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650

Extracellular Carbonic Anhydrase Activity and Carbonic Anhydrase

Inhibitors in the Circulatory System of Fish

Raymond P. Henry1,2,* species-specific, with the salmonids having the most potent inhibi-
tor. Cross-reactivity of inhibitor to red cell carbonic anhydraseKathleen M. Gilmour1,3

Chris M. Wood1,4 appeared to be related to phylogenetic proximity. Selection for
the presence of carbonic anhydrase inhibitors in fish plasma ap-Steve F. Perry1,5

1Bamfield Marine Station, Bamfield, British Columbia V0R pears to be the result of multiple physiological pressures, including
preservation of red cell intracellular pH, ventilatory control, and1B0, Canada; 2Department of Zoology and Wildlife Science,

101 Cary Hall, Auburn University, Auburn, Alabama 36849- red cell fragility.
5414; 3Division of Environmental and Evolutionary Biology,
Graham Kerr Building, University of Glasgow, Glasgow G12
8QQ, Scotland, United Kingdom; 4Department of Biology,

Introduction
McMaster University, Hamilton, Ontario L8S 4K1, Canada;
5Department of Biology, University of Ottawa, Ottawa, The traditional view of the distribution of the enzyme carbonic

anhydrase (CA) in the circulatory system of vertebrates hasOntario K1N 6N5, Canada
undergone numerous modifications over the years. Origin-
ally discovered in mammalian erythrocytes (Meldrum andAccepted by C.P.M. 4/30/97
Roughton 1933), where the type I and II isozymes are found,
CA was believed to be absent from the plasma of both mam-
mals and lower vertebrates (e.g., Maren 1967). The idea that

ABSTRACT
erythrocytes were the sole source of CA activity in the circula-
tory system changed with the discovery of the type IV isozymeCarbonic anhydrase activity in the extracellular fluid of lower

vertebrates is considered to be minimal, either because of the localized to the endothelial membrane of the lung in both
mammals and some lower vertebrates (Crandall and O’Braskyabsence of carbonic anhydrase or because of the presence of

naturally occurring inhibitors. The presence of carbonic anhydrase 1978; Effros et al. 1978; Klocke 1980; Whitney and Briggle
1982; Stabenau et al. 1996). In these organisms, while CA isactivity and circulating inhibitors was measured in plasma and

subcellular fractions of gill tissue in elasmobranchs and teleosts. absent from plasma, CA activity is available to catalyse the
hydration/dehydration reactions in the plasma of certain tissuePlasma carbonic anhydrase activity was confirmed in the former

but in extremely low amounts, especially compared with activity capillary beds. This did not appear to be the case among aquatic
vertebrates (fish), however, as both plasma CA and basolateralin red cells. The activity was correlated with plasma iron concen-

tration and red cell hemolysis, which suggests that it is a by- membrane-associated CA in the gills are absent and/or physio-
logically insignificant, especially when compared with the highproduct of endogenous hemolysis during red cell turnover. A

subcellular fraction of dogfish gills rich in microsomes contained levels of erythrocyte CA (Perry et al. 1982; Swenson and Maren
1987; Henry et al. 1988, 1993).significantly higher carbonic anhydrase activity than previously

found in teleosts, making elasmobranchs the only aquatic lower Two recent reports on the distribution of CA in the circula-
tory system of elasmobranchs have raised new questions con-vertebrates to possess putative basolateral membrane-associated

carbonic anhydrase in the gill vasculature. It is suggested that cerning the potential significance of extracellular CA. Measur-
able CA activity was found in the plasma of Scyliorhinusbranchial membrane-associated carbonic anhydrase is correlated

more with a pH and/or CO2-sensitive ventilatory drive than with canicula (Wood et al. 1994). The rate of HCO0
3 dehydration

in plasma is calculated as being as high as 50% of that forthe maintenance of resting CO2 excretion. The occurrence and
effectiveness of plasma carbonic anhydrase inhibitors were highly whole blood (i.e., with an in vitro assay, 50% of the CO2

produced originated from HCO0
3 dehydration in the plasma,

and 30% of that was inhibited by the CA inhibitor acetazolam-
ide). However, the source of this particular pool of CA has*To whom correspondence should be addressed at Department of Zoology and
not been identified. Furthermore, Swenson et al. (1995), usingWildlife Science, 101 Cary Hall, Auburn University, Auburn, Alabama 36849-

5414; E-mail: henryrp@mail.auburn.edu. a large molecular weight CA inhibitor, report evidence for the
presence and function of a membrane-associated CA in the gillsPhysiological Zoology 70(6):650 – 659. 1997. q 1997 by The University of

Chicago. All rights reserved. 0031-935X/97/7006-96136$03.00 of Squalus acanthias. These differences separate elasmobranchs
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Carbonic Anhydrase in Fish 651

from teleosts with respect to the distribution of CA in the dechlorinated City of Ottawa tap water at 107C (eel) or 207C
(bullhead).circulatory system, but the physiological importance of extra-

cellular CA has not yet been established.
In some species, in addition to extracellular CA, there is

Blood and Tissue Sampling
also a CA inhibitor present in the plasma. This CA inhibitor
appears to be fairly widespread in mammals, where it is be- Animal handling, anesthesia, and surgery were performed as

described in detail by Gilmour et al (1997). All fish were anes-lieved to function in the inhibition of CA released from the
normal cycle of erythrocyte lysis (Booth 1938; Van Goor 1948; thetized using 0.1 g L01 MS-222 (ethyl-m-aminobenzoate) in

seawater and allowed to recover overnight before sampling.Hill 1980; Roush and Fierke 1992). That a CA inhibitor should
be selected for in the plasma of mammals is plausible, given For dogfish, blood was drawn either from animals completely

recovered from anesthesia via a catheter implanted in the co-the fragility and short life span of anucleate red blood cells. CA
inhibitors, however, also occur in ectothermic lower vertebrates eliac artery or from lightly anesthetized animals via cardiac or

caudal puncture, depending on the experiment. Blood from(i.e., fish), which do not have any apparent extracellular CA
(Swenson and Maren 1987; Henry et al. 1988, 1993) and whose trout was obtained in a similar fashion from either a dorsal

aortic cannula or via cardiac puncture. For all other species,nucleated erythrocytes are more rugged and long-lived (see,
e.g., Haswell and Randall 1976; Haswell et al. 1983; Dimberg blood was drawn via cardiac or caudal puncture into heparin-

ized syringes. In order to avoid hemolysis, blood used in the1994). It has been suggested that this inhibitor has multiple
functions, such as dampening the Root effect in euryhaline fish CA analyses was taken from the initial sample withdrawn from

the animal.adapting to seawater (Dimberg 1994) and preserving red cell
intracellular pH regulation and volume regulation (Lessard et Blood was placed in microfuge tubes and centrifuged at

10,000 g for 1 min to separate plasma and erythrocytes. Allal. 1995). However, these conclusions are somewhat specula-
tive, as they are based on work done primarily on one species, species were assayed at Bamfield Marine Station except for eel

and bullhead, whose plasma and erythrocytes were frozen inthe rainbow trout (Oncorhynchus mykiss). Furthermore, the
distribution of plasma CA inhibitors in fish is probably not liquid nitrogen and shipped on dry ice to Auburn, Alabama,

for analysis.uniform; for example, Heming and Watson (1986) report that
plasma of a primitive holostean, Amia calva, does not contain Gills from dogfish and trout were perfused with heparinized

saline in order to obtain erythrocyte-free tissue. The fish werea CA inhibitor.
This investigation reports on the nature and probable source anesthetized as above, the heart was exposed, and a cannula

was inserted into the ventricle and advanced into the ventralof extracellular CA in elasmobranchs, on the distribution and
inhibitory properties of the plasma CA inhibitor in teleosts, aorta. The cannula was secured with a ligature around the

atrium. Saline (500 mmol L01 NaCl plus 100 units mL01 am-and on the relationship between extracellular CA activity and
inhibition. monium heparin for dogfish, and Cortland saline adjusted to

170 mmol L01 NaCl plus 100 units mL01 heparin for trout)
was infused with a 50-mL syringe; a total of 150 mL was used
to perfuse the gills of each animal. The gill arches were dissected

Material and Methods out of the fish and visually inspected; any clots or lamellae
appearing pink from residual blood were removed. The gillsCollection and Maintenance of Animals
were then frozen in liquid nitrogen, wrapped in aluminum
foil, and stored at 0807C. They were shipped on dry ice toPacific spiny dogfish (Squalus acanthias), chinook salmon

(Oncorhynchus tshawytsha), flounder (Platichthys stellatus), Auburn, Alabama, where they were again stored at0807C until
they were analysed.lingcod (Ophiodon elongatus), and black rockfish (Sebastes mel-

anops) were collected off the coast of Vancouver Island, Can- Gill tissue was homogenized and fractionated according to
the procedure of Henry et al. (1986, 1988, 1993). Tissue wasada, in May and June of 1995 by trawl. They were maintained

at Bamfield Marine Station without feeding and under natural thawed briefly to 07C on ice, weighed, and added to five vol-
umes of buffer (225 mmol L01 mannitol, 75 mmol L01 sucrose,photoperiod in large circular tanks provided with flowing sea-

water at 127C. Rainbow trout (Oncorhynchus mykiss) were ob- and 10 mmol L01 Tris-PO4 adjusted to pH 7.40 with 10%
H3PO4). Lamellae were homogenized by a minimum of 16tained from West Creek Trout Farms (Mission, British Colum-

bia) and transported to Bamfield Marine Station, where they passes in a motor-driven Teflon/glass homogenizer. The ho-
mogenate was then subjected to differential centrifugation: 750were acclimated to seawater for a minimum of 2 wk before

use (Gilmour et al. 1997). American eel (Anguilla rostrata) and g for 20 min to produce a pellet containing whole cells, nuclei,
and large cell fragments; 8,500 g for 20 min to produce abullhead catfish (Ictalurus nebulosus) were obtained by local

fishermen or captured by seine net from the St. Lawrence mitochondrial pellet (both on a Sorvall RC-5B Superspeed
centrifuge at 47C); and 100,000 g for 60 min at 47C to produceRiver and held in 500-L round tanks supplied with flowing
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652 R. P. Henry, K. M. Gilmour, C. M. Wood, and S. F. Perry

a microsomal pellet and cytoplasmic supernatant (Beckman
L8-M Ultracentrifuge). Each pellet was resuspended in buffer,
and samples of the crude homogenate, pellet, and supernatant
from each step were saved for CA analysis. CA was assayed
electrometrically by the delta pH method of Henry (1991).

Experimental Protocol

CA activity was measured in both plasma and erythrocyte ly-
sates of dogfish and trout. For plasma, aliquots ranging from
50 to 200 mL were added to the assay buffer. Erythrocyte pellets
were lysed by adding one volume of 5 mmol L01 EDTA in
deionized water followed by mild sonication on ice (25 W for
30 s; Microson 50, Heat Systems Ultrasonics). The lysate was
then diluted with the CA assay buffer (composition given
above) by a factor of 400–500; 10 mL of the dilute lysate was Figure 1. CA activity in dogfish plasma. The volume of plasma

represents the amount added to 6 mL of assay buffer. Meanthen used in the CA assay. Trimethylamine oxide is a major
{ SEM (N Å 8 for all values except trimethylamine oxideosmotic constituent of elasmobranch blood, being present in
(TMAO), where N Å 5). Vm, uncatalysed rate of CO2 hydration;concentrations as high as 70 mmol L01. It has been suggested
Az, 5 mmol L01 acetazolamide; Bz, 5 mmol L01 benzolamide; QAS,

that trimethylamine oxide alone may alter the CA assay, giving 5 mmol L01 quaternary ammonium sulfanilamde; TMAO, 500 mL
artificially high results (E. R. Swenson, personal communica- of 70 mmol L01 trimethylamine oxide added to the assay buffer.
tion). To test for this, aliquots of 50 to 500 mL of 70 mmol
L01 trimethylamine oxide were analysed in the CA assay.

ResultsIn order to test the nature and occurrence of endogenous
CA inhibitors in fish plasma (see, e.g., Dimberg 1994), 10 mL Extracellular CA Activity
of dilute lysate of each species was assayed in the presence of
100 mL of its own plasma and plasma from other species. Low but measurable CA activity was detected in the plasma of

dogfish (Fig. 1). The increase in activity was linear with in-Furthermore, plasma from each species was tested for effective-
ness as an inhibitor against purified CA (10 mL of 0.1 mg creased plasma volume, and acetazolamide (10 mmol L01), ben-

zolamide (10 mmol L01), and quaternary ammonium sulfanil-mL01) from bovine erythrocytes (Sigma). For dogfish, plasma
samples with minimal detectable CA activity were chosen to amide (5 mmol L01) reduced the activity to the uncatalysed

rate. It is interesting that Wood et al. (1994) reported that,test against the lysates of other species.
A series of experiments was performed to test whether the using the isotopic assay of Wood and Perry (1991), 100 mmol

L01 acetazolamide reduced plasma HCO0
3 dehydration by onlyCA inhibitor in trout plasma acts as a scavenger for erythrocyte

CA released during the course of normal cell lysis. Whole 30%. The addition of up to 500 mL of 70 mmol L01 trimeth-
ylamine oxide had no effect on the uncatalysed rate. Comparedblood from trout and dogfish (2 mL) was progressively lysed

by adding a series of aliquots of deionized H2O of increasing with CA activity in the erythrocytes, plasma CA activity was
minuscule. Based on a standard volume of 1 mL, plasma CAvolume. The blood was gently mixed and centrifuged. Plasma

was then assayed for CA activity and hemoglobin (Hb) concen- activity was only 0.02% of that found in erythrocytes (Table
1). Furthermore, the amount of CA in 1 mL of plasma wastration.

Because plasma CA activity among the 35 dogfish measured enough to enhance the uncatalysed rate by a factor of 12, while
the amount of CA within the equivalent volume of red cellswas highly variable, naturally occurring low levels of endoge-

nous hemolysis could not be excluded as a source of the plasma was capable of enhancing the uncatalysed rate by a factor of
nearly 19,000. Also, sampling protocol (i.e., blood sampled viaCA. Previous work has indicated that Hb concentrations in

the plasma are below the limit of detectability, even when the catheter vs. cardiac puncture, and blood sampled in anesthe-
tized vs. awake fish) had no effect on measured plasma CAassay sensitivity is expanded fourfold (Wood et al. 1994). To

examine the potential relationship between hemolysis and CA activity, as long as the samples measured were those that were
taken initially. Repeated sampling from the same individualactivity, 12 plasma samples were chosen, six at the high end

of CA activity and six with little or no activity. These samples resulted in increased plasma CA activity.
As reported previously (Henry et al. 1993), there was no CAwere also analysed for iron concentration via atomic absorption

spectroscopy (Perkin Elmer) as a potentially more sensitive activity in trout plasma. Also, CA activity in trout red cells was
about 14-fold higher than that in dogfish, typical of the re-indicator of hemolysis.
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Carbonic Anhydrase in Fish 653

Table 1: CA activity and enhancement factor
in dogfish and trout plasma and erythrocytes

Plasma Erythrocytes

CA activity (mmol CO2 mL01 min01):
Dogfish .............................................. 5.97 { 1.12 (34) 30,776 { 9,403 (7)
Trout ................................................. 1.81 { .12 (17) 512,667 { 28,103 (4)

Enhancement:a

Dogfish .............................................. 12.1 { .9 (33) 18,926 { 1,056 (7)
Trout ................................................. 0 291,548 { 2,198 (4)

Note. The uncatalysed rate of hydration is equal to 1.91 mmol CO2 mL01 min01. Values are mean

{ SEM; sample sizes are given in parentheses.
a The factor by which 1 mL of either plasma or packed erythrocytes will increase the rate of the

uncatalysed reaction.

ported differences in erythrocyte CA activity between teleosts a linear increase in both CA activity and Hb concentration
(Fig. 3). In response to serial additions of deionized water fromand elasmobranchs (Maren et al. 1980).

High plasma CA activity in dogfish was associated with high 0 to 1,000 mL, CA activity increased from near 0 to 500 mmol
CO2 mL01 min01, and Hb increased from 0 to 1.8 g 100 mL01.iron concentration (Fig. 2). The slope of a regression analysis

between the two measured variables, 6.1, was significantly dif-
ferent from 0, and the correlation coefficient, 0.71, was also
significant (P õ 0.01, df Å 10). And while other factors, such
as nutritional state, can also affect plasma iron concentrations,
animals were starved for 72 h before each experiment in order
to keep these variables at a minimum.

Progressive lysis of dogfish erythrocytes in vitro resulted in

Figure 3. CA activity (filled circles) and Hb concentration (open circles)
in the supernatant of whole blood in response to progressive erythro-Figure 2. CA activity in dogfish plasma versus iron concentration

from the same samples. Regression equation: y Å 6.1x / 39.9; r cyte lysis by the addition of increasing volumes of deionized water
(DH2O). Values represent the mean of duplicate experiments.Å 0.71.

9g10$$no11 10-07-97 14:23:10 pza UC: PHYS ZOO

This content downloaded from 130.113.111.210 on Sat, 17 Sep 2016 10:16:24 UTC
All use subject to http://about.jstor.org/terms



654 R. P. Henry, K. M. Gilmour, C. M. Wood, and S. F. Perry

in trout. Fractionation of freeze-clamped gills did not seem to
affect either the qualitative or quantitative measurement of the
subcellular distribution of CA activity; the data reported here
for trout were very similar to those for fresh gill tissue (Henry
et al. 1993) and for teleosts in general (Henry et al. 1988). Gills
of elasmobranchs appear to have significantly higher micro-
somal CA activity than do those of teleosts (Fig. 4; cf. Henry
et al. 1988, 1993).

Endogenous Plasma CA Inhibitors

Naturally occurring CA inhibitors were found in the plasma
of most of the fish species examined. The strongest degree of
self-inhibition (plasma vs. red cells within a species) was found
within the salmonids. For the current experimental conditions
(100 mL plasma vs. 10–50 mL dilute lysate), chinook and trout
plasma abolished 93% and 100% of the CA activity in the
lysates, respectively (Table 2). Eel plasma also contained an
effective CA inhibitor (90%). The CA inhibitors in plasma of
the other fish examined were much less effective; they produced
from 6% to 42% inhibition depending on the species. Dogfish
plasma, which has low levels of CA activity to begin with, had
no effect on CA activity of the lysate (Table 2).

There was some degree of cross-reactivity between plasmaFigure 4. Subcellular distribution of CA activity in freeze-clamped
and lysate of different species. Again, the strongest effects weregill tissue of trout and dogfish. Total CA activity for each fraction
seen using plasma from the two salmonids. Trout plasma pro-is reported as micromoles of CO2 per minute per milliliter

multiplied by the fraction volume in milliliters. Values are mean duced 95% inhibition against chinook lysate, and chinook
{ SEM (N Å 4) for each species. Percent recovery for each step plasma was 90% effective against trout lysate (Table 2). Trout
in the fractionation is reported in parentheses on the right. P1 , and chinook plasma were less effective against CA activity in
cellular debris; P2 , mitochondria; P3 , microsomes; S1 , cytoplasm,

lysate from nonsalmonid species, in which they produced frommitochondria, and microsomes; S2 , cytoplasm and microsomes;
54% to 74% inhibition. The CA inhibitor in eel plasma wasS3 , cytoplasm.
also effective against lysate of other fish: it was most potent
for trout and chinook lysate (79% and 81%, respectively) and

Trout blood, however, showed a different pattern. Over the less so for the other species (42%). The CA inhibitors from
stepwise addition of up to 100 mL of deionized water, there plasma of lingcod, rockfish, and flounder were generally weaker
was a progressive increase in Hb concentration but no change against lysate of other species (27%–56% for lingcod, 30%–
in CA activity (Fig. 3). This indicated that lysis was taking 75% for rockfish, and 8%–40% for flounder; Table 2). The
place, as Hb was detected in the supernatant, but any increase volume of the lysates from each species was adjusted to give
in CA activity was being suppressed. At an apparent critical approximately equal levels of CA activity. While this may not
point, the addition of 150 mL of deionized water, the increase reflect the relative total amounts of CA activity in the blood
in both CA activity and Hb became linear. of each species, it is probably close, as teleosts have a high-

These results indicate that in addition to having CA activity turnover, type II CA isozyme in their red cells and total CA
in the plasma, dogfish also lack a circulating CA inhibitor. The activity that is present in extreme excess (i.e., 10,000-fold) of
CA inhibitor in trout plasma was effective only up to a certain what is necessary for normal CO2 excretion (Maren et al. 1980;

Henry et al. 1993). Small differences in total blood CA activitydegree of hemolysis, above which it became saturated with
between teleost species are probably not significant against thisexcess CA.
large background. Plasma from bullhead had no inhibitoryThe distribution of CA among subcellular fractions of the
effect on lysate of any other species. Furthermore, no plasmagills was different in dogfish than it was in trout in one im-
samples were inhibitory toward lysate of dogfish or towardportant aspect. The microsomal pellet, which contained the
pure bovine erythrocyte CA.external and internal membrane fraction of the gill homoge-

nate, contained threefold higher CA activity in dogfish than it
Discussiondid in trout (Fig. 4). This could be a very conservative estimate
Extracellular Fluid CA Activityof the difference, as the initial pellet fraction (whole cells and

large cell fragments that also contain microsomal CA activity) The results presented here confirm the presence of circulating
CA activity in elasmobranch plasma (Wood et al. 1994) butin dogfish also had significantly higher CA activity than it had

9g10$$no11 10-07-97 14:23:10 pza UC: PHYS ZOO

This content downloaded from 130.113.111.210 on Sat, 17 Sep 2016 10:16:24 UTC
All use subject to http://about.jstor.org/terms



Carbonic Anhydrase in Fish 655

Table 2: Percent inhibition of 100 mL of plasma on the CA activity of 10–50 mL of lysate

Plasma

Dogfish Trout Cod Rockfish Flounder Eel Chinook Bullhead

Lysate:
Dogfish ............. 0 { 0a 0 { 0a . . . . . . 0 { 0a 0 { 0a 0 { 0a 0 { 0a

Trout ................. 0 { 0a 100 { 0a . . . . . . 8 79 { 8a 90 { 6a 0 { 0a

Lingcod ............. 0 { 0a . . . 27 . . . . . . . . . . . . . . .
Rockfish ............ 0 { 0a . . . . . . 42 . . . . . . . . . . . .
Flounder ........... 0 { 0a 74 . . . . . . 35 42 56 . . .
Eel ..................... 0 { 0a 60 27 30 40 90 { 6a 53 { 4a 0 { 0a

Chinook ............ 0 { 0a 95 56 . . . 25 81 93 { 7a 0 { 0a

Bullhead ............ 0 { 0a 71 52 75 26 42 67 6 { 4a

BCAb ................. 0 { 0a 0 { 0a . . . . . . 0 0 0 0

Note. The volume of lysate for each species was adjusted to give an approximate 10-fold increase in the uncatalysed rate of CO2 hydration.
a Values are reported as mean { SEM (N Å 4–6). All other are values reported as the mean of duplicate assays.
b Bovine carbonic anhydrase from erythrocytes (Sigma).

indicate a different interpretation of plasma CA function. The and Metcalfe 1989), the metabolic rate, and therefore CO2

production, are very low. Extracellular fluid CA activityplasma CA activity represents only 0.02% of the total activity,
on the basis of equivalent volumes (1 mL) of plasma versus (plasma and/or gill) may be more important under conditions

of higher CO2 production, such as exercise, but this remainsred cells. Given that the average hematocrit in elasmobranchs
is about 20%, plasma CA activity would contribute a maximum to be shown.

It is possible that the contribution of plasma CA activity toof 0.1% of the total CA activity in the circulatory system. The
high red cell CA activity is coupled with rapid anion (Cl0/ HCO0

3 dehydration originally reported for in vitro conditions
(50%; Wood et al. 1994) was overestimated as a result of theHCO0

3 ) exchange that occurs at a rate similar to that found in
mammalian erythrocytes (Obaid et al. 1979). Furthermore, a method used to measure CO2 excretion (Wood and Perry

1991). Using that same method, Perry et al. (1996) reportedconcentration of benzolamide that was low enough not to
inhibit CA within the red cells but that was high enough to that the red cell contribution to CO2 excretion in teleosts,

which have no extracellular fluid CA, ranged from 55% tofully inhibit plasma CA activity did not alter arterial PCO2 in
dogfish (Gilmour et al. 1997), and a large-molecular-weight 71%. As discussed by Gilmour et al. (1997), the radioisotopic

assay used in these studies is probably limited by the rate ofCA inhibitor that is restricted to the plasma also had no effect
on arterial pH or PCO2 (Swenson et al. 1996). Also, benzolam- diffusion of CO2 out of the reaction medium (Cameron 1979;

Obaid et al. 1979), a limitation that becomes increasingly im-ide treatment did not alter CO2 excretion in dogfish after stren-
uous exercise (Swenson and Maren 1987). Taken together, this portant as the rate of HCO0

3 dehydration increases (for a more
detailed discussion of the limitations of this assay see Henryinformation strongly suggests that plasma CA activity does not

play a significant role in resting CO2 excretion in dogfish; and Heming [1998]). This could have resulted in a dispropor-
tionate underestimation of the dehydration rate of whole bloodrather, excretion of CO2 occurs via the classic Jacobs-Stewart

cycle, as is the case for other aquatic vertebrates (e.g., Cameron relative to that for plasma and, therefore, an overestimation
of the contribution of plasma to in vivo HCO0

3 dehydration.and Polhemus 1974). In a separate study in which methazolam-
ide and benzolamide were used to selectively inhibit red cell Circulating CA in the plasma of elasmobranchs is probably a

byproduct of another physiological process: hemolysis resultingand gill CA, respectively, Swenson and Maren (1987) also con-
cluded that in Squalus acanthias CO2 excretion took place via from the natural turnover and lysis of circulating red cells.

Plasma CA activity in dogfish was low but variable, and itthe red cells.
In mammals, the uncatalysed rate of HCO0

3 dehydration was entirely absent in some individuals. Hb concentrations in
plasma were always very low, but the level of CA activity wasmust be enhanced by 700 times in order for normal CO2

excretion to occur during the short time in which blood resides correlated with plasma iron concentration, suggesting that en-
dogenous red cell lysis, and not lysis as a result of samplingin the pulmonary capillaries (Kernohan et al. 1963); plasma

CA activity in dogfish enhances the uncatalysed rate by a factor procedures, is the source of activity. The corpus cavernosum
in elasmobranchs has been suggested, but not confirmed, as aof 12 at most, and usually much less. While the transit time

of blood in elasmobranch gills is still fairly rapid (1–3 s; Butler potential site for endogenous red cell lysis, and therefore it
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656 R. P. Henry, K. M. Gilmour, C. M. Wood, and S. F. Perry

could be the source of both CA and Hb (Butler and Metcalfe cifically pulmonary CA) among air-breathing vertebrates,
whose ventilation is driven primarily by CO2/H

/ (reviewed by1989). It is possible that Hb is cleared more rapidly from the
circulatory system than is CA and that the lack of an endoge- Dejours [1975]), also supports this idea. Endothelial mem-

brane-associated CA in the mammalian lung is also present innous plasma CA inhibitor results in a residual level of CA
activity. There is evidence suggesting that plasma CA inhibitors low quantity compared with activity in red cells. Pulmonary

CA can enhance the rate of HCO0
3 dehydration by a factor ofin mammals function to scavenge the zinc associated with the

active site of CA that has been released by endogenous hemoly- 130–150 over the uncatalysed rate versus a factor of about
13,000 over the uncatalysed rate for CA in the red cell (Bidanisis and that the inhibitory nature of these proteins is a second-

ary function (reviewed by Henry and Heming [1998]). If this et al. 1983). Furthermore, selective inhibition of pulmonary
membrane-bound CA does not alter pulmonary CO2 excretionis the case, then elasmobranchs, which lack a plasma CA inhibi-

tor, might have a slower turnover of plasma CA relative to the (Heming et al. 1986); rather, it was concluded that the primary
function of extracellular fluid CA (i.e., vascular membrane-turnover of other proteins such as Hb. This would help explain

why variable levels of CA activity, but not Hb, are found in associated CA with an extracellular orientation) was in the
maintenance of rapid chemical equilibrium among the CO2the plasma in vivo. Again, while it is impossible to completely

rule out lysis as a result of sampling, the available evidence species in the pulmonary vasculature. This would provide che-
moreceptors with rapid and accurate information on changeshere and reported previously (Wood et al. 1994) indicates that

some low level of endogenous plasma CA activity does exist in the levels of CO2 and H/ ions in the blood and would
therefore facilitate rapid ventilatory adjustments. In general,in elasmobranchs.

Plasma CA in elasmobranchs may be a result of erythrocyte aquatic lower vertebrates (i.e., fish) possess an O2-sensitive
ventilatory drive while lacking extracellular fluid CA. Ter-lysis, but it is apparent that membrane-associated CA with an

extracellular orientation in the branchial vasculature of the restrial lower vertebrates (e.g., turtles), in contrast, have a
CO2-sensitive ventilatory drive and also possess pulmonarycirculatory system has been selected for. The function of

branchial membrane-associated CA in elasmobranchs, how- endothelial CA (Stabenau et al. 1996). It is possible that mem-
brane-bound CA in the gas exchange organ (gills and lungs)ever, is not clear. Selective inhibition of extracellular fluid CA

activity (plasma and membrane-associated) in dogfish results evolved in conjunction with a CO2-/H/-sensitive ventilatory
drive (reviewed by Henry and Heming [1998]). If this is thein the reduction of bicarbonate clearance from the plasma but

without altering arterial pH or PCO2 (Swenson et al. 1995, case, then elasmobranchs would represent a unique branch in
the evolution of both CA and ventilatory control. The question1996). This is believed to be a consequence of the inhibition of

the catalysed CO2 reactions in the plasma within the branchial of membrane-bound CA and ventilatory control in elasmo-
branchs deserves more detailed investigation.vasculature. The microsomal fraction of dogfish gills has three

times the CA activity found in teleost gills (Fig. 4; Henry et
al. 1988, 1993), and it is this fraction of branchial CA that

Endogenous Extracellular CA Inhibitors
could be available to catalyse the plasma CO2 reactions.

The significance of branchial membrane-associated CA and The distribution and function of endogenous CA inhibitors in
fish plasma are also not clear. There appears to be a correlationthe catalysis of the CO2 reactions in plasma is not clear, but

the absence of an increase in arterial PCO2 when this fraction between the presence and effectiveness of the plasma CA inhib-
itor and the release of catecholamines in response to hypoxia.of CA is selectively inhibited argues against its role in resting

CO2 excretion. It is possible, however, that branchial mem- Trout and chinook have the most potent CA inhibitors, and
both species release large amounts of catecholamines into thebrane-associated and/or plasma CA is important in main-

taining rapid chemical equilibration between CO2 and H/ for blood during hypoxic stress (Tufts and Randall 1989). Cate-
cholamines stimulate proton transport out of the red cell viapurposes of ventilatory control. Elasmobranchs possess a

strong ventilatory response to hypercapnia that involves Na//H/ exchange, thus preserving intracellular pH in the face
of a hypoxic-induced blood acidosis. CA activity in plasmachanges in both ventilatory frequency and amplitude (Heisler

et al. 1988; Graham et al. 1990; Wood et al. 1990; Perry and would effectively short-circuit this mechanism by catalysing
the conversion of H/ and HCO0

3 to CO2 , which rapidly equili-Gilmour 1996). Ventilation in teleosts, which lack any source
of extracellular fluid CA (Henry et al. 1988, 1993), is driven brates across the red cell membrane, regenerating protons via

hydration by intracellular CA, as has been shown to occur inprimarily by hypoxia, with hypercapnia producing changes in
ventilatory amplitude only. Furthermore, CA injection alters fish red cells in vitro (Motais et al. 1989; Nikinmaa 1990).

This correlation, however, does not hold true across all tele-the CO2-sensitive component of the overall ventilatory re-
sponse in rainbow trout following strenuous exercise (Wood osts. Red cells from eel are only slightly sensitive (if at all) to

catecholamines, and only small amounts of catecholamines areand Munger 1994). This suggests that extracellular fluid CA is
correlated with a CO2-/H/-sensitive ventilatory control. released in hypoxia (Hyde and Perry 1990; Perry and Reid

1992a, 1992b), but there is still a potent CA inhibitor in theThe distribution and function of extracellular fluid CA (spe-
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plasma. Existing evidence suggests that flounder red cells have Boom) of the Bamfield Marine Station for their generous hos-
pitality and support.limited sensitivity to catecholamines (Milligan and Wood 1987;

Wood and Milligan 1987), yet flounder plasma contains a CA
inhibitor. Red cells of the Atlantic cod have a pronounced
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