emerged from the substrate at
oxygen tensions just above the lethal level and exhibited a greatly elevated rate of
branchial pumping (Potter et al. 1970). The level of blood saturation that cor-
responds to the minimal Po% required to survive for 96 h lay in the range 51-61 %.
A similar investigation of the tolerance of adult lampreys at 9-5 °C has shown that
at this stage in the life cycle the animal changes its behaviour pattern at a Po of
approximately 31 mmHg, when it ceases to remain attached for long periods by
means of its oral disc (Claridge & Potter, 1975). Below this level, the animal
exhibits frequent vigorous swimming movements and, during the intermittent
periods of rest, displays a markedly increased ventilatory frequency compared with
values recorded during inactivity at higher oxygen tensions. The maximum ventilation
rate is reached at 19 mmHg. At 12 mmHg, death occurred within 5-8 h. From
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calculations for the oxygen dissociation curve of the blood of adults at a pH of 7*4,
the mean value for adult L. fluviatilis blood, behaviour would have started to change
at a blood saturation of approximately 77 %. The ventilatory frequency would have
reached a peak at about 62 % and the saturation levels just above the 96 h lethal
tensions would lie in the region of 53 %. These studies therefore suggest that there
is a similar minimal level of blood saturation (ca. 50-60 %) in both larva and adult
required to provide sufficient oxygen both for the tissues and for the costly high rate
of ventilatory pumping at reduced oxygen tensions.

Because of the differences in the experimental methods used for obtaining the
oxygen dissociation curves of larval / . hubbsi and adult L. fluviatilis, care must be
taken in comparing the results of the two studies. It has been shown, for example,
that the electrolytic method employed in this investigation tends in fishes to produce
lower P50's than is the case with other techniques (Hughes et al. 1975). This finding
is in agreement with the fact that in this investigation of larval L. fluviatilis the
Pso was less than in the studies on larval / . hubbsi, where a spectrophotometric
technique was employed. However, the correlation in both larva and adult between
differing levels of saturation of the blood and oxygen tensions which induce changes
in behaviour, very rapid branchial pumping and death, implies that haemoglobin
is of importance at both stages in the life cycle. Such a view is consistent with the
presence in the blood of a large number of erythrocytes and an appreciable amount
of haemoglobin. For example, the mean haematocrits recorded for larval / . hubbsi
and P. marinus were 247 and 287 respectively (Potter et al. 1970; Beamish & Potter,
1972), with the former of these species having a corresponding haemoglobin con-
centration of 7-42 g%. In the case of adults, haematocrits as high as 64 have been
recorded (Korzhuev & Glazova, 1967) and means in excess of 30 have been found
in populations of L. fluviatilis by Ivanova-Berg & Sokolova (1959) and in P. marinus
by Beamish & Potter (1972).

The differences in the oxygen affinity of larval and adult blood are related to
differences in the chemical properties of their haemoglobins, a feature illustrated
by the lack of a close correspondence between the haemoglobin electropherograms
of larvae and adults in species of Lampetra (Adinolfi, Chieffi & Siniscalco, 1959;
Uthe & Tsuyuki, 1967; Potter & Brown, 1975), Petromyzon (Manwell, 1963; Uthe
& Tsuyuki, 1967; Beamish & Potter, 1972), Ichthyomyzon (Manwell, 1963; Uthe &
Tsuyuki, 1967) and Mordacia (Potter & Nicol, 1968). In the river lamprey, L.
fluviatilis, the two major components of the adult haemoglobins have been shown to
differ in the presence or absence of a blocked NH2 terminal group, a feature which
does not apparently lead to differences in their oxygen equilibria (Braunitzer, 1966;
Braunitzer & Fujika, 1969; Fujika, Braunitzer & Rudloff, 1970; Riggs, 1972).
Differences between the chemical properties of the haemoglobins of larval and adult
river lampreys are paralleled by differences between the nuclear/cytoplasmic ratio
in the erythrocytes of the two different stages (Potter, Robinson & Brown, 1974).
Moreover, the location of the principal haemopoietic sites has been shown to change
during the metamorphosis of the river lamprey, the site of blood cell formation
no longer being the typhlosole and nephric fold but the cells that accumulate in
the intercellular spaces of the fat column (Percy & Potter, 1976). It is possible,
therefore, that the first two sites produce erythrocytes containing only the larval
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type of haemoglobin, and the formation of blood cells with adult haemoglobins is
restricted to the fat column.

The values recorded for n in larval lampreys are somewhat inconsistent. For
example, Manwell (1963) has recorded an n of i-S-i-g in erythrocyte suspensions
of I. unicuspis whereas an n of this magnitude was only approached at very high
saturation levels in larvae of L. fluviatilis and I. hubbsi. With respect to both these
latter species, a marked similarity in n at Pm was also found even though it was
calculated from data obtained by two entirely different experimental methods.
Furthermore, the increase in n in the blood of larval L. fluviatilis from a value of
approximately 1 at P60 to higher values at greater levels of saturation is consistent
with the findings for erythrocyte suspensions from larval / . hubbsi (Potter et al.
1970; Riggs, 1972). In both the two major haemoglobin components and in the whole
haemolyzate, Antonini et al. (1964) have recorded an n of 1-25 for the larval brook
lamprey Lampetra planeri. Since haemoglobin electropherograms of the larvae of
this species are identical with those of L. fluviatilis, its presumed ancestral form
(Hardisty & Potter, 1971c; Potter & Brown, 1975), the n values for the larvae of
these two species may also be the same.

In adult stages there is no variation in the values calculated for n. Manwell (1963)
has given an n of i-z-i-^ for erythrocyte suspensions and haemoglobin solutions
of P. marinus, values which are essentially the same as the 1 -2 in L. fluviatilis recorded
both for solutions by Antonini et al. (1964) and by ourselves for blood. By contrast
an n of I - 5 - I - 7 has been reported for haemoglobin solutions of P. marinus by
Antonini et al. (1964) whereas Johansen et al. (1973) have given a value of 1-9 for
L. tridentata.

The fact that Antonini et al. (1964) obtained markedly different values for haemo-
globin solutions of adults of P. marinus and L. fluviatilis at identical concentrations
(4-5 mg ml"1) and at the same pH shows that there are interspecific differences in
this parameter. It may also be of significance that the highest n values in adults
were obtained in species which attain a large size and therefore presumably live
longer and travel further during this stage in the life cycle (Hardisty & Potter, 19716;
Hubbs & Potter, 1971). However, not all the differences can apparently be explained
in terms of variation between species and it seems likely that other factors contribute
to the variability. That some of the variation is the result of differences between
solutions of different concentration is supported by the fact that n is very clearly
related to the concentration of the haemoglobin (Riggs, 1972; Dohi et al. 1973).
Another variable is experimental temperature, our studies for example being
carried out at values 10-15 °C l ° w e r than those of most other workers. In view of
the change in n with saturation, it is possible that the range over which n has been
calculated might also have differed slightly and have thus contributed to the
variation.

Despite differences between the pattern observed in Hill plots for the blood of
lampreys and most gnathostomes, there are a number of parallels that can be drawn
between ontogenetic and physiological aspects of the haemoglobins of these two
vertebrate groups. Thus, the change in the chemical properties of the haemoglobins
occurring in lampreys during the transition from larvae to adult is similar to the
change that takes place in mammals at about the time of birth and in amphibians
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during their metamorphosis (Maclean & Jurd, 1972). The great affinity for oxygen
of the haemoglobins of the larva is also present in the blood of teleosts living in
a poorly oxygenated environment and a shift of the oxygen dissociation curve to the
right, as seen in the adult lamprey, is also observed in teleosts living in well aerated
water (Krogh & Leitch, 1919; Johansen & Lenfant, 1972). The displacement of
the curve to the right is also apparently related to increased oxygen consumption,
a feature paralleling the situation within groups of vertebrates exhibiting different
metabolic rates (Dejours, 1975).

Financial assistance was provided by the Science Research Council. Our gratitude
is expressed to Professor A. Riggs for his helpful criticism of this paper.
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