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Summary

Mean values of normal arterial pH in different species should then vary inversely with [N&], as is the case. At the
of fish, amphibians and reptiles at 15 and 25°C, taken same time, the bulk interstitial fluid must be more acid
from the literature, are negatively correlated with arterial ~ than arterial plasma by an amount that increases with
Pco, and plasma [N&]. At either temperature, the data  decreasing arterial Pco,. With allowance made for
accord with the hypothesis that extracellular acid—base additional screening by C&* and Mg?*, the relevant cell-
homeostasis evolved to maintain an optimal pH at surface pH is probably approximately 6.2.
particular cell-surface sites that are similar in all species.
These hypothetical sites bear fixed negative charges that Key words: acid—base balance, arterial pH, plasma pH, interstitial
attract H*, but which are partially screened by N&; for pH, vertebrate, fish, amphibian, reptile, carbon dioxide tension,
the surface pH to be constant, the bulk interstitial pH plasma [N4], alphastat.

Introduction

The regulation of extracellular pH implies that this has amwhere K is its dissociation constant andK$-logk. The
optimum range. Normal arterial plasma pH (pHa) varies frontondition for constant ionization with varying temperature,
one species to another, even when allowance is made for is that ApH/AT=ApK/AT. In individual heterothermic
the important effect of temperature (see below), but theertebrates, pHa (as operationally defined) typically decreases
significance of the differences is unclear. Although pHa affect® vivo with increasing temperature, witkpHa/AT usually in
plasma proteins, it presumably matters most for its influencéhe range —0.005 to —0.02-%Ge.g. Robin, 1962; Howell et al.,
through interstitial and cell-surface pH, on the ionization, and970; Reeves, 1972; Heisler, 1986; Ultsch and Jackson, 1996).
hence biological properties, of cell-surface molecules. The aiffihis suggests that extracellular pH homeostasis relates to key
of the present study is to explore the possibility that théonizing groups with matching temperature-sensitivity, the
optimum pH at particular regions of the cell surface is similamost obvious candidates being protein imidazole groups since
(at any given temperature) in all heterothermic vertebrates. ApK/AT values in these fall mostly in a similar range. Thus,
alternative view might be that extracellular pH is more relevanfpK/AT values for imidazoles in myoglobin are —0.01 to
to the homeostasis of intracellular pH, but the two are not0.02°C?! (Bhattacharya and Lecomte, 1997). Therefore, the
rigidly linked, either in evolution or as acid—base balancéemperature-dependence of pHa characteristic of a species may
changes in individual animals. Indeed, the cells in a singlbe largely such as to preserve the ionization state of key
body may show diverse patterns of intracellular pHimidazole groups at cell surfaces.
homeostasis (e.g. Heisler, 1986). Independent treatment of This idea is suggestive of the much debated ‘imidazole
extracellular homeostasis is therefore appropriate. alphastat hypothesis’ of Reeves (1972), but this does not refer

That pH matters for its effects on ionization has long beespecifically to cell-surface molecules other than those involved
orthodoxy, especially since the waning of the notion of relativas sensors in pH homeostasis. An important issue here is
alkalinity, or [OH/[H*] ratio (Rahn, 1967); this ratio is no easier whether the wide range apHa/AT found in different species
to define in terms of activities than is pH (Covington et al., 1985)s compatible with a single optimum value &fH/AT at the
its use does not eliminate the difficulties inherent in comparingypothetical cell-surface sites. Regarding this, two points may
pH values at different temperatures, as suggested by Howell ls¢ made. First, it is an important implication of this paper (see
al. (1970), and it has no known functional significance. also Burton, 2001) that cell-surface pH is not uniquely related

This paper is little concerned with temperature effects, bub pHa. Second, different studies on given species have
it is helpful to consider these briefly here — and temperatureometimes yielded very diverse values ApHa/AT, so that
differences must be allowed for when comparing pH data. Theot all can be fully representative; Heisler (1986) discusses
ionization of any one chemical group varies with (pK)p possible errors.
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Just as temperature and pH may affect protein function, szertain assumptions, DpH may be estimated by relating CO
too may salt concentration. Specific binding of'Na Ci-is  diffusion in one direction with @diffusion in the other. The
sometimes involved, but more often relevant is screening aftio of these diffusion rates, equal to the respiratory exchange
the protein fixed charges (Kao et al., 2000). A constantatio or respiratory quotientR], depends on the relative
functional state of the protein may therefore be achieved, ngblubilities § and diffusion coefficients) of the two gases
only by matching pH to temperature, but by balancing pH andnd also on the tension differences between capillary blood and
salt concentration. At given temperatures, negative correlationsterstitial fluid. Relevant tensions are estimated from arterial
have been found between normal pHa and plasmg [iNeoth  and venous values (denoted by a and v respectively), with
tetrapods and teleosts, but with pH generally higher in the fisrbitrary low values assigned to the unknown mean interstitial
for any given [N&] (Burton, 1994, 1996). The proposed Po,. For simplicity, Pco, and Po, are taken as changing
explanation for the correlations within either group (Burtonuniformly along the capillaries. The model yields an estimate
1994) involves the maintenance of an optimum pH within af mean interstitiaPco, and, hence, if the interstitial [HGQ
diffuse double layer that is associated with an excess of fixad modelled as being that of the arterial plasma, an estimate of
negative charges on important, but unidentified, regions of cathean DpH. This estimate, denotetpB, is given by:
membrane; these would attract protons, but be screened by Ly
other cations. If Naand H were the only significant cations D'pH =log[A+ (KRG)/Paco.], (1)
involved, then the condition for surface pH to be invariant withwhereA is [1+(Pvco,./Paco,)]/2, K is (So./Sco,)*(Do./Dco,)
bulk-phase extracellular [Nhwould be that local bulk-phase andG is the mean difference iRo, between interstitial fluid
pH decreases with increasing flJlawith ApH/Alog[Na*]=—1.  and capillary blood. For the data collated by Burton (2081),
The relationships between pHa and plasma‘[Mathin the  is 1.01-1.40 andPgoz+Pvo2)/2 varies from 16 to 81 mmHg
tetrapods and within the teleosts each conform roughly to thisith a mean of 51 mmHg (1 mmHg=0.133kPa). How far the
value of —1, but need to be better quantified. The little-studieldtter values match those for typical mean capill@gy, as
effects of salt concentration on the ionization equilibria ofassumed for simplicity by Burton (2001), must depend on the
dissolved proteins, hence enzyme activity etc., can be muaxygen dissociation curves, which are unavailable for most
smaller (e.g. Burton, 1969; Kao et al., 2000), but proteins apecies. With interstitial fluid treated as a solution of N&CI,
the hypothetical sites may lie amongst separate fixed anionie 0.036 at 15°C and 0.040 at 25°C (Burton, 2001). For
groups such as phosphate. We return to the possible role mhusible values oR and of mean capillary and interstitial
other cations in the Discussion. Po,, representative values d{RG are thus likely to be

Another reason for re-examining the pHal/fNa approximately 1-3mmHg. For any given value KRG,
relationships is that Ultsch and Jackson (1996) failed tequation 1 implies an inverse relationship betwegHCand
confirm them, although this was mainly because they were n®co, that is steepest wheRaco, is low, as it in water-
then aware of the need to treat teleosts and tetrapods separatbhgathers; DpH in air-breathing tetrapods should be generally
What they did find is that pHa in freshwater teleosts antbwer than in water-breathers and less dependeReoo,.
freshwater amphibians does tend to be higher, at a given The assumption that [HC is identical in interstitial fluid
temperature, than in marine or terrestrial species, whichnd arterial plasma implies that there is no net loss of acid or
include teleosts, elasmobranchs and reptiles (in whict [ila base equivalents from all the cells treated collectively. Net acid
generally higher). This suggested that a pHa/[Kelationship  secretion, releasing Gdrom interstitial HCQ~, would raise
might at least apply to teleosts. R and, hence, DpH. Then [HG® would become a factor in

For a given temperature and [NlapHa seems to be determining DpH, but the reduction in [HE) by the acid
approximately 0.2unit higher in water-breathing teleosts, ofrom the cells would be proportionately much less than the
average, than in air-breathing tetrapods (Burton, 1996)esulting elevation ifPco,. (In human extracellular fluid, for
However, most cells are bathed by an interstitial fluid thagxample, a 4% reduction in [HG from 25 to 24 mmoH?
should generally be more acid than arterial plasma. Thus, if theould nearly doubld’co,.) Most tissues produce very much
latter difference happens to be greater in water-breathers, theore CQ than titratable acid.
interstitial pH could actually be more nearly similar in the two Adequate data on all the relevant variables in the model are
groups than is pHa. In water-breathers, arterial and tissye C@vailable for few species (Burton, 2001), but the main
tensions Pco,) tend to be much lower than in air-breathersdeterminant of pH isPaco,, and for this there are many more
(Rahn, 1966) (see below), so that £fom the cells (or data. Itis therefore appropriate to explore here the dependence
released from extracellular HGOby secreted acid) would of normal pHa, not just on [N but onPaco, as well, without
have a larger proportionate effect on interstitglo,, thus reference to variables for which data are scarce.
enhancing the pH difference. A correlation between pHa aritbco, is not demanded by

Thus put, the argument is simplistic, but more detailedhe Henderson—-Hasselbalch equation, for this relates pH not
modelling (Burton, 2001) suggests that the difference betwegast to Pco, but to the [HC@]/Pco, ratio. To consider data
interstitial and arterial pH for the whole body on averagdor 15°C in Table 1 of Ultsch and Jackson (1996), in seven
(DpH) could typically be approximately 0.1-0.2 unit more inspecies of obligate water-breathing fistaco,, [HCOs7] and
water-breathing fish than in air-breathing tetrapods. GivepHa average 2.7+1.5mmHg, 8.3+5.0 mméland 7.91+0.06
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respectively. In eight species of obligate air-breathing Data analysis and statistics

anphibians and reptiles, the respective means are According to arguments in the Introduction, regulation of
13.6+5.1mmHg, 25.2+7.6 mmofi and 7.80+0.14 (means * cell-surface pH implies regulation of pHe+DpH, whereN is
s.0.). Given the variation ifPaco, and [HCQ"] within each  some function of [N§ (and possibly other cations also; see
group, it is not obvious, from these considerations alone, whpiscussion) and DpH is largely dependent Reco,. The
these variables could not be matched to give the same pHadRpression pHaN-DpH should differ from the cell-surface pH
every species. by a constant amount which, with [Naxpressed in mmot},

There are several elements to the thesis of this paper: the likely to approach 4units (see Discussion). On the
existence of correlations amongst pHa, {Nand Paco,; the  assumption that the expression has a similar optimum in each
undoubted effect of [Nd on pH in regions of fixed negative species, analysis of the data on pHa,|N@dPaco, involves
charge; the inevitable pH gradients between most interstitidinding parameters relating tbl and DpH that minimize
fluid and arterial plasma that probably vary WRbco,; and  variations in that expression. FNr a convenient function is
the possibility that particular cell-surface structures require gg([Nat]+n), where n is the parameter in question. This
similar local pH in all vertebrates. Although these ideas alfunction was chosen because it is Simp|e and because it can
integrated in a single quantitative thesis, they, like theye interpreted in terms of screening by other cations (see
multicomponent imidazole alphastat hypothesis, are not pjiscussion). Since data oRaco, alone do not suffice to
single theory to be judged only as a whole. calculate either DpH or 'PH, DpH is replaced by a new
variable, DpH. Like DpH, this is based on equation 1, but it
is a function only ofPaco, with all the other variables
subsumed within three empirical parameters. Of these,

The nature of the data replacesKRG, so that DpH is defined as logf+(m/Paco,)].

In many vertebrates, pHa varies much more than iThe other two parameters rela#eo Paco, (see Results).
ourselves, even at constant temperature, and variability may Since the parameters to be estimated are contained within
increase in the context of particular normal activities angog([Na*]+n) and D'pH, multiple regression analysis cannot
conditions. According to species, these might include, fope used. In any case, no one variable is clearly ‘dependent’ in
example, diving, vigorous activity, hibernation andthjs evolutionary context: ToH and pHa together determine
dehydration. Intermittent breathing, as in the tu@leelonia  surface pH (at a given [NB and need to be matched one to
mydas causes pHa to fluctuate (Kraus and Jackson, 198Qhe other.

Whether extracellular pH is usually more nearly optimal under |rrespective of any basis in theory, log(ffjen) and O’ pH
non-stressful resting conditions or when special activity isnay be seen as convenient functions of*|Nand Paco, that
called for is not known. Here, however, the pragmatiGjield approximately linear relationships in the exploration of
approach is adopted of using mean values obtained either ¢drrelations. Analysis of the data in terms of these therefore
studies on the effect of temperature or for groups of animalspviates the need for more straightforward correlational
used as experimental controls (not all of which actually purpotnalysis of untransformed data.

to characterize normality). Two representative temperatures Because the heterogeneous data are unsuited to the
are emphasized here, 15°C and 25°C. For some species, ptdaculation of statistical significance, correlation coefficients
andPaco, at one or other temperature were obtained by lineaf), of 0.6 or higher, are stated just for their descriptive value.
interpolation between measurements at other temperatures\gfithin some classes, e.g. the Amphibia, the small numbers of
from published regression equations. In other cases, data afgta and narrow ranges of [Nand Paco, make significant
used that were obtained within 3 °C of those two temperaturegerrelations unlikely.

Some data were read from graphs. All blood had been sampledMean values taken from the literature are presented without

from chronically implanted arterial cannulae. indications of scatter. Other means are givensiol
The data vary in their suitability. Where several studies have

been published, the most representative values were generally
selected. Nevertheless, preference was usually given to sets in
which all three variables were measured in the same study. In The data

other cases, mean [Néhad to be taken from separate studies. Tables 1 and 2 show mean values of pHa and plasnid [Na
Effects of temperature on [Njaare perforce largely ignored; and in most casd2aco,, at approximately 25 °C (34 data sets)

in the steady state, these are generally small and inconsistemtd approximately 15 °C (30 data sets). Some data need special
(Burton, 1986) so that uncertainties in this regard are unlikelgomment. Of those on [NRin reptiles taken from the

to be of overriding importance here. (Errors in fNaf 10%  compilation of Minnich (1979), five are means of two or more
result in errors of 0.04 in log[N#) All species are represented of his tabulated values. F@ncorhynchus mykis§able 2),

for which full data were found; exclusion on the basis of toopHa andPaco, are means based on 34 studies (Ultsch and
strict criteria would increase both the risk of biased selectiodackson, 1996), while [Nhis a mean based on five studies
and the impact of any grossly inappropriate data that ar@urton, 1996). The pHa of 7.82 given fBufo marinusat
included. 25°C (Boutilier et al., 1987) is much higher than the 7.54

Materials and methods

Results
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Table 1.Plasma [N&], arterial pH (pHa) and arteriaPco, in vertebrates at approximately 25°C

[Na'] Paco,
Species (mmolt) pHa (mmHg) References
Alligator mississippiensis 141 7.50 175 Davies et al. (1982); Minnich (1979)
Iguana iguana 157 7.60 - Wood and Moberly (1970); Minnich (1979)
Dipsosaurus dorsalis 164 7.69 14 Bickler (1981, 1984)
Sauromalus obesus 179 7.38 23 Crawford and Gatz (1974); Minnich (1979)
Varanusspp. 155 7.57 21.3 See text
Chelonia mydas 162 7.50 30.1 Kraus and Jackson (1980); Minnich (1979)
Caretta carettg23.5°C) 166 7.63 17.2 Lutcavage and Lutz (1991); Minnich (1979)
Trachemys scripta elegans 120 7.62 27.3 Jackson et al. (1974); Minnich (1979)
Chrysemys picta bellii 119 7.68 27 Glass et al. (1985); Minnich (1979)
Chelydra serpentina 135 7.69 325 Howell et al. (1970); Minnich (1979)
Gopherus polyphemus 137 7.61 22.9 Ultsch and Jackson (1996); Minnich (1979)
Coluber constrictor 156 7.55 19.7 Stinner et al. (1998)
Nerodia sipedon 159 7.61 - Dean and Gratz (1983); Minnich (1979)
Pituophis melanoleucus 171 7.61 - Stinner (1982); Minnich (1979)
Lapemis hardwickii 237 7.41 - Seymour and Webster (1975); see text
Necturus maculatus 93 7.69 7.2 Stiffler et al. (1983)
Ambystoma tigrinumadult 109 7.72 10.5 Stiffler (1991)
Siren lacertina 105 7.79 11.7 Heisler et al. (1982)
Amphiuma means 106 7.74 17.3 Heisler et al. (1982)
Cryptobranchus alleganiensis 89 7.75 7.2 Moalli et al. (1981)
Bufo marinus 111 7.82 10 Boutilier et al. (1987); Stinner and Hartzler (2000)
Bufo viridis 129 7.68 12.0 Katz (1980); Gordon (1962)
Rana catesbeiana 100 7.81 151 Howell et al. (1970); Stinner and Hartzler (2000)
Protopterus aethiopicus 101 7.60 26.4 DelLaney et al. (1977)
Lepisosteus platostomus 155 7.67 8.1 Smatresk and Cameron (1982); Urist et al. (1972)
Lepisosteus oculatus 154 7.73 6.8 Burleson et al. (1998); see text
Amia calva(24.5°C) 138 7.77 5.5 Randall et al. (1981); Urist et al. (1972)
Electrophorus electricu@8 °C) 172 7.58 28.6 Garey and Rahn (1970); Mangum et al. (1978)
Ictalurus punctatus 142 7.79 2.8 Cameron and Kormanik (1982); Cameron (1980)
Cynoscion arenarius 219 7.74 25 Cameron (1978); Sulya et al. (1960)
Cyprinus carpio 131 7.95 3.9 Takeda (1990); Ultsch et al. (1981)
Negaprion brevirostris 307 7.72 - Bushnell et al. (1982); Oppelt et al. (1966)
Scyliorhinus stellarisjuvenile (23 °C) 284 7.70 1.3 Heisler et al. (1976); see text
Scyliorhinus stellarisadult (23 °C) 284 7.77 29 Heisler et al. (1976); see text

Where there are two references on a line, the first is for pHRagad and the second is for [N
Temperatures other than 25 °C are as indicated.
1 mmHg=0.133kPa.

plotted by Ultsch and Jackson (1996), but close to theiseparate means fdf. griseusandV. gouldii (Minnich, 1979).
tabulated mean of 7.814 based on 11 studies. In four other cases, [Nhis again taken as the mean for one

For Dipsosaurus dorsalisat 25°C, Burton (1994) or more related species. Thus, for the sea shapEmis
inappropriately plotted a mean venous pH (7.53) instead of thHeardwickiiin Table 1, [N4] is for the closely relateBelamis
arterial mean of 7.69 (Bickler, 1981). Ultsch and Jacksomplaturus. Here, the combination of low pHa (7.41) and high
(1996) used a much higher pHa of 7.87, since a value fdt [Na[Na*] (237 mmolt1, the mean of two means given previously)
(164 mmol 1), typical of normal values tabulated previously (Minnich, 1979) would be especially worth confirming for
(Minnich, 1979), was available from the same source (Bicklerither of the species. Seymour and Webster (1975) give data
1984). The most appropriate of those means is probably 7.6 Paco, in Lapemis hardwickjibut no mean for use here. For
(P. E. Bickler, personal communication), and that is the valukeepisosteus oculatuéTable 1), [N&] is the mean for four
in Table 1. There is some diurnal variation in this speciesther species ofepisosteugUrist et al., 1972; Sulya et al.,
(Bickler, 1986). 1960). For Myoxocephalus octodecimspinosiy$able 2),

For ‘Varanusspp.’, the pHa andPaco, are means fol. [Na*] is for the relatedM. spinosus(Oikari, 1975). For
niloticus (Ishimatsu et al., 1988)/. salvator(Mitchell and  Scyliorhinus stellarisn both tables, there are separate entries
Gleeson, 1985) and. exanthematicu@Vood et al., 1981), all for juveniles and adults (Heisler et al., 1976) since they differ
individually similar, and the value for [Nhis the mean of five markedly in their patterns of acid—base regulation;*TNar
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Table 2.Plasma [N&], arterial pH (pHa) and arteriaPco, in vertebrates at approximately 16

[Na'] Paco,
Species (mmolt) pHa (mmHg) References
Alligator mississippiensis 141 7.68 11.8 Davies et al. (1982); Minnich (1979)
Dipsosaurus dorsali§l7.5 °C) 164 7.80 10 Bickler (1981, 1984)
Sauromalus obes|{$6 °C) 179 7.54 11 Crawford and Gatz (1974); Minnich (1979)
Chelonia mydas 162 7.55 25.3 Kraus and Jackson (1980); Minnich (1979)
Trachemys scripta elegans 120 7.72 18.4 Jackson et al. (1974); Minnich (1979)
Chrysemys picta bellii 119 7.79 19.8 Glass et al. (1985); Minnich (1979)
Coluber constrictor 156 7.57 16.2 Stinner et al. (1998)
Amphiuma means 106 7.79 8.5 Hicks and Stiffler (1984); Heisler et al. (1982)
Cryptobranchus alleganiensis 96 7.90 4.2 Moalli et al. (1981)
Bufo marinus 103 7.96 7 Boutilier et al. (1987); Stinner and Hartzler (2000)
Rana catesbeiana 98 7.96 10.2 Howell et al. (1970); Stinner and Hartzler (2000)
Acipenser baeri 119 7.86 2.7 Nonnotte et al. (1993)
Amia calva 131 7.94 25 Gonzalez et al. (2001)
Ictalurus punctatus 142 7.92 1.9 Cameron and Kormanik (1982); Cameron (1980)
Cynoscion arenariugl8 °C) 219 7.83 2.1 Cameron (1978); Sulya et al. (1960)
Cyprinus carpio 131 7.86 3.5 Ultsch et al. (1981)
Catostomus commersofii4 °C) 115 7.96 24 Wilkes et al. (1981)
Tinca tinca 130 7.98 2.7 Jensen and Weber (1987)
Myoxocephalus octodecimspinog(d °C) 182 7.78 2.0 Claiborne and Evans (1988); see text
Conger conge(17 °C) 182 7.84 2.0 Toews et al. (1982)
Platichthys flesus 165 7.79 2.3 Nonnotte and Truchot (1990)
Scophthalmus maximus 163 7.84 2.3 Gaumet et al. (1994)
Oncorhynchus mykiss 146 7.87 2.6 See text
Salmo trutta 148 7.85 15 Butler and Day (1993); Gordon (1959)
Salmo sala(12 °C) 176 7.94 2.2 Maxime et al. (1990)
Squalus acanthiagl7.5°C) 240 7.87 2.1 Claiborne and Evans (1992); Robin et al. (1964)
Scyliorhinus canicula 284 7.84 0.55 Truchot et al. (1980); Tierney et al. (1998)
Scyliorhinus stellarisjuvenile 284 7.82 11 Heisler et al. (1976); see text
Scyliorhinus stellarisadult 284 7.88 15 Heisler et al. (1976); see text
Eptatretus cirrhatug16 °C) 544 7.92 0.7 Wells et al. (1986); Urist and Van de Putte (1967)

Where there are two references on a line, the first is for pHRaaad and the second is for [N
Temperatures other than 15 °C are as indicated.
1 mmHg=0.133 kPa.

both is taken as that f&. caniculaTheAmia calvaof Table 1  Eptatretus cirrhatugWells et al., 1986) is of special interest

rarely breathed air at 24.5°C (Randall et al., 1981). for its high [N&] and lowPaco, (Table 2). The data for this
_ _ - _ species yield unusually high valuesAf1.36) and of OpH
Analysis of interspecific correlations (0.52, with interstitiaPo, taken as 7 mmHg). With data f&r

Fig. 1 confirms the existence of the disputed negativeirrhatusincluded with those for the 22 species tabulated by
correlation between pHa and [N&plotted as log[N&) in Burton (2001), the regression Afon logPaco, (r=—0.54) is
tetrapods at approximately 25°C. Two air-breathing fishgiven by the equation:

(Protopterus aethiopicuand Electrophorus electricys both _

with high Paco,, can be seen as conforming to the same A=1.24-0.13l0§aco, 2)
relationship, but for most of the other fish pHa is higher for &his relationship is assumed in the subsequent data analysis.
given log[N&]. For water-breathing fish, Fig. 1 shows no That it is inexact is unimportant becausehas much less
correlation between pHa and log[Nat approximately 25°C; influence on DpH than doesVPaco,.

as shown below, this relates to the large variatioRato,. With A thus calculated, the parametersand m were

Data for approximately 15°C (Table 2) confirm the negativeobtained by trial and error so as to minimize the standard
correlations between pHa and logf\lan teleostsi(=—0.61) as  deviation of pHa+log([Ng+n)-D"pH at each temperature.
well as in the ectothermic tetrapods+0.86). However, these This process suggested tmatshould be 2.3mmHg at 25°C
data are not presented here as in Fig. 1 because the sepaegaté 1.2 mmHg at 15 °C, with at the two temperatures being
correlations are better unified by takiRgco, into account. respectively 94 and 70mmotl Since an intermediate of

The next stage in the analysis concef® equation 1. 80mmolHraises the standard deviation only beyond the third
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Fig. 1. Arterial pH (pHa) at 25 °@ersuslog[Na'] for reptiles @), r
amphibians M), water-breathing fish includingmia calva(O) and 7.7
air-breathing fish (+). 76
decimal place, DpH is hereafter as calculated using that single 7.5
value ofn, together with the two values of The expression 74l
pHa+log([Na]+80)-D'pH then averages 9.89+0.08 at 25°C I
and 10.00+0.08 at 15 °C, a difference of —0.011°@s already 7.3
noted, the relevant surface pH is probably lower than thes 70|
means by nearly 4 units. I
The expression pHa~PH may be seen as an estimate of 710
mean interstitial pH. Fig. 2 shows this plotted agains L I
log[Na*]. The curves conform to the results of the previous 1.9 20 21 22 23 24 25 26 27 28
paragraph. At 25°Q;=—0.65 in the tetrapods amd—0.72 in log[Na']

the fish. At 15°C, the corresponding values ra+€0.84 and

r=—0.74, respectively, with these correlations discernible iFig. 2. (PHa-DpH) (see Materials and methodarsuslog[Na'] at

both the reptiles aloner£-0.70) and the teleosts alone 25 and 15°C for reptiles @), amphibians M), teleosts ©),

(r=—0.65). Thus, the overall correlations seem not to resy€lasmobranchsX), Eptatretus cwrhatuiV’) and other fish{l). The

merely from the merging of disparate data sets. curves are suchothat pHa+log([f}&80)-D'pH equals 9.89 at 25°C
Fig. 3 shows pHa+log([N4+80) plotted against TpH, the and 10.00 at 15°C.

line through the points being of gradient +1. Sin€¢@Bis an

inverse function oPaco,, Fig. 3 shows that pHa, adjusted for with a free choice of such functions, did not yield enhanced

variations in [N4], is negatively correlated witRaco,. For all ~ correlations. One expression correlating better with pHa than

fish,r=0.82 at 25°C and=0.72 at 15°C. For the tetrapods at does log([N&]+80)-D'pH is log[N&]+klogPaco,, wherek is

15°C,r=0.60. 0.51 at 25°C and 0.58 at 15°C. The correlation coefficients
Figs 2 and 3 show that pHa depends separately on bo#ine —0.77 at 25°C and —0.76 at 15°C (compare the values of

[Na*] and D'pH. In Fig. 4, these two variables are combined-0.74 and —0.65 in the previous paragraph). The expression

as log([N&d]+80)-D'pH. The negative correlation between klogPaco, has no obvious functional meaning here.

pHa and that expression is evident within the reptites@.61 The analysis of all these correlations is simplified by the fact

at 25°C; r=-0.77 at 15°C) as well as in the tetrapodsthat there is little correlation betweBeaco, and [N&] at either

collectively {=-0.75 at 25°Cy=-0.87 at 15°C). At 25°C, temperature, except th&aco, is low and [N&] high in

r=—0.84 for the teleosts and —0.64 for all the fifiptétretus elasmobranchs arptatretus cirrhatus

cirrhatus is a notable outlier at 15°C.) For all data taken

togetherr=-0.74 at 25°C and=—0.65 at 15°C.

The analysis has been in terms of equations 1 and 2, but the .DiSCl.JSSion _
correlations amongst pHa&aco, and [N&] may also be Functional interpretation
expressed using functions other thdfpB and log([Na]+n). The correlations accord with the hypothesis that the pH at

It would be surprising if multiple regression analysis, coupledarticular cell surface sites is normally more nearly similar in
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Fig. 3. pHa+log([N&]+80) and D pH (see Materials and methods) at
25 and 15°C: symbols are as in Fig. 2. The lines, of gradient +Fig. 4. Arterial pH (pHa) and log([N%80)-D'pH (see Materials
conform to the relationships given in Fig. 2. and methods) at 25 and 15 °C: symbols are as in Fig. 2. The lines, of
gradient —1, conform to the relationships given in Fig. 2.

different species (at a given temperature) than is pHa. It is

noteworthy test of the hypothesis both that the two estimates

; i +
of m L.e. 23mmHg and 1.2mmHg, correspond to the fkehfy TR PETELC0° FEOCCREL LSS
values forKRG of 1-3mmHg given in the Introduction and g f0o,

depends on the concentrations of their free ions and on the

that the_data points_in_Fig. 3. are c_om_patible with a straight Iinﬁxed charge density at the cell surface (Burton, 1973a,b). That
of gradient 1._0. Within their limitations, the data thereforeimerSpeCifiC variations in [ and [Mc*] do not obscure the
aC.C(.)rd also with the model of Burton (2001). That .mOdel.v.vagupposed effect of [N&could result from a sufficiently low
orlglnz_illy formulated in terms of Whole-body_ mean |nterst|t|§llﬁéed charge density together with the known interspecific
PH, since most Venous data on gas tensmn_s are for MIX&Brrelation between [G4 and [N&] in vertebrate plasma

venous blood. In this paper, venous gas tensions are relevz%gt

; +
only toA, which is a minor determinant of'PH. It is therefore miuﬁ,?g)’( 1I§i7n3vav)h. ﬂg?ﬁgi:{ fg;ii%nr:?g Z)&Erﬁgdngygg;]o
permissible to interpreR andG in terms of particular tissues, 9 P n P 9 '

e.g. those deemed most likely to require good extracellular pHUt apprommately _80mmoﬂ. Only an approximate treatment
homeostasis. Is possible here, since the geometry of the supposed structures

. N P
Although the scatter of points in Figs 2—4 must be due> unknown and_full data on free {K [Ca*] and _[Mgz ]in

. . o : lasma are lacking. However, we may apply diffuse double-
largely to inadequacies in the data, it is also required by the

theoretical model. Thus, there are other variables in equatio‘?]lyer (Gouy-Chapman) theory to other data. Burton (1973a)

1, notablyG, that, for lack of sufficient data, have not beend V> @n approximate form of the Grahame equation relating
C(’)nsidered 'here ' ' the surface potential in voltd), to the molar concentrations of

If the cell-surface sites bear a constant density of ﬁerwe four cations and ), the density of fixed electronic charges

negative charges, then surface pH would be raised by e nn? on the cell surface. In terms appropriate to the present

screening effect of cations in the bulk interstitial fluid. If*Na context, it may be re-written as:
were the only cation present other than tHe effect would be expFW/RT)=Q/S, 3)
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whereF is the Faraday constant aRds now the gas constant, = The cells bearing the relevant molecular structures are

and where: probably not the same as those acting as pH sensors in
Q=[Na]+[K*]+ extracellular pH homeostasis. The latter would presumably
(4) evolve in such a way as to regulate pH appropriately, but both

V([Na*]+[K*])2+29[Ca2*] + [Mg2*]), their evolution and their moment-to-moment efficacy would be

and aided if they showed similar sensitivities to temperature

_ " + + 24 2 and salt concentration. How far the interspecific pHa/[Na
S=4[Na]+ 4K +6[Ca"] + 6[Mg=]+2(2. 7). (5) relationship is maintained in individuals when {fNearies has
Table 1 of Burton (1973a) gives data for 10 species in whichet to be properly explored (Burton, 1996); there may be an

mean plasma [N@ is 0.087-0.544mott, and for these it is advantage to this, but no logical necessity.

possible to find a value ofthat makes ([Ng+0.08) (in molt1)

a good approximation on average fof2. The data used in Are there alternative interpretations?

these calculations are for diffusible fChor, where possible, The pH must generally be lower in interstitial fluid than in
free [C&*], with concentrations of free Mg taken as 70% arterial blood, and lower still in those diffuse double layers that
of the total concentrations (this being the mean percentagge associated with excesses of fixed negative charge.
for C&*). The required value ofo is approximately Nevertheless, it is important to seek alternative explanations
0.8electronic charges nth This is plausible (Burton, 1973a). For for the correlations explored here. Thus, the apparent
the 10 species in question, the corresponding surface potentialstagonism between*tand N& might involve, not screening,
are —-56 to —86 mV. With estimates of &lgeing 1.00-1.08, with  but a straightforward competition for binding to specific
log(2/[1000mmolmoatY) being 2.70 and with the mean of protein sites. If only those two ionic species were involved, the
pHa+log([N&]+80)-D'pH being 9.89 at 25°C and 10.00 at proportion of protonated sites might be expected to be
15°C (see above), the Boltzmann equation (Burton, 1973lproportional to the ratio of [ to [Na'] in the interstitial fluid;

implies surface pH values near 6.2. A(pHa—-D'pH)/Alog[Na*] should then be —1.0. Sinceis not
_ _ zero, it would seem necessary to postulate binding of one or
Is there a common determinant of optimum pHa? more other ionic species. A quite different possibility is that

It now seems at least plausible that there exists a comma2i-, not N4&, is relevant. Since Cls the main anion balancing
determinant of optimum pHa in ectothermic vertebratesthe charge on Nan plasma, the concentrations of the two ions
namely a cell-surface structure with a conserved requiremeirt plasma are strongly correlated within the vertebrates.
for surface pH. Minor variations in the optimum cannot be It should also be questioned whether attention is correctly
ruled out, but there is no evidence in the present data féocused orPco,, rather than on [HC®] or [COz2] (or even
consistent differences amongst reptiles, amphibians and fisbn ion pairs involving one or other of these). Since [HCO
Regarding mammals, our own pHa is typical of reptiles aand [CQ?], at a given temperature and salt concentration,
the same temperature that share our plasma’][M& may be calculated from pH anBco, (with appropriate
approximately 145 mmot} (Burton, 1994). The humaPeco,  equilibrium constants and GO solubility —coefficient),
of 40mmHg is higher than that typical of reptiles at 37 °Ccorrelations must exist amongst other sets of these variables
namely approximately 29mmHg as calculated from &han the trio investigated (e.g. [Naand [HCQ] with either
regression equation for reptiles given by Ultsch and JacksgrHa orPaco,). Whether a more direct functional basis exists
(1996). Accordingly, DpH would be approximately 0.02 for any of these is an open question.
higher in reptiles than in man. This is small enough not to belie
our own conformity to reptilian data. Future research

According to this conserved determinant hypothesis, Since the validity of some data sets in Tables 1 and 2 may
optimal (and normal) pHa has evolved and diversified in suche questioned (especially when [ijland acid—base variables
a way as to maintain constant the pH-dependent functionare from separate sources), one may hope that more and better
properties of key molecular structures (probably proteins odata will be obtained, especially for species in which the
protein complexes). These are sited on cell surfaces bathed wgriables have extreme values. Ideally, all variables relevant to
an interstitial fluid that is more acid than arterial plasma — anthe model should be measured, includihgnd both arterial
especially so in species with loReco,. The pH-dependent and venous gas tensions. This could prove revealing in relation
functional properties are also affected by temperature and hg the changes in maturir@yliorhinus stellarigHeisler et al.,
the screening action of other cations in the extracellular fluidl976). The possibility of acid-base disequilibrium and
The plasma [N§ typical of each species seems to bevariations inDo,/Dco, should be considered (Burton, 2001).
determined independently; it is generally close to theSince all animals should ideally be studied unstressed and
concentration needed to minimize the work of*Nansport under conditions corresponding as far as possible to their
while remaining compatible, so it seems, with an optimuntypical habitats and preferred temperature ranges, a unified
range of cell [K] (Burton, 1973b). Because DpH may be survey of many species would be ambitious. More realistically,
temperature-dependent, the hypothesis does not requioee may urge that plasma [Nand Po, be more routinely
ApHalAT to be the same in all species. measured in acid—base studies.
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