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Summary

Crustacean haemocyanin oxygen affinity may be influence of sulphide and thiosulphate are reviewed
modified through changes in concentration of various together with evidence for unidentified factors that
inorganic and organic allosteric modulators. These may act decrease haemocyanin oxygen affinity. The physiological
in both positive and negative directions, increasing or implications of all these findings are discussed in the
decreasing haemocyanin oxygen affinity, and assist both in context of maintaining a flexible response to a changing
oxygen loading at the gills and oxygen release in the tissues. environment.

Inorganic ions, except for Mg+, do not normally influence

cooperativity or the Bohr effect, whereas most of the

organic modulators decrease cooperativity without Key words: Pso, oxygen affinity, hemocyanin, crustacean,
affecting the Bohr coefficient. Several new findings on the modulator, intrinsic, lactate, urate, purine, neurohormone.

Introduction

Crustaceans can be found in a wide range of habitats, irenous (vPvo,) oxygen partial pressures, although these may
which environmental conditions and physiological statewvary considerably under physiological load (for a review see
vary considerably. This may involve dramatic changes irMcMahon, 1985). UsingPao, andPvo, to determine the-a
environmental variables such as temperature, water pkD, concentration difference, the amount of oxygen transported
oxygenation, salinity and exposure to toxic substances such Bg the respiratory pigment can be calculated. As can be seen
sulphide or changes in physiological states such as activity am@ém Fig. 1, any change in oxygen affinity, expressed as a
moulting. Within changing environments, the functional rolechange in the half-saturation d?so, will affect oxygen
of haemocyanin has been a source of interest over many yeagnsport. A decrease in oxygen affinity (negative influence) or
and numerous reviews have appeared (Mangum, 198@;shift to the right will decrease the loading on the arterial side
Mangum, 1983a; Morris, 1990; Truchot, 1992; Terwilliger, at the gill but will improve unloading at the venous side or at
1998). Mangum’s review in 1980 pointed out that we were ajhe tissues. A shift to the left, in contrast, or an increase in
the beginning of investigating ‘environmental plasticity’ andoxygen affinity (positive), will favour loading at the gills but
over 10 years later Truchot reiterated this point (Truchoinhipit unloading at the tissues. Other mechanisms besides
1992). This_ short review_o_f the_ mod_ulation of crustaceanespiratory protein oxygen affinity must also play a role to
haemocyanin oxygen affinity will briefly summarise the maintain oxygen supply. These may involve an increase in the
known effects of various factors that influence haemocyaniyqraction efficiency for oxygen at the gills, thereby increasing
function and provide the reader with information on MOr€p4, or decreasingvo, to unload more oxygen. The limiting
recent discoveries that illustrate the flexibility of the respiratoryfactors for both systems, oxygen uptake and oxygen unloading,

p?gme”t_ in a changing world. It is Writtenhin Lribute to thﬁare the ventilation/extraction efficiency on the one hand and
ploneering W(.)rk ofJegn Paul Truchqt Wh9 as been more thafly  mitochondrial/venous  arterial pressure gradient on the
instrumental in revealing some of this evidence. other

The biological role OT respiratory plgments N OXYGEN The model may be carried one step further using the ‘Fick
transport can be summarized as the requirement to increase the

; : equation’:
amount of oxygen that can be delivered to the tissues above Mo, = O(Ca—Cy) (1)
the normal level that would be delivered purely in a dissolved _ ©- a=vh

form (Fig. 1). A typical oxygen dissociation curve, as showrwhereMo, is the mass-specific rate of oxygen consumptn,
in this figure, may in its optimum form be sigmoidal. Theis the cardiac output andC4(C,) is the oxygen content

model assumes two specific constants, the arteridb¢g) and  difference between arterial and venous blood. The rationale of
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O,-carrying capacity (bound) might be changed by modifying the intrinsic structure of the
TN m o= g, et — _ haemocyanin or by adding effectors or modulator substances.
3;;;;2?%&220” Morris (Morris, 1990) defined effectors as having a constant
trarsporied by influence over oxygen affinity undgr normal condi_tions,
pigment) whereas modulators respond to environmental conditions or
e stress by a change in concentration, thereby influencing
haemocyanin oxygen affinity. In Fig. 2, the modulators, which
can influence intrinsic haemocyanin oxygen affinity, are shown
as either negative (right shift of the oxygen dissociation curve)
or positive influences (left shift of the oxygen dissociation
curve). Temperature effects are not shown but these involve
both pH changes and intrinsic changes in enthalpy of the
haemocyanin. Truchot (Truchot, 1992) has suggested the
Fig. 1. Oxygen transport function of haemocyanin shown as afpllowing criteria for defining physiological modulation: (i) the
oxygen dissociation curve with haemocyanin oxygen contenfyolvement of a concentration response of the modulator to

(mmol %) plotted against oxygen tensioRct) in kPa. Arterial &) changes in conditions, (ii) these concentration changes should
and venousY) oxygen tensiongao, andPvo, respectively are also cause substantial changes in the affinity, and (iii) the

shown. Variations (blue broken line) in these parameters and in thr%odulation of oxvaen affinity should be advantageous to
Pso (red solid ling confer flexibility to the response for increased Y9 Y 9

oxygen demands. The arterial-venous (a—v) oxygen concentratiiY9en transport. However it has b.ec':ome |ncreqS|ng clear that
difference is shown as a green cross-hatched bar. even small changes in oxygen affinity may be important for
‘fine tuning’ (Morris, 1990), and flexibility at both ends of the
oxygen transport cascade must be considered.
possessing a flexible oxygen dissociation curve then becomes
more important than using only frequency/amplitude or Inorganic ions
distribution changes to satisfy cardiac output. Changes in It has long been known that the ionic composition of the
oxygen-carrying capacity can be mediated through changes lraemolymph affects haemocyanin oxygen affinity. In his
the moulting stage and in the nutritional status. thorough study, Truchot was able to show that botR*\agd
Ca* increased oxygen affinity i€arcinus maenasand that
Mg?2* increased the Bohr effect at physiological levels at the
Inorganic modulators of haemocyanin oxygen affinity same time (shown as positive effectors of haemocyanin oxygen
Truchot (Truchot, 1992) pointed out that oxygen affinity affinity in Fig. 2) (Truchot, 1975). Other ions such as I@ve
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Fig. 2. Summary of the modulators of intrinsic haemocyanin oxygen affinity and their bearing on oxygen affinity, together cgitisé¢s of
tissue anoxia. +ve indicates an increase in oxygen affinity-aeda decrease in oxygen affinity. Unident., unidentified. (Modified from
Bridges and Morris, 1986, with permission from Springer Verlag.)
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a variable effect, increasing oxygen affinity in some speciekaemocyanin subunit composition in low salinity populations
such as’enaeus setifer8rouwer et al., 1978) and. maenas have also been observed and correlated with a lowering of
(Truchot, 1975) and decreasing it in others, déignulus oxygen affinity (Mason et al., 1983; Mangum and Rainer,
polyphemus(Brouwer et al., 1977). InCarcinus maengs 1988) in Callinectes sapidysthereby bringing about an
however, the chloride effect only became significant at higlntrinsic change in oxygen affinity. (iv) Changes in levels of

extraphysiological values (Truchot, 1992). dialyzable substances other thah &hd divalent cations, as
implicated from studies of hypersaline exposure in the
pH freshwater crayfish (Wheatly and McMahon, 1982), induce a

When organisms are subjected either to activity or taight shift of the oxygen dissociation curve.
environmental hypoxia then tissue anoxia occurs at some stage,
either through an increase in the oxygen consumption or Sulphide and thiosulphate
through a decrease in oxygen transport. This, in turn, leads toln hydrogen-sulphide-rich environments such as marine
tissue anaerobiosis with the consequent formation ofediments or hydrothermal vents, the internal detoxification of
metabolites, which in turn may provide* that affects the sulphide often leads to the production of thiosulphate (Vetter
acid-base status of the haemocyanin. The number of protoas al., 1987). Sanders and Childress (Sanders and Childress,
formed depends upon the length and severity of the hypoxial992) were able to show that the oxygen affinity of
The influence of pH through the classic normal ‘Bohr effecthaemocyanin of the hydrothermal vent brachyBgihograea
has been reviewed many times (see Mangum, 1983a; Truchttermydron which lives where thiosulphate levels may be
1992). The presence of protons has a negative effect orl mmoll (Vetter et al., 1987), was increased in the presence
haemocyanin oxygen affinity, as shown in Fig. 2. They are onef 1.5mmolf! thiosulphate. This effect was also pH-
of the few modulators that can act in a negative directiordependent (Fig. 3A), with increased oxygen affinity occurring
together with the effect of increasing temperature. That higher pH values. A similar pH-dependent increase in the
magnitude of this effect, i.e. the Bohr coefficient, is large inoxygen affinity of the benthic isopo&aduria entomon
decapod crustaceans compared with vertebrate haemoglobiitég. 3B) was observed boih vitro andin vivo (Hagerman
(for values, see Mangum, 1983a; Truchot, 1992), and iand Vismann, 1999). Not all crustacean haemocyanins show
dependent upon the physiological pH range. The pH differendéis response; there was no evidence for such a response in
between arterial and venous blood is small, so it is nahe ghost shrimpCallianassa californiensisor in the two
envisaged as having any direct function in aiding tissuérachyurans Cancer anthonyi and Cancer antennarius
unloading, as seen in higher vertebrates. At the same timgGanders and Childress, 199R) Crangon crangonagain no
environmental hypoxia may cause hyperventilation and thusvidence was found for a thiosulphate effect on oxygen affinity
raise haemolymph pH. The dual role of pH together with(Hagerman and Vismann, 1999). In a detailed study, three
metabolite production is discussed below. Together with thbenthic species;alocaris macandreaéNephrops norvegicus
role of pH, the presence of molecular £€an also increase and Carcinus maenas exposed to varying degrees of
oxygen affinity (for a review, see Bridges and Morris, 1989)environmental sulphide, were examined (Taylor et al., 1999).
in some species, but this effect is entirely absent in other§nly in C. macandreaavas a specific effect of thiosulphate

especially those that are semi-terrestrial or terrestrial. observed (Fig. 3C). It would appear that haemocyanin
o o thiosulphate sensitivity is found only in those species that are
Salinity changes or dessication exposed to high, long-term concentrations of sulphide, such as

When a crustacean is exposed to salinity changes, tliehydrothermal vents and mud sediments, and that possess the
magnitude of change in haemolymph ion levels will beability to oxidise sulphide to thiosulphate. These species also
dependent on its osmoregulatory ability. Four mechanisms akem to be characterized by a high initial oxygen affinity of
change in haemocyanin oxygen affinity can be associate@l067-0.267 kPa (0.5-2 Torr) at pH 7.9. In those species that
with salinity changes. (i) Affinity changes directly correlatedare more free-living or maintain a semi-permanent ventilated
with ion concentration changes in €a Mg?t and Cr  burrow, this response appears to be lacking (Taylor et al.,
concentrations, as shown farcinus maenaflruchot, 1975) 1999). InBythograea thermydromand Saduria entomorthe
and for Callinectes sapidugMason et al., 1983)in those effectis pH-dependent, and there also appears to be a decrease
species that regulate ionic concentrations, little change im cooperativity. Since pH decreases with sulphide exposure
oxygen affinity occurs until extreme values of salinity aboveg(Hagerman and Vismann, 1999) and there is a negative
40 %o are reached, ashalaemon elegan@aylor et al., 1985), correlation between decreasing pH and the magnitude of the
when both oxygen affinity and the Bohr coefficient thenthiosulphate effect, the role of modulation may be negligible
increase. In semi-terrestrial and terrestrial species, the effectiof comparison with those of organic modulators such as lactate.
Ca&* may be more important than that of MgMorris and
Bridges, 1994; Morris et al., 1996; Adamczewska and Morris, Implications for future research
1998). (ii) Compensatory increases in pH may occur with Since almost all inorganic ions increase haemocyanin
declining salinity inCarcinus maenaandCallinectes sapidus oxygen affinity their main use will be for increasing oxygen
(Truchot, 1973; Weiland and Mangum, 1975). (iii) Changes inoading at the gills, which is particularly useful under
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A Fig. 3. (A) Effect at 15°C of thiosulphate on haemocyanin O

[’\ 1 binding in dialysed haemolymph froBythograea thermydroriThe
4-0.40 regression line for haemolymph without thiosulphate was
y=7.469-1.088, r2=0.98; for haemolymph with 1.5mmaot|
thiosulphate,y=12.774-1.088 r2=0.99 (significant difference at
-1 -0.80 P<0.005). (Modified from Sanders and Childress, 1992, with
permission from the authors and Springer Verlag.) (B) Haemocyanin
Pso (Torr; 1Torr=0.133kPa) in haemolymph &aduria entomon
. plotted against pH. &) Untreated haemolymph/=—1.36+11.5%,
0 No thiosulphate ~ 1 r2=0.94; @) haemolymph with 3amoll-! thiosulphate added in
® 1.5 mmol I-1 thiosulphate e 4-16 vitro, y=—1.82+14.92, r2=0.92 (significant difference &>0.01);
i (@) after 8hin vivo exposure to hypoxia (0.68 kPa) andufitol 1=
R RPN T T S 20 thiosulphate in water at pH8.0 (10°C, sea water 10 %o.). (Modified
7.0 7.2 7.4 7.6 7.8 8.0 8.2 from Hagerman and Vismann, 1999, with permission of the authors

pH and Springer Verlag.) (C) Effect of thiosulphate on the relationship
between oxygen affinity and pH for the haemocyanirCafocaris
L 18 macandreae The data are for() untreated haemocyanin[J)
1 1.6 haemocyanin with saline, and haemocyanin with saline containing
Saduria entomon | 1'4 0.5mmol ! (A), 1mmol ! (M) and 1.5mmoti! (@) thiosulphate.
1 1'2 ° The physiological saline contained Na518mmoltl; K+,
1 1:0 a® 11.9mmolf?; C&*, 10.6mmoltl; Mg2*, 20.5mmoltl; CI,
108 8 548 mmol 1. Oxygen dissociation curves were constructed at 10 °C.
1 o6 The calculated regression lines fitted to the data for haemolymph
Loa with saline ¢=8.09-1.18, r2=0.97) and 1.5mmot} thiosulphate
. . Lo2 (y=8.49-1.0%, r2=0.98) added are also shown and are significantly
ey N P different atP>0.05. (Taken from Taylor et al., 1999, with permission

73 ' 7_14 ) 7.’5 ’ 76 7l_7 ' 7.'8 i 7'_9 é_o 8'_1r 8.2 of the authors and Elsevier Press.)
H
0.7 P Ringer's solution containingin vivo inorganic ion
C concentrations, revealing the presence of modulators whose
influence on haemocyanin oxygen affinity could not be
accounted for. In his early work, Truchot also suggested that
other factors were important (Truchot, 1975). He found that
the oxygen affinity of haemocyanin froi@. maenaswas
influenced by dialysable substances, present in the serum,
which could be expressed as an undetermined coeffikient
that was dependent on the biological history of the animal from
which the serum was drawn. ‘The temperature-dependent
variation ofk” appears mainly due to the action of an unknown
dialysable substance, normally present in serum and whose
0 T T T J T 1 concentration increases as temperature rises’ (Truchot, 1975).
73 T4 75 76 7778 79 The role of organic factors in modulating haemocyanin
pH oxygen affinity has been extensively reviewed (Morris, 1990;
Truchot, 1992), and the present study reports additional data
conditions of moderate hypoxia. The role of protons is alssupporting these findings and briefly reviews some of the
beneficial under conditions of increased pH. The synergisticharacteristics of the modulation.
effect on haemocyanin oxygen affinity of various ions has not
been studied in detail, however, and the individual binding Lactate
sites and their interactions need to be examined at both theFrom previous studies (Truchot, 1975; Harris et al., 1975) it
molecular and physiological levels to obtain a full picture. was clear that not only inorganic factors were responsible for
changes in haemocyanin oxygen affinity. Truchot made the
breakthrough with his work on the effect of lactateC@ncinus
Organic factors modulating haemocyanin oxygen affinity  maenasand Cancer pagurus(Truchot, 1980) providing
Inorganic factors modulating haemocyanin oxygen affinityevidence that lactate is the positive effector shown in Fig. 2,
have long been extensively studied (for reviews, see Redfields oxygen affinity increases with increasinglactate
1934; Truchot 1992), but the role of organic modulators hasoncentrations. This is also shown fGallinectes sapidus
only been investigated relatively recently, as a result ofaemocyanin (Fig. 4A). The magnitude of the lactate effect in
experiments where haemolymph was dialysed against tarms of the coefficienflogPsg/Alog[L-lactate] ranges from
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Fig. 4. (A) Hill plot of oxygen dissociation curves for dialysgadllinectes sapiduhaemocyanin at 20°C and pH 7.65 {G6.7 mmol 1) at

varying lactate concentrations (in mnidli-lactate:O, 0.1;@®, 2.5; A, 4.5; A, 8.7 and], 17.8). Fractional saturation levels are depicted as

and Po, in Torr (1Torr=0.133kPa). The slopes of the oxygen dissociation curfPgodbr each [lactate], expressed as the slope of the
haemocyanin variablesg, are 3.0, 2.8, 2.5, 2.4 and 2.2 for increasing [lactate], respectively. (B) Magnitude of the lactate effect expressed as
AlogPs/Alog[L-lactate] calculated from Fig. 4A plotted against the fractional saturdtarCallinectes sapidusaemocyanin. Conditions are

the same as in A. (C) Calculated change in oxygen ten&g) (n Torr, i.e. change in oxygen affinity, at a given haemocyanin fractional
oxygen saturationgj for a 10 mmoltl increase ini[-lactate] inCallinectes sapidusaemocyanin. Conditions are the same as in A.

—0.56 to values around zero (Bridges et al., 1984; Bridges arspecific, with the lactate-binding site interacting with the fourth
Morris, 1986; Morris and Bridges, 1994). A number of studiegosition of the chiral carbon eoflactate, and this explains the
have shown that the lactate effect is quite widesprealdinding difference between andp-lactate and various other
(Mangum, 1983b; Bridges et al., 1984; Bridges and Morrisstructural analogues. The number of lactate-binding sites
1986; Morris and Bridges, 1994) but there are also exceptiorgppears to vary, with high values of around 2.8 lactate binding
(Mangum, 1983b; Morris and Bridges, 1994), and in one casstes per hexamer i@allinectes sapiduglohnson et al., 1984)
a reverse effect (Adamczewska and Morris, 1998). In generdl,2 binding sites per hexamer iRanulirus interruptus
the transition to a more terrestrial way of life and aerialJohnson et al., 1987) and two binding sites per dodecamer in
ventilation is correlated with a decrease in the sensitivity oHomarus vulgarigNies et al., 1992).
haemocyanin to lactate (Morris and Bridges, 1994; Morris et Lactate is an allosteric effector, so it could be assumed that
al., 1996). this would also affect cooperativity. Mangum suggested that

In the earliest studies, no effect of lactate on the Boheffects on cooperativity were difficult to perceive in some
coefficient was observed (Truchot, 1980; Bridges et al., 1984pecies (Mangum, 1983b), but there was a small effect in
Johnson et al., 1984; Lallier and Truchot, 1989a; Lallier an€Cancer magiste(Graham et al., 1983and this was clearly
Truchot, 1989b) and Mangum (1983b) suggested that lactaglhown in Callinectes sapidugJohnson et al., 1984). The
effects were large where the Bohr shift was large and normadvailable data was reviewed (Bridges and Morris, 1984), and
Bridges and Morris (Bridges and Morris, 1986) found no closét is clear from Fig. 4A forCallinectes sapidughat with
correlation and pointed out that even if the efflux rate 6f H increasing lactate concentration cooperativity expressesbh,as
and lactate was stoichiometric, the protons are buffered and thecreased from 3.0 to 2.2 with a 17.7 mmblihcrease in
magnitude of the two effects must not be correlated. [lactate]. Fig. 4B indicates that the coefficiéibgPs/Alog|L-

A number of workers (Graham et al., 1983; Graham, 1983actate], decreases from low haemocyanin fractional saturation
Johnson et al., 1984) showed that the lactate effect was verglues §) to high saturation values with a8-shaped curve’.
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Fig. 5. Compensation for hypoxic exposure in the (0.1 (ST B in Pg,
crayfish Orconectes rusticuschanges in circulating g e / .
oxygen levels, oxygen affinity and delivery of : _______--—-.‘""""
oxygen to tissues. (Data from Wilkes and McMahon, 0 - 1 (1)2 d|$oIde 1
1982; taken from McMahon, 1985, with permission 0 5 10 15 20 25 30 35
of the author and Springer Verlag.) Oxygen pressure (Torr)
This ultimately leads to a greater shift in oxygen affinity at Urate and purines
higher saturation values (Fig. 4C) around arterial oxygen Inthe search for other organic effectors Morris et al. (Morris
pressures (see Fig. 1). et al., 1985) were first able to show that urate increased

The physiological role of lactate in counteracting the strondnaemocyanin oxygen affinity in the freshwater crayfish
Bohr effect was put forward initially fo€. sapidugBooth et  Austropotamobius pallipeJhis led to a more intensive study
al., 1982), in which activity caused a marked decease in pHMorris et al., 1986a), which showed that specificity was low,
and this has been successfully modelled @nconectes as other plant analogues such as caffeine and theobromine
rusticus(McMahon, 1985). Fig. 5 shows that oxygen delivery,could also markedly increase haemocyanin oxygen affinity.
expressed as the a—v difference, is maximum under contrdhe effects of the different purines were not additive.
conditions. It decreases partially during hypoxia when arteridgHowever, when the purine ring was cleaved, little response was
oxygen partial pressur®€o,) changes, Bohr shift and lactate found. The presence of a urate effect was confirmed in other
modulation are taken into account. A further decrease woulspbecies (Morris and Bridges, 1986; Lallier et al., 1987; Lallier
be observed if only the Bohr shift alone was present and finalignd Truchot, 1989a; Lallier and Truchot, 1989b; Zeis et al.,
the largest decrease would be observed with no change 1992), and the magnitude of the urate effect in terms of the
Pso. In this model for the crayfisfOrconectes rusticys coefficient AlogPsg/Alog[urate] ranges from —0.48 to values
hypoxic exposure causes hyperventilation, thereby increasirayound zero in some of the species studied (Bridges, 1990;
haemolymph pH in apposition to the acidification by lactateMorris and Bridges, 1994). The Bohr effect remains unchanged
Morris (Morris, 1990) modelled two forms of the lactatein the presence of urate and, as with lactate, cooperativity
response. In moderate hypoxia, there was no change decreased in the presence of urate (Zeis et al., 1992).
arterial/'venous values oPo,. Here, acid fluxes caused a Comparatively speaking, the affinity ddomarus vulgaris
decrease in oxygen affinity, thereby reducing the venoulaemocyanin is 40 times larger for urate than for lactate, but
reserve that is compensated for by the presence of lactate.dgain two binding sites are present per dodecamere (Nies et al.,
the second case, where severe hypoxia was modelled ah@l92; Menze et al., 2000).
arterial and venous valueskd, markedly declined, the lactate  Fig. 6 shows that the complete response to urafestacus
effect marginally increases venous reserve and markedlgptodactyluscan be explained by the presence of urate or
increases loading at the gills. The integration of both pHactate. Haemocyanin oxygen affinity is reduced in dialysed
changes and lactate production may also be coupled withlood, where both urate and lactate are removed. Treatment of
reduction in overall metabolism, as shown @herax whole blood with uricase removed the urate effect, as did
destructor(Morris and Callaghan, 1998), to lower the need fortreatment with lactate dehydrogenase (not shown). Control
regulated haemocyanin oxygen affinity. The ultimate role ofneasurements of haemocyanin oxygen affinity in whole blood
lactate depends upon the extent of acid—base changes andthi#n denatured uricase added were the same as for whole
values for arterial and venous blood oxygen tension (for hBlood. Haemocyanin oxygen affinity was further elevated
review, see Truchot, 1992), but in all cases the amount dfy adding 1.5mmoft urate (using lithium carbonate to
oxygen delivered (Fig. 1) to the tissues is increased. aid dissolution) to dialysed blood. Haemolymph urate
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Astacus leptodactylus (15°C) 10 the modulating role of the other purine derivatives (as
Dialysed suggested by Morris et al., 1986b). Since molecular oxygen
A e e F--]- e I seems to regulate uricase activity (Dyken, 1991) the role of
0.8 other purine derivatives in flexible oxygen affinity control
Wholeblood |5 during exerci;e needs to be studied.
L T B e No clear difference or correlation can be seen between the
0.61 magnitude of the lactate and urate effects because they may be
additive and/or synergistic (Morris et al., 1986a), depending
upon the actual concentrations of the modulators. The effects
were clearly shown to be additive khomarus vulgarisfor
concentrations between 0.5 and 11 mmblbr lactate and
0.06 and 0.39 mmot} for urate (Zeis et al., 1992). In previous
reviews (Morris, 1990; Truchot, 1992) the authors suggest that
the effects are not additive, citing evidence from reduced urate
1 effects in the presence of lactate and"@aAustropotamobius
bB WB WB DB DB pallipes (Morris et al., 1986a; Morris et al., 1986b) and a
Fig. 6. Summary of the effect of various treatments at 15°C on th@iscrepancy between calculated and measured effects in
oxygen affinity expressed as th&o (Torr; 1Torr=0.133kPa) of Carcinus maenaf_allier and Truchot, 1989). However, when
Astacus leptodactyluhiaemocyanin in whole blood (WB) and the haemocyanin oxygen affinity nears the level of the intrinsic
dialysed blood (DB) at pH7.8. Whole blood contains 1.3mmoll  haemocyanin oxygen affinity (Fig. 2) through the addition of
and dialysed blood 0.1mmoliL-lactate. (Taken from Bridges, different effectors or modulators, then a finite level must be
1990, with the permission of Leuven University Press.) reached at some stage whereby the different binding sites for
ligands are occupied and can no longer positively influence the
concentrations are clearly linked to tissue oxygenation leveksllosteric structure of the oxygen-binding site. In Fig. 6 this
(Dyken, 1991) and therefore hypoxia and exercise, as showavel is nearly reached fétstacus leptodactylusaemocyanin
in Fig. 2, should involve the formation of urate or otherwhen 1.5mmoh! urate is added to dialysed haemolymph. The
purines. This has specifically been shown for hypoxia inntrinsic haemocyanin oxygen affinity will therefore play a
Astacus leptodactylu€zytrich et al., 1987)Carcinus maenas crucial role in determining how far modulation and additive or
(Lallier et al., 1987; Lallier and Truchot, 1989a) d&ehaeus synergistic responses can occur.
japonicus (Lallier and Truchot, 1989b). The urate
concentration increase is correlated with the depth of hypoxia Neurohormones
(Lallier et al., 1987), and during hyperoxia purine levels A variety of monoamines, acting as neurohormones, are
decline (Lallier et al., 1987). Whe@arcinus maenasvas released from the pericardial organ of crustaceans during stress
exposed to hypoxiaPp,=0.23kPa (30Torr) for 3-72h), situations (for a review, see Morris and Airriess, 1998). Morris
Lallier and Truchot (Lallier and Truchot, 1989a) calculated aand McMahon (Morris and McMahon, 1989a) first showed that
55-60% increase in oxygen affinity due to the increased plthese could increase haemocyanin oxygen affinitCamcer
(alkalosis via hyperventilation), a 28-32% increase due tmagister Dopamine was the most active of these positive
urate and an 8-18% increase due to lactate. The left shift effector substances. In a more detailed study (Morris and
the oxygen dissociation curve therefore primarily maintainedicMahon, 1989b), they showed that the effects of dopamine
loading at the gills and helped to conserve some of the venougre additive to those of lactate@ancer magistebut could
reserve that was depleted by lowered venous oxygen partiaé abolished by pre-incubation with the dopamine agonist
pressureRvo,) values. butaclomol. At high dopamine concentrations (g6tlI-1)
During exercise the picture is not as clear. There was noooperativity decreased, indicating a binding of dopamine to
detectable increase in urate after activity Birgus latro  the deoxygenated form, and the Bohr coefficient became
(Greenaway et al., 1988), nor @allinectes sapidugLallier  larger, although between 40nmot Bnd 4umoll-1 the pH-
and Walsh, 1990). However, {Becarcoidea natalisa small dependence oPsp remained unchanged. The potentiating
increase occurred in urate with exercise (Adamczewska areffect of dopamine could be quantified asogPso
Morris, 1998), and in two freshwater crustaceans, the crayfishlog[dopamine]=0.10, which is similar to values for lactate
Astacus leptodactylus(Czytrich et al., 1989) and the and urate (see above), but at much lower concentrations of
brachyuran Potamon warreni (C. R. Bridges, personal 10°-103moll~1 compared with 13—102mol -1 for lactate
observations) levels of two other purine derivatives(Morris and McMahon, 1989b). Although these findings
hypoxanthine and inosine, rose considerably during exercis@ylorris and McMahon, 1989a; Morris and McMahon, 1989b)
although urate levels remained constant. A lack of any lactagre over 10 years old, little progress has been made in
effect has also been reported®iotamon warrefaemocyanin  investigating the role of neurohormones in oxygen affinity.
(Adamczewska et al., 1997), but haemocyanin oxygen affinitfhere was no response to dopamine for the haemocyanin of
was increased after 20 min of fast exercise, perhaps indicatit¢emigrapsus nudu@viorris et al., 1996)
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of the catecholamines dihydroxybenzylamine 20 - N, 20 . a7 R .
(DHBA) and dopamine (DA) plotted against DHBA DA O o Sg
time after addition to distilled wateGarcinus oY L ! L L ! 1 ol ] | I LD
maenasRinger; Carcinus maenaglasma and 0 20 40 60 80 100 120 0 20 40 60 80 100 120
Carcinus maenasiaemolymph, at an initial Time (min)
concentration of 125nmofl for each
catecholamine. Experiments were performed —— O Ditilled water
in darkness at 15°C and monoamine levels - ¥ Carcinus maenas Ringer, pH 8.0
were determined electrochemically (modified —-= M Carcinus maenas plasma
with permission from Hanke, 1993). — < Carcinus maenas hemolymph

The resting levels of dopamine, epinephrine andhe moment this remains unknown. Many aspects of organic
norepinephrine rangeth Carcinus maenas, Cancer pagurus, oxygen affinity modulation are linked with hypoxia or
Homarus americanuandHyas aranaeufrom 2 to 69nmolil  exercise; we know little about the role of other environmental
(Hanke, 1993). No significant long-term changes in dopaminestress factors’ on the response and, as with the
and norepinephrine levels were observe@ancinus maenas neurohormones, much work remains to be done.
andCancer pagurugxposed to hypoxiaPp,=0.23—-0.30kPa;
30-40Torr) or inCarcinus maenaexposed to hyperoxia and
hyposalinity (Hanke, 1993). One of the major problems Unidentified factors influencing haemocyanin oxygen
pointed out by Morris (Morris, 1990) is the instability of the affinity
monoamines. Fig. 7 illustrates the stability of catecholamines It is difficult to account fully for changes in oxygen affinity
in various solutions. Within 20 min of addition @arcinus  when comparing dialysed blood with whole blood because of
maenashaemolymph, dopamine levels had decreased by 90 ¥he complexity and interactions of the various effectors, and the
with similar results forCarcinus maenagplasma (Hanke, search for more may continue (Morris, 1990; Truchot, 1992;
1993). Morris (Morris, 1990), however, suggests thafTerwilliger, 1998). The only known negative effectors of
haemocyanin may bind natural breakdown products ofiaemocyanin oxygen affinity are *Hions. In one study,
dopamine, thus changing its oxygen affinity and thahowever, on the deep-sea caridebiotostomus gibbosus
haemocyanin itself may catalyse the breakdown and bind ti{&anders et al., 1992), both oxygen affinity and cooperativity
products. were reduced in the presence of ammonia and trimethylamine.

The role of neurohormones may be a short-term response this species, very high levels of these ions may be maintained
coupled with changes within the ventilatory and cardiovasculan the haemolymph for buoyancy purposes (Sanders and
system (Morris and Airriess, 1998). The true modulation effecChildress, 1988). In the same study, ammonia reduced
of these substances and their physiological function thereforaagister haemocyanin oxygen affinity at low pH only and

remains to be resolved. trimethylamine increased oxygen affinity and cooperativity.
o Dialysed haemocyanin dDcypode saratarhad a higher
Implications for future research oxygen affinity than whole haemolymph at the same lactate

Although the role of organic factors in the modulation ofconcentration (Morris and Bridges, 1985) and dialysis
haemocyanin oxygen affinity was one of the last areas to bhacreased oxygen affinity iBirgus latrohaemocyanin (Morris
investigated, the growth of our knowledge in this area at botat al., 1988). The presence of an unknown factor that reduced
the physiological and molecular levels has been rapid. As withaemocyanin oxygen affinity was determined in two ghost crab
inorganic modulators, synergistic effects must be considerespecies Qcypode ryderand Ocypode saratan(Bridges and
and in future studies the interaction of both inorganic andaylor, 1992). Further work (Bridges et al., 1997; Fig. 8A),
organic modulators must be investigated in more detail. lidentified a low molecular mass (<5 kDa) plasma factor whose
some crustaceans lactate or urate effects on haemocyaimifiuence on lofso was proportional to log(% of native
oxygen affinity are either small or absent. The reason for thiglasma), yielding a positive coefficient of 0.13 but with similar
may be at both the molecular and physiological levels, but foralues to those for lactateq.12 to —0.19; Morris and Bridges,
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Fig. 8. (A) Haemocyanin oxygen affinity (18go) as a function of pH foOcypode ryderivhole haemolymph®), 25% replacement of the
plasma with Ringer&), 50 % replacement{), 75 % replacemen®), 100 % replacemen® ) and dialysed haemolynibh (Modified from

Bridges et al., 1997, with permission from the authors and the Marine Biological Association UK.)R&)Meigus pH for an untreated pool

of Rimcaris exoculatehaemolymph (native), after dialysis (Dialysed) and partial reconstitution (Reconst.). The reconstituted sample was
obtained by concentrating the dialysed sample twofold and adding an equivalent volume of ultrafiltrate (Ultrafree MC, rooteaftilar
10kDa) from native samples-lactate concentrations were 11.4, 0.5 and 6.4nwhdH native, dialysis and reconstituted samples,
respectively. (Modified from Lallier and Truchot, 1997, with permission of the authors and Wiley Press.)

1985). The decrease (bcypode ryderhaemocyanin oxygen studied. Lallier and Truchot, working on a vent crustacean
affinity could also be correlated with the area of the peakiRimcaris exoculataverified that dialysis in this species caused
corresponding to the low molecular mass factor, separated layy increase in oxygen affinity (Lallier and Truchot, 1997;
fast protein liquid chromatography (FPLC) from individual Fig. 8B) that could be reversed by the addition of ultra-filtrate
crabs, and this decrease in oxygen affinity reached 40% f{cut-off = 10,000 Da). Based on the assumption that plasma
some specimens. lactate levels mirrored the plasma factor concentrations they
It was suggested that the physiological function of thicalculated a positive coefficient of 0.3, but their gel-filtration
plasma factor decreasing haemocyanin oxygen affinityprofiles did not reveal the presence of any low molecular mass
counteracts high haemolymph bicarbonate levels (Bridges ebmponents. They postulate either an effector role for this
al., 1997). InOcypodespecies, ‘CQretention’ occurs during factor, decreasing the high oxygen affinity from 0.02kPa
air breathing, thus raising haemolymph pH and bicarbonat®.6 Torr) up to 0.05kPa (6.8 Torr), or a role as a counteracting
levels. The plasma factor may compensate for this alkalosis ligodulator against lactate. This would lead in both cases to the
lowering oxygen affinity and allowing a better unloading at thedepletion of the venous reserve. Similar results after dialysis
tissues (Fig. 2). During aerial respiration, loading at the gillhave been observed in another hydrothermal vent decapod
is not a problem. More recent work has shown that the plasnt@dyanograea praedatobut not in Chorocaris chaceior
factor obtained by FPLC is extremely stable, resisting aci@ythograea thermydro(Lallier et al., 1998).
hydrolysis and temperatures of 100°C. It also is able to
facilitate the transport of carbon dioxide by bufferingiehs, Implications for future research
thereby increasing bicarbonate transport capacity by almost Since we have been unable as yet to identify the
100% compared to Ringers (C. R. Bridges, personaubstance/substances which decrease oxygen affinity and at the
observations). Toulmond et al. (Toulmond et al.,, 1994kame time increase the ability to transport carbon dioxide, this
reported the unusual carbon dioxide combining properties désk must be a major priority. A number of plasma-exchange
the body fluids of the hydrothermal vent tubewoRiitia ~ experiments between the different crustacean species from
pachyptila, which come from a high carbon dioxide hydrothermal vents and the hydrothermal vent tubeworms
environment. The coelomic fluid shows similar properties tdhemselves remain to be carried out, and any influence on
that of theOcypode ryderplasma, e.g. a low molecular mass haemocyanin oxygen affinity investigated. The presence of a
factor is present that increases the buffering of protons, therelsybstance that appears to be highly resistant to temperature and
raising the carbon dioxide transport capacity by a fivefoldacidification but at the same time can increase the capacity for
factor (C. R. Bridges personal observations). Its influence ocarbon dioxide transport/and or proton buffering may have
haemoglobin oxygen affinity iRiftia pachyptilahas not been significant value for biotechnological processes.



1030 C. R. BRIDGES

Concluding remarks controlling haemocyanin oxygen affinity. Invertebrate Dioxygen

Crustaceans have successfully colonized a wide variety of Carriers (ed. G. Preaux and R. Lontie), pp. 401-405. Leuven:
habitats, some of which are characterized by extreme -€uven University Press. _ _
environmental changes. They exist in both aquatic anarldges, C. R.. gnd Morris, S.(1986). Modulation of haemocyanin
terrestrial biotopes and extend from the deep sea, through?nx\yg:gb rz:ln'gx%ezlaé;a:ﬁe&ez r;le Lf;rz eor:;w erp:ofgdcftlo_rgézln
sublittoral and !nterudal areas, onto ‘dry land’. Part of this Heidelberg: Springer Verlag. '
success has without doubt been due to the presence of #§jges, c. R. and Morris, S.(1989). Respiratory pigments:
respiratory pigment haemocyanin, which increases their ability interactions between oxygen and carbon dioxide transpart. J.
to transport bound oxygen manyfold above that of dissolved zool. 67, 2971-2985.
oxygen. To withstand the survival pressures of the extremes Bfidges, C. R., Morris, S. and Grieshaber, M. K. (1984).
oxygen availability and ionic concentration changes, and to Modulation of haemocyanin oxygen affinity in the intertidal prawn
satisfy oxygen demand, a flexible response has developed thaPalaemon eleganRathke).Respir. Physiol57,189-200.
is mediated by the change in concentration of both inorganf@ridges, C. R., Hupperts, V., Eshky, A. A. and Taylor, A. C.
and organic modulators. This response is supported by the(1997). Haemocyanin Oxygen Transport i@cypode spp:
presence of ‘off-sets’ for fine-tuning’, which help to determine Mcdulation of Oxygen Affinity?J. mar. Biol. Ass. UK77.

. . 145-158.
the thresholds and direction of the responses. Bridges, C. R. and Taylor, A. C.(1992). Ecophysiological

. The present st_udy has dealt with neither the evolution of the adaptations of the haemocyanin@éypode sppto an aquatic and
inorganic, organic or unknown substances as modulators oferrestrial mode of lifeVerh. Dth. Zool. Ges85, 10.

oxygen affinity nor with the effects at the subunit level,grouwer, M., Bonaventura, C. and Bonaventura, J.(1977).
although the latter has begun to be approached using moleculabxygen binding byLimulus polyphemusiemocyanin: allosteric
techniques. The complexity of the haemocyanin molecule and modulation by chloride iondBiochemistryl6, 3897-3902.

its response to a changing world may require a more multBrouwer, M., Bonaventura, C. and Bonaventura, J.(1978).
disciplinary approach. More work is now needed to extend our Analysis of the effect of three different allosteric ligands on oxygen

knowledge in these areas for the full physiological implications Pinding by the hemocyanin of the shrimpenaeus setiferus
to be understood. Biochemistryl2, 2148-2154.

Haemocyanins have certainly proved to be as Complegzytmh’ H. M., Bridges, C. R. and Grieshaber, M. K.(1987).

. . - Purine metabolism of the crayfidistacus leptodactylu¥erh. Dth.
if not more complex than the vertebrate haemoglobins in Z00l. Ges80, 207.

the'r‘ flexibility ahd plaSt'C'tY’ and :[ruly represent Czytrich, H. M., Bridges, C. R. and Grieshaber, M. K.(1989).
the .molecular/enwronmental interphase’ for crustacean agenine nucleotide metabolism of the freshwater crayfistacus
physiology of the future. leptodactylusVerh. Dth. Zool. Ges82, 296
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