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INTRODUCTION 

In 1928 Henriques (20) deduced from the rates of HC03 - � CO2 reactions 
published by Faurholt (14), that the conversion process was too slow to 
account for the loss of respiratory CO2 across the lung. Henriques sought for 
an enzyme in blood to catalyze the process; for reasons I have reviewed 
elsewhere (32) he concluded that there was none, but that the rapid reaction 
was mediated by carbaminohemoglobin (20). Meldrum & Roughton, five 
years later, discovered carbonic anhydrase (CA) in red cells (38). It is now 
clear that the interconversion of CO2 � HC03 has physiological implications 
far greater than the carriage and excretion of metabolic CO2 in red cells. This 
process occurs in other sites, and the reaction is also central to the formation 
of H+ and HC03 - in secretory organs (reviewed in 30). 

In the present chapter I consider anew HC03 - formation in certain secre­
tory processes, in generation of an alkaline milieu, and in subserving the 
excretion or removal of CO2 from certain special tissues. Chemically, these 
are analogous to the interconversion in red cells; the latter is considered by 
Klocke elsewhere (this volume). An earlier review (34) covers other aspects 
of HC03 - or COj- synthesis, i.e. in shell formation and salivary secretion. 

The purpose of this review is to try to coordinate this subject by weaving 
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696 MAREN 

together those elements that allow for coherent conclusions. In my view this 
is quite possible and can be stated in a single sentence: HCOJ - synthesis 
plays a role in fluid formation as a gegen ion for sodium transport or for 
chloride exchange, and as a carrier for CO2, and as a pH regulator in 
metabolism. 

Until recently HC03 - has been the forgotten ion of physiology and mem­
brane electrobiology. If we use an analogy with CI-, we find at once that 
while the distribution Clin/Clout == 0.1, when inserted into the Nemst equa­
tion, corresponds to the usual transmembrane potential of -60 mY, the 
distribution for HC03 - does not, since HC03 - in IHC03 -out = 10 mM/25 
mM = 0. 4, yielding -24 mY. What is the reason for this, since there is no 
evidence that HCO; is less permeant than CI-? Almost certainly this is 
because HCO)- is formed continuously within the cell, raising HC03 -in' 

Although thc chemical and pharmacological evidence is convincing that 
HC03 - synthesis occurs, there is far less evidence to connect this with 
transmembrane transport. Even when HC03 - transport is discussed, and 
the effect of CA inhibitors documented, the fact of ion synthesis is rare­
ly mentioned. A brilliant series of experiments initiated by Fromter is 
given as an introduction, since they demonstrate these important relations 
(4, 6). 

Transmembrane potential difference (P.D.) from cell to peritubular 
capillaries was measured in rat kidneys in situ, (normally 74 mY) under 
conditions of changing peri tubular HC03 - concentration and inhibition of 
CA. When peri tubular (but not luminal ) HC03 - was lowered to 3 mM, the 
P.D. fell about 35 mY. This depolarization is reduced to 15 mY when a CA 
inhibitor is added to the peritubular perfusate or blood. The drug effect was 
localized to the enzyme at or in the peritubular membrane (5). Thus, lowering 
HC03 -out decreases P.D., but when the formation of HC03 -in is reduced 
by CA inhibition, the effect of reducing He03 - out is muted, since now 
both HC03 - out and HC03 -in are lowered. The P.D. always favors HC03-

exit, even from low intracellular concentration. This type of experiment 
also was done by reducing pericapillary sodium. This depolarizes the mem­
brane as does reduction of HC03 - (45, 67). The circle closes by the find­
ing that acetazolamide inhibits Na+ movement. This shows that Na+ move­
ment is driven by the HC03 - gradient (18). A recent short publication re­
views the matter and emphasizes that the stoichiometry is 3 HC03-:1 Na+ 
(53) and that Cl- manipulation has no effect. This evidence suggests a rhe­
ogenic Na + -HC03 - transport, dependent in part on HC03 - synthesis from 
CO2, 

Although the equivalent experiments have not been done with pancreas, 
choroid plexus, or ciliary processes, partly because of technical problems, it 
is evident that the data available imply the same synthesis-transport processes 
as of the Fromter model for renal HC03 - reabsorption. 
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CO2 and HCO :3 SYNTHESIS 697 

CHEMISTRY OF HC03 - SYNTHESIS 

U I1catalyzed 
There are two routes to the formation of HC03 - from CO2: hydration and 
hydroxylation, each with rate constants kl and k2 given below for 37°C (44): I 

kl = 0.11 sec-I 
CO2 + H20 H2C03 � HC03 - + H+ 

k2 = 27,000 M-1 sec-1 
CO2 + OH- ) HC03-. 

l .  

2. 

Reaction 1 is independent of pH, while Reaction 2 obviously is pH 
dependent. By converting Reaction 2 to pseudo first-order at fixed pH, we 
may judge the relations between the two reactions. At pH 7, k2 yields 27,000 
M-' sec-I x 10-7 M = 0.0027 sec-I, which is small compared to kl. At pH 
9, however, the value is 0.27 sec- I and Reaction 2 dominates. This will be 
used for the physiological model. 

I will develop the idea that the driving force in physiological HC03-
formation is the OH- gradient. This makes it unnecessary to invoke a back 
reaction, since presumably the pH at the site of HC03 - formation is consider­
ably higher than the pH in the final fluid. 

Catalyzed 

There are multiple CAs, but in secretory cells we are concerned with enzyme 
II, also known as C. The membrane-bound enzymes, IV, is not completely 
characterized, and its kinetic properties are akin to II. For II, the hydration 
turnover number (keat) at 37° is 1.3 x 106 sec-I and Km = 13 mM (44). We 
derive the relation between the uncatalyzed rate (or rate constant) and the 
catalyzed as follows: 

3. 

where E is the enzyme concentration. Since Km > CO2 in physiological 
systems, CO2 may be neglected in the denominator, and 

4. 

To obtain a practical "first-order catalytic rate constant" (denoted kpeat) we 
omit the substrate and insert the value of E into Equation 4. Thus if E is 10-6 

'k2 has not been measured accurately at 37°. The 25° value is 8500 M-' sec-I (5 1) .  The ratio 
of k, values at 3r125° is 0.1 11.035 (44). Assuming the same for k2• we arrive at 27.000 M-1 

sec-I . 
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698 MAREN 

M, kpcat = 100 . sec -I and Vcat = kpcat . CO2, For the usual CO2 concentra­
tion in tissues (1 mM), Veal = 100 mM sec-I.  

The term kpcat is directly comparable to kj or k2 (in its pseudo first-order 
form), the un catalyzed rate constants. In the above example (in which E is the 
only variable) the kpcat is about 400 times greater than the uncatalyzed rate 
constant calculated above for pH 9.2 The range of E in the cytoplasm of 
secretory tissues is 0.3 j.tM (ciliary processes) to 22 j.tM [choroid plexus (30, 
60)]. 

HC03 - SYNTHESIS IN ION AND FLUID MOVEMENT; 
RATES IN RELATION TO THE CHEMICAL PROCESSES 

In this section I will show that HC03 - movement is controlled by its synthesis 
from CO2, and that H20, HC03 - and Na+ move together in pancreatic juice 
(PJ), aqueous humor (AH), and cerebrospinal fluid (CSF).3 The alligator 
kidney, in which HC03 - formation subserves CI exchange also, is consid­
ered. 

The reactions within the cell are conceived as having two parts, the 
protolysis of water and the hydroxylation of CO2, 

5. 

2. 

The metabolic path must be similar, if not identical, to that now accepted 
for the coupling of oxidative metabolism to proton pumps (39). Both con­
structs demand that the membranes performing these functions be assymetri­
cally disposed in the cell, with vectorial properties, i.e. protons and electrons 
accumulate on opposite faces acting as cathode and anode. It has been shown 
that Reactions 2 and 5 above are separable, i.e. one can have acidification 
(59) or (presumably) alkalinization without CO2, When the numbers shown 
below are considered, it will be evident that the uncatalyzed formation of 
HC03 - could not have a measurable rate if [OH-] = 10-7 or even 10-6 M. 
Yet there is a significant uncatalyzed process, indicated by the residual rates 
after inhibition of CA. On the other hand, if [OH-] = 10-4, the reaction 
would be so rapid that an enzyme would not be necessary. Indeed, the effect 
of an inhibitor would not be apparent since the rate dependent on Reaction 2 

2Since the catalytic rate is maximal at pH 8-9 (24), this comparison appears valid. 
3
There are other instances of HC03 - formation not as well studied as the present examples 

(34). The 1987 Annual Review of Physiology (Vol. 49) has a section on gastrointestinal 
physiology giving some data on HC03 - output in duodenum and colon, and reabsorption in gall 
bladder. There are also chapters on pancreas and parietal cell pH. 
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CO2 and HCO :3 SYNTHESIS 699 

would exceed the physiological rate. Thus, for the purpose of calculation, and 
so that we are not held up in our thinking by this detail, however important, 
we use 10-5 M as the OH- concentration in the anatomically undefined 
secretory volume. This yields (see above) k2 . (OH-) for Equation 2 of 0.27 
sec-I. The uncatalyzed rate (Vune) is for pH 9 and physiological Peo,: 

k2 (OH-) (C02) = 0.27 sec-I . 10-3 M . 10-3 L. 
16 fLmole min-I for I ml of reaction volume. 

6. 

The reaction volumne, at the present time, must be but an approximation. 
This will be given, along with its basis, in each physiological example. 

The catalytic rate is given by Equation 4, as follows: 

108 sec M-I . E . 10-3 M 
60 X 105 min-I. E. 

7. 

For a cell reaction volume of I ml as used above for Vuneat, E may be used in 
units of 10-3 JLmole ml-I. Thus, as in the example in the introduction where 
E is 10-6 M or 1 fLmole L -I cell volume, 

Veat = 6000 JLmoles min-I per ml or 100 mM sec -I. 8. 

Note that this exceeds Vune by 360-fold. It is shown below that this calculated 
catalytic rate also greatly exceeds the observed physiological rate. The actual 
value of Veat is not of great interest since it is so far above the biological rate. 

Pancreas 

The overt appearance of HC03 - in Pl turned attention early to the role of CO2 
and CA (reviewed in 30). A broad and excellent review on HC03 - secretion 
by pancreatic duct cells, emphasizing mechanisms and control, recently 
appeared (8). The enzyme has been localized in the duct and centroacinar 
cells, in both cytoplasm and membranes. There was weak cytoplasmic stain­
ing in acinar cells (3). 

I review two papers which give full data on electrolyte excretion following 
CA inhibition and alteration in acid-base balance in two species in vivo. The 
isolated in vitro rabbit pancreas appears less suitable for analysis because of 
very low secretory rates (26, 27). 

Table I shows data from dog (42) and pig (41) following secretin in full 
dose, 2-3 units kg-I. When CA is inhibited (Col. 2, Rows 1-2 and 6--7), the 
rates of HC03 and fluid output (Vinh) drop to roughly the same degree in each 
species (47% in dog and 33% in pig). This illustrates a most important 
principle: HC03 - formation and fluid output are linked. This will recur in all 
other organs studies. 
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700 MAREN 

Is Vinh the uncatalyzed rate of HC03 - formation, or is some other process 
involved, i.e. active secretion of HC03 -? We approach this by calculating the 
uncatalyzed rate, as in Equation 6 above, which yields that Vunc is 16 JLmoles 
min -I for each ml of secretory volume. If the volume of the ductal cells 
equals the volume they secrete in two minutes (8), their volume per kg body 
weight is 0.078 ml (dog) and 0.150 ml (pig), from which we calculate Vunc = 

1.3 JLmole min-I for dog and 2.4 JLmol min-I for pig (Col. 4). These are 
remarkably close to the observed Vinh (Col. 2, Rows I and 6) in view of the 
guess at the pH (see above). We tentatively conclude that HC03 - formation 
in pancreas is carried out entirely by the hydroxylation of CO2, uncatalyzed 
and catalyzed. 

The chemically calculated enzyme rate is obtained from Equation 7 after 
entering the secretory volume (0.078 ml in dog) and the enzyme concentration 
E. We obtained 0.34 JLmol kg-I for the whole dog pancreas; using the 
estimate (8) that the secretory cells have but 4% of gland cell mass, we may 

Table 1 Pancreatic HC03- excretion in dog (42) and pig (4 1 )  following secretion 

Mieromoles HC03 - min -I per kg body weight 

Vinh = Vunc Vonz (Col. 1 - Col. 2) Calc. Vunc 

Dog 

Normal 4.3 2. 1 2.2 i.3 

2 (Flow, normal 39 1 9  20) 
ILL min-I. kg-I 

3 HCl 1 . 8  0.8 1 .0 0.6 

4 NaHC03 5.9 3.6 2.3 2.6 

5 CO2 4.6 2.7 1 .9 i.3 

Pig 

6 Normal 1 2  4 8 2 .4  

7 (Flow, normal 75 26 49) 

ILL min-I. kg-I 

8 HC1 6 3 3 

9 NaHC03 16 3 1 3  

avobs = Vtot;ll i s  the Donnal rate i n  vivo. 
hVinh = Vunc is the observed rate in vivo after full carbonic anhydrase inhibition, presumed to represent the 

uncatalyzed rate of HC03 - fonnation (see text). 
cVenz := the enzymic rate uf HC03 - formation in vivo. 
deale. Vunc = the uncatalyzed rate calculated from chemical ratc constants (see text). 
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CO2 and HCO :3 SYNTHESIS 70 1 

use 8.5 Mmol L -I for E. Entering this in Equation 7 along with the cell 
volume per kg we obtain through Equation 8: 

Veal = 6000 J.Lmoles min-I per ml x 8.5 J.Lmol L -I X .078 ml 9. 
= 400 /-Lmoles min-I kg-I. 

This is 1 00 times the total in vivo rate and 200 times the observed enzymic 
rate in the dog (Table 1 ). These numbers show the "enzyme excess" �:: the CA 
system (30) and are supported by inhibition studies as follows. The minimal 
dose of acetazolamide or methazolamide for complete inhibition is 5-50 mg 
kg, -I varying with the organ system and enzyme concentration. In pancreas it 
is 10 mg kg-I (42). Drug concentration in pancreas at this dose is 15 MM 
(42); if E is 8.5 J.LM, free drug concentration (Ir) is 6.5 J.LM. The inhibition 
constant (K, of acetazolamide is 0.01 J.LM, so that fractional inhibition of the 
enzyme (i) is well over 99% according to Equation 1 0: 

% inhibition 
Ir 

---'--- x 100 = 99.84, 
K, + Ir 

1 0. 

where Ir is the concentration of free inhibitor. This independent estimate 
agrees well with the enzyme excess calculated on kinetic grounds. 

Table 1 (Col. 1 ,  Rows 3 and 8) shows that metabolic acidosis decreases PI 
HCOi output and fluid flow. Rows 4 and 8 show that metabolic alkalosis 
increases these functions. The same effect is seen in the isolated perfused cat 
pancreas (la). These findings are consistent with the idea that the cellular 
OH- gradient plays a role in secretion. Specifically, in metabolic acidosis 
plasma OH- is decreased by about 2-fold, and in metabolic alkalosis it 
increased the same degree. Pcoz is nearly unaffected (42). If these changes are 
reflected in the cell, the calculation through Equation 6 yields the data of Col. 
4 for Vune. These agree pretty well with the observed Vune shown in Col. 2, so 
it appears that variations in OH- affect the uncatalyzed rate, as predicted by 
Equation 6. 

Do variations in OH- affect Venz? Theoretically they should not, since the 
turnover number of the enzyme is so great compared with observed rates, that 
small changes in substrate should have no effect. This is the case for metabol­
ic alkalosis, compare in Col. 3, Row 1 with Row 4 and Row 6 with Row 9. 
However, in acidosis the enzyme rate is lowered (Col. 3, Rows 3 and 8); 
possibly the HC03 is formed catalytically at usual rate but dissipated by 
acidotic milieu. 4 

"7he effects of metabolic acidosis and alkalosis on HCOi output in the secretin (or pan­
creozymin) stimulated in situ dog pancreas were the same as shown in Table I. Surprisingly, 
however, HCO" output provoked by dopamine was unresponsive to acid or base infusion (20a). 
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702 MAREN 

In respiratory acidosis, data are not substantially different from controls 
(Table I ,  Row 1 and Row 5). This follows from Equation 6 since OH- and 
CO2 vary in opposite directions, and V unc should be unchanged. Venz is also 
unchanged. The same was found in the isolated cat pancreas ( l a), but authors 
interpret this as showing that secretion was independent of blood pH, not 
realizing that the rise in Peo, matches the fall in OH- during respiratory 
acidosis. 

A crucial study supporting the main thesis in this review, that HC03 - is 
formed in the cell by OH- + CO2, was performed by perfusing the rabbit 
pancreas in vitro with solutions of various anions. HC03 - enhanced pj and 
HCOJ - output, and the effect was reduced by acetazolamide. However, 
infused acetate (or its homologues with one, three, or four carbon atoms) 
again enhanced secretion of PI, but acetazolamide had no effect. The secre­
tion was regarded as originating with basolateral H+ efflux (in exchange for 
Na+) and thus resulting in apical OH- formation. The process was not 
specific for HC03 - (57) but extends to the other anions mentioned (and also 
to sulfamerazine) (47). Since these are not synthesized or involved in the CO2 

+ OH- reaction, CA is not involved. 
The major driving force for HC03 - secretion is the P.D. at the luminal 

membrane ( - 55 to - 80 m V) which allows the ion to move down its 
electrochemical gradient when the cell concentration is about one tenth of that 
in the lumen. Notably, secretin (along with theophylline and cyclic AMP) 
lowers this P.D. (48) and the transepithelial potential (64), which is to be 
expected if secretin increases cellular HC03 - • 

In summary (Figure 1 A): ( 1.) Pancreatic duct cells are capable of producing 
high OH- concentrations destined for secretion, which are then buffered by 
CO2. The P.D. favors accumulation of HC03 - in the lumen. This must be 
matched by H+ transported to blood. Secretin elicits this process in some 
species (cat, dog, pig, man) but not in others (rabbit, guinea pig) (8). In some 
species, cholecystokinin also induces HC03 - output. Secretin appears to act 
via cyclic AMP. The mechanism behind these actions is unknown, but will be 
of great importance when discovered (8). (2.) Although the normal mech­
anism involves CA through the reaction CO2 + OH- � HC03 -, this is not 
part of the fundamental process of H+ -OH- separation, since the secretory 
system works when other anions (cf acetate) are supplied. In this case CA 
inhibitors have no effect (57). (3.) Fluid movement and HC03 - formation are 
linked (here and below) in a way that has not been explained. Notably, when 
other anions are substituted for HC03 - in perfusates, fluid movement drops, 
usually by more than 50% (26, 27). (4.) Na+ and HC03 - movement are 
linked in these systems as in others (Figure I). Are they linked by a secondary 
active transport process (Na I -2HC03 --Cl) (See Ref. 8 for consideration of 
several models)? Or is there a direct chemical link between Na+ and total 
CO2, with transported species NaHCO� or NaC03-? 
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B lood 

Proteins 

+5mV 
I 

Blood 

Proteins 

A. PANCREAS 
Duct Cell, Dog 

H l OH 
+ 

C02 

CA" 

ATP-ase 

6. EYE 

HCO; 

Na+ 

r---ro 
-55 I 

to I 
-80mV 

Ciliary Process, Monkey 

H 1 OH 
+ 
C02 

CA, 
HCO; 

ATP-ase Na+ 
r---ro 

-65 I 
+1 to mV I 
+ SmV L' _-'-_________ ----'1_-' 

C.CSF 
Blood Choroid Plexus, Cat 

Proteins 

ATP-ase 

-SmV 

r--r-o 
-64 I 

mV I 
I 

Lumen Rates * 

Normal CAl 

34 17 

44 23 

Posterior Aqueous 
Rates 

Normal CAl 

40 14 

100 40 

CSF Rates 

Normal CAl 

24 10 

67 37 

Figure J Rates are /Lmol min-1 per gram or per ml volume secretory tissue. CA = Carbonic 
anhydrase; CAl = Complete carbonic anhydrase inhibition in vivo. Catalytic rates are the 
differences between total observed rates (normal) for HCO, - and Na - minus rates during CAL 
Note that the rates are surprisingly similar in these three tissues despite widely different 
concentration of CA (see text). This shows that the enzyme concentration is not the rate-limiting 
feature of secretion. Cell structure or sites of enzyme activity are not implied. Data are from 
Tables 1-3, also Table IO in Ref. 34. Potentials are from Ref. 48 (Pancreas) , Refs. 19 and 25 
(Eye), and Ref. 12 (CSF). 
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Eye 

In the eye there are two (possibly three) tissues that produce HC03 - from 
CO2, catalyzed by CA. The first is the ciliary process, which produces AH. 
The second is the corneal endothelium, which pumps fluid out of the corneal 
stroma into the aqueous insuring clarity of the tissue. The third, and quite 
problematic, is the retina, where CA in Muller cells may have a secretory 
role. 

In this chapter, I consider the the ciliary process since only in this case are, 
there data quantifying HC03 - formation, Na+ and fluid movement, and the 
effect of CA inhibition. I have reviewed the history of this subject elsewhere 
(35). All vertebrates so far studied have CA in the ciliary process (or folds, in 
fish). There is good evidence that the secretory mechanism described here is 
common to all classes of vertebrates. 

The posterior chambers of the human, cynomolgus monkey, and rabbit 
eyes contain about 50 ILL of AH. In the rabbit, and at least in one species of 
fish, the dogfish Mustelus canis, the HC03 concentration is notably higher 
than in plasma (rabbit 35%, fish 100%). In dog, monkey and (probably) man 
there is no measurable excess of HC03 - in the posterior aqueous; however, 
the kinetics of HC03 - accumulation in dog and monkey show that, as in 
rabbit, this ion is formed from CO2 and moves with Na+ from plasma to the 
posterior chamber (35). The underlying chemistry is analagous to that of the 
pancreas. 

Table 2 shows the rate constants and accession rates of Na+, Cl-, and 

Table 2 The accession rates of ions from plasma to posterior aqueous in the cynomolgus 
monkey: Effect of carbonic anhydrase inhibition (CAl) (31)" 

2 3 
Plasma k h '" Accession Rate 

Col. I x Col. 2 
(mM) (min-I) (mM min-I) 

Na+ control 152 0.017 2 .7  

CA inhibition 0.009 1 .4 

Cl- control 103 0.016 1 .6 
CA inhibition 0.012 1 . 2 

HC03- control 20 0.054 1 . 1  

C A  inhibition 0 .019 0 .4  

aso mg/kg acetazolamide i.v. given I hour before injections of isotope. 
hRate of isotope delivery to posterior aqueous ...;... counts in plasma. 

4 
Calc. in 

New Fluidc 
(mM) 

162 
168 

96d 

144 

66d 

48 

"Column 3 X volume posterior chamber (60 I-'L)!aqueous flow (l I-'L min-I), for controls. Flow 0.5 I-'L 
min-I during CAl. 

del and HC03- are 115 and 21 mM. respectively in tht: measured posterior chamber aqueous. 
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HC03 - from plasma to posterior aqueous of the monkey, as measured by the 
movement of the isotopes. Note that the calculated HC03 - concentration in 
new fluid is 3.3 times that of plasma, and 37% of the Na+ is accompanied by 
HC03 - .5 Following full CA inhibition, Na+ accession drops 1.3 mM min-I; 
HC03 - accession drops 0.7 mM min - I. Cl- movement is but slightly 
changed. The newly formed fluid has the same Na+ concentration as plasma 
(Table 2) and indeed is isoosmotic with plasma. Na+, Cl-, and HC03 - show 
one-way passage into AH and CSF; there is no evidence for exchange 
mechanisms (12). 

We may calculate the HC03 - transport rates in the light of the uncatalyzed 
and catalyzed reactions, and the model given in Figure lB. The total or 
observed rate is 40 fLmoles min - I per g tissue and Vinh = 14 fLmole min - I 
g - I. The enzymic rate is thus 26 fLmole min -I g - I. This assumes that Vinh is 
also Vune; that is, there is no other process for HC03 - formation (i. e. active 
ion transport) at work and which appears as part of Vinh. As we shall see, this 
is borne out by calculations to follow. 

The calculated rates are derived from Equations 6 and 7. For Vune, Equation 
6 yields Vune = 16 fLmol min-I per ml secretory volume. Since Vune is 
remarkably close to that observed for Vinh (Figure IB), we assume that Vune = 

Vinh. For Veat, we follow Equations 3, 4, and 7 from which we obtain Veat = 6 
X 106 min -I . E. The latter concentration in isolated ciliary' process is about 
0.5 fLmol kg-I. Entering this value in Equation 7 and for a cell volume of 1 
ml, we get: 

6 X 106 min-I. 0.5 x 10-6 M . 10-3 L 
3000 fLmoles min -I per ml cell volume. 

11. 

This is about 100 times greater than the observed catalytic rate. The margin is 
less than usually found in secretory tissues, because of the very small concen­
tration of enzyme present [compare pancreas (above) and choroid plexus 
(below)]. Still, with 100 times the amount of enzyme needed for normal 
secretion, it is inevitable that the dose-response curve for inhibition begins at 
99% inhibition (no effect) and is complete at 99.9% (36). 

The aqueous humor P.D. is slightly lightly negative to plasma (0.75 mY), 
and full CA inhibition reduces this to 0.5 mY (25). The data may reflect 
HC03 - diffusion potentials, as described below for CSF (2, I I). The P.D. at 

°Table 2 uses the concentration of HC03 - in plasma for calculation, although the data and 
theory hold that the species moving is CO2, In the calculation. 95% of the counts in plasma are 
nlOsidered HCO, -. and 5% CO2, If CO2 were used for calculation, the rate constant would be 
20-fold higher. but the accession rate of total carbon counts in AH (again 95% HCO,-) would be 
the same. Table 3 shows the similar relations for CSF. 
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the apical membrane is -65 mV (cell negative, Figure IB), but, as for 
pancreas, the effect of CA inhibition on this value has not been studied. 

Na+ movement is linked to HC03 - synthesis (Table 2, Figure IB). Since 
Na+ movement is essentially isotonic, fluid movement is a cardinal result of 
CA activity. Thus, inhibiition of this enzyme reduces flow. Appropriate drugs 
have been in use for the treatment of glaucoma for 30 years (35). Although 
glaucoma is a disease of reduced outflow, the CA inhibitors, by reducing 
inflow, bring pressure back to normal in most cases of the disease. 

Cerebrospinal Fluid (CSF) 

The relations between CO2, CA, and CSF formation have a different history 
than PJ and AH. In no species is the CSF overtly alkaline, as PJ and AH, 
although the choroid plexus contains the enzyme and acetazolamide does 
decrease flow (30). The matter was not understood until it was found that CO2 
gas administered to fish greatly increases the concentration of HC03 - in CSF 
and that this effect was reduced by acetazolamide (31). The only explanation 
appeared to be that CSF HC03 - was catalytically synthesized from CO2, just 
as in PJ and AH. Using labelled HC03 -, Cl-, and Na+, it was found that 
bicarbonate access was by far the most rapid; despite the very low ratio of 
HC03 -lNa+ (1/35) in plasma, the accession of HC03 - was V4 that of Na+. 
Table 3 shows similar experiments in the cat; HCO; accession was about one 
third of Na +, i.e. 37% of Na + accession was matched by HC03 - and the rest 
by chloride. Na+ accession was reduced 54% by CA inhibition. The calcu­
lated HC03 - concentration in newly formed fluid is much higher than in 
plasma (as in Table 2), even though the chemically measured concentration is 
the same. The threefold HC03 - excess in nascent CSF is reduced markedly 
by the CA inhibitors. 6 

Using the same treatment to calculate the theoretical rates as done above for 
PJ and AH, we find for the uncatalyzed rate (Equation 6), Vunc = 11 /Lmol 
min -1 per g tissue. For the catalyzed reaction, using Equation 7, with E = 22 
X 10-6 M, we obtain: 

Veal = 6 X 106 min-I. 22 X 10-6 M . 10-3 L = 130,00 �mol min-I. 12. 

'1'he values of Table 3 (63) have been criticized in a" recent review (23) as "not necessarily 
correct" because outflow of Na + and Cl- were not measured. This is not valid criticism, since the 
kin values are calculated from initial rates. If outflow were a factor, the rates of Table 3 would be 
an underestimation, and HC03 - concentration in new fluid would be even greater than the 62 
mM calculated. 

We discarded the measured value of 245 mM for nascent HCO} as an artifact of isotope 
exchange (63). It was never put forward to determine HCO) accession, as claimed in (23). 
Nascent HC03 - is about 62 mM (Table 3). 
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Table 3 The accession rates of ions from plasma to CSF in the cat. Effect of carbonic anhydrase 
inhibition (CAl) (63)" 

2 3 4 5 
Plasma kin b Accession Rate Calc. in Measured 

Col. 1 x Col. 2 New Fluid' CSF cone. 
(mM) (min-I) (mM min-I) (mM) (mM) 

Na+ nonnal 1 47 0.016 2 .4  164 158 
CAl 0.0076 1 .1 1 57 

Cl - normal 1 15 0 .013 1 .5  104 134 
CAl 0.0073 0.8 112 

HC03- normal 
as CO2 0.95 0.94 0.9d 62d 22 
as HC03- 20 0.044 

CAl 
as CO2 0.95 0.29 0.3d 42 
as HC03- 20 0.014 

'Following 50 m g  k g  -I acetazolamide o r  30 m g  k g  - I  methazolamide i .  v. 
bRate of isotope delivery to CSF "'" counts in plasma. 
'Co!. 3 X fluid turnover time. The latter is given by the ventricular volume (1.4 ml) divided by the rate of 

CSF flow (0.020 ml min -I) = 70 min. When carbonic anhydrase is inhibited the volume is unchanged and rate 
of formation is halved, whence fluid turnover time = 140 min. See equation of Table 2. 

dCalculated from Na+ minus Cl- entrance (63). The movement of 14C species was complicated by isotope 
exchange yielding inaccurate values. See footnote 5. 

The calculated and observed rates are compared in Table 4, Note that Vune 

agrees well with Vinh, as in the examples given above for pj and AH. The 
calculated Veat, however, exceeds the observed catalytic rate by about 8000-
fold. This ratio is considerably higher than for pj and AH (see above) since 
the enzyme concentration in choroid plexus is unusually high, exceeding even 
kidney and equal to CA II in red cells (30). The result of this, predictably and 
borne out experimentally, is that the catalytic rate must be reduced nearly 
1O,000-fold (fractional inhibition = 0.9999) for pharmacological effect. 
Thus, 30 mg kg -I methazolamide is required for the CSF effect (60), but only 
4 mg kg-I for AH (66). 

Table 4 suggests that all of HC03 - entrance can be accounted for by the 
hydroxylation of CO2, catalyzed and uncatalyzed, but the question remains 
whether any component of flow lies outside the dependence on this reaction. 
Recent experiments suggest that the uncatalyzed reaction is susceptible to 
inhibition, so that the total CO2 contribution can be measured (61, 62). The 
CSF was perfused with various acids (AICI3, GaCI3, acetic, phosphoric, 
hydrochloric, at pH 4.7). CSF flow decreased to some 67% of control rates. 
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Table 4 Calculated and observed rates of HCO, - formation in 
CSF of cat 

Calculateda.b 

I I  

130,000 

a�mol min -I per g choroid plexus 
"See text. 

Observeda•c 

24 

8 

16 (Vtotal - Vinhib) 

'From Table 3, Col. 3, converting mM min-I to �mol min-t per g 
choroid plexus using 1.4 ml as CSF volume, and choroid plexus weight = 50 
mg. 

We attribute this to reduction of the uncatalyzed reaction to near zero, which 
would occur if pH were decreased one unit at the secretory site (Equation 2). 
Since the calculated uncatalyzcd rate (using pH 9) agrees with the observed 
inhibited rate (Table 4), at pH 8 or less the observed uncatalyzed rate should 
be nearly abolished. CA inhibition causes a 42% decrease in flow, not greatly 
different from the effect on sodium accession (Table 3). Thus the uncatalyzed 
reaction contributes 33%, the catalyzed 42%, both dependent on HC03-
synthesis: 25% lies outside the CO2 system, probably involving chloride 
(62).7 

Thus while normal HC03 - accession is but 37% that of Na+ (Table 3, the 
rest being Cl-), this Na+ -HC03 - linked moiety controls 75% of flow. This 
emphasizes the special relation between HC03 - synthesis and movement, 
and fluid flow. 

An analysis of the rates of HC03 - entrance to CSF under conditions of 
changing plasma HC03 - and Pco, led to the conclusion that the major factor 
in HC03 - accession is the catalytic conversion of CO2 � HC03 - in choroid 
plexus (33). When CA is inhibited, HC03 - rises in choroid cells (21). This 
reflects an alkaline disequilibrium, i.e. OH- is elevated when buffering by 
CO2 is slowed. 

The power of choroid plexus CA was shown by injecting "C02 or 
H'IC03 - intravenously in dogs; 80% of the label of either species entered the 
brain in a single pass (22). This fine experiment demonstrates rapid lll­

terconversion of the species in blood and choroid plexus as follows: 

7 Our earlier work with AlCl3 and GaCl3 led to the incorrect conclusion that both catalyzed and 
uncatalyzed reactions were affected by these Lewis acids (61). A more recent study shows that 
the acids affect only the uncatalyzed reactions (62). 
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C02 and HCO 3 SYNTHESIS 709 

CA 
(injected) H11C03 - � llC02 (injected) 

blood blood 

vC 
llC02 _ HIlC03 -

choroid plexus CSF 

The catalytic power of the enzyme is so great that given the proper buffering 
and the unlimited source of COz, the gas can form any amount of HC03 - for 
transport. When the enzyme was inhibited systemically, first pass entry of llC 
from CO2 was reduced to 50% and of llC from HC03 - to 20%. Even in the 
uncatalyzed situation, the reaction gives one third the normal rate (Table 3). 

The CSF-plasma transepithelial P.D. is dependent on plasma pH: in the 
dog, at pH 7.4, P.D. = 3-4 mY, CSF positive (2, 11). Acetazolamide 
increased P.D. about 1 mY (11), the same direction and magnitude reported 
for CA inhibition in AH (25). pH homeostasis in CSF does not result from the 
P.D. (2), but from HC03 - movement. The critical effect of CA inhibition 
appears to be to lower the ratio A P.D.lA pH (11); this agrees with the role of 
the enzyme in maintaining a high HC03 - gradient from cell to CSF, and that 
the inhibitor reduces the gradient. The results are consistent with the P.D. in 
both AH and CSF being a HC03 - diffusion potential. 

Alligator Kidney 

Alligator mississippiensis and related species normally excrete alkaline (pH 
7.8) urine with about 60-80 meq L -\ of NH4 + and HC03 -. N a + and CI- are 
virtually absent. Clearly an efficient system is at work for formation of both 
ions. NH4 + is made by deamination of amino acids, chiefly glycine and 
alanine. HC03 - is made from CO2 + OH- as described for PI, AH, and 
CSF. The kidney excretes some 20% of metabolic CO2 as HC03 -. When 
acetazolamide is given, urinary HC03 - and pH drop to 5 meq L -1 and 7.0 
respectively , CI- increases 30-fold to about 90 meq L -I, and NH4 + is 
somewhat increased, due to increased urinary acid. HC03 - excretion appears 
to subserve fluid excretion and Cl- conservation; this is a clear case of 
HC03 --CI- exchange. The alligator physiologists believe that the role of 
renal CA is mainly to conserve Cl- (10). 

HC03 - and CO�- SYNTHESIS TO PROVIDE HIGH pH 

Alkaline Gland of Skate 

Males of the genus Raja (or skates) contain small paired sacs on the ventral 
aspect of the genitourinary system which empty (along with urinary ducts) 
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into the urinary papilla. The glands are highly vascular with simple columnar 
epithelium and brush border. Depending on the species and size of the fish, 
the gland contains 1-10 ml of clear fluid. In two species (Raja ocellata and 
Raja erinacea) the pH is 9.2 and total CO2 is 212 mM. From the pKs of the 
proton dissociation of H2C03, it may be calculated that this total is divided 
about equally between HCO}. This is the most alkaline fluid recorded for the 
vertebrate world. The anatomy of the gland and ionic composition of the 
fluids are given in the original paper (37). 

In these two species the gland contains CA, and when fish were treated 
with methazolamide, the total CO2 concentration was somewhat reduced. 
This suggests that the catalytic hydroxylation of CO2 forms C05- as well as 
HC03 -. Of particular interest was the finding that a third species Raja 

stabulijoris, has alkaline glands of the same type, but the total CO2 concentra­
tion is only 100 mM and the pH is less than that in the other 2 species, about 
8.7. There is no CA in glands of R. stabulijoris. Nature has kindly furnished 
an example of the uncatalyzed reaction at work, with parallel data for the 
catalyzed reaction in the other two species (37). 

The transcellular P.D. is about 7 mY, lumen negative to serosa, and the 
apical P.D. is -41 mV, cell negative (52). Thus HCOJ- formed within the 
cell could diffuse down its electrochemical gradient (to 200 mM in lumen) if 
cellular concentration were maintained by its synthesis at 40 mM, which is 
not an impossible value. Chloride secretion accounts for the entire short 
circuit current, indicating a parallel to Na+-K+ coupled Cl- transport in the 
intestine and ascending loop of Henle. The alkalinization process was consid­
ered electrically silent-perhaps a close linkage with Na+. Sadly the effect of 
CA inhibitors on the electrical properties of the system was not studied. 

Rectal Salt Gland of Mosquito Larva 

Larva of Aedes dorsalis inhabit lakes of extremely alkaline saline environ­
ments, with pH to 10.5, HC03 - to 250 mM, and C05- to 100 mM. Isolated 
rectal salt glands of these larva secrete total CO2 at very high rates against a 
transepithelial potential of -31 mY, lumen negative (56). 

Using refined microperfusion techniques for net chemical flux measure­
ments and electrical studies of the isolated gland, it was shown that serosal 
addition of acetazolamide, or CO2 removal, inhibited total CO2 accumulation 
by about 80% (Figure 2). There was a marked decrease of the transepithelial 
P.D. , with hyperpolarization of the apical membrane (Figure 2), but no effect 
on the basolateral membrane (54, 55). These and other experiments suggest 
that CO2/HC03 - enters the cell via a basolateral electroneutral mechanism for 
Cl-. HC03 -/C05- is formed in the cell as shown in Figure 2. Exit to lumen 
is through an electrogenic HC03 - or H+ carrier (54, 55). Although not 
stressed, it is clear that a key event in HC03 -IC05- secretion is their 
catalytic formation, linked to high apical permeability. 
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Apical 
Membrane 

Lumen 

31mV+ 
(88) 

70mM HC03-
(14) 

CO2 and HCO :3 SYNTHESIS 711 

23.5 mM eli 
pHi 7.67 

14.4 mM HC03! 

Basolateral 
Membrane 

Hemolymph 

+ 76mV 
(76) 

Na + 

- _1II(�=-=-=-=-::::"'::::""=-�4L!i5:mNV�=:::==� 
(10) 

Figure 2 Model proposed for He03 - transfer in the rectal gland of mosquito larva (48). Values 
in parentheses are those following complete carbonic anhydrase inhibition. 

Gastro-Duodenal Alkalinization 

Surface mucosal epithelial cells of the amphibian and mammalian gastric 
fundus and antrum secrete HC03 - . Duodenal mucosa has the same function. 
These cells contain CA (28). The purpose appears to be protection of the 
mucosa against parietal cell acid secretion; indeed when the pH of bulk 
secretion is 1-2, the surface mucus gel maintains a pH of 7 (15). Addition of 
10-4 M acetazolamide to the luminal side of isolated non-acid secreting fundi 
of Rana temporaria reduced HC03 - secretion to 30% of normal. There was 
no effect on P.D. or resistance (15). 

These observations explain an older finding (then appearing paradoxical 
since CA inhibition reduces acid secretion and has been used to treat ulcers), 
namely that acetazolamide causes ulcers in dogs, when H+ concentration of 
the stomach lumen is raised to 30 mM (65). Thus inhibition of alkalinization 
decreases the ability of the stomach to resist low pH , even though endogenous 
acid production may be reduced. There is the suggestion that surface mucosal 
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alkalinization is more sensitive to CA inhibition than parietal cell acidification 
(15); the basis for this may be higher concentration of CA at the latter site. An 
excellent review is available (16). 

RELATION OF HC03 - TO H+ SECRETION 

H+ secretion is not considered here, but it is important to mention that it is, 
chemically, part of the same process as HC03 - secretion (Figure 1). In the 
two chief organs of H+ secretion, kidney and stomach (parietal cell), HC03-
is returned to the blood. In kidney, details of this process have been worked 
out beautifully as described in the introduction (4, 6). In the stomach, the 
enormous magnitude of H+ secretion is reflected in the "alkaline tide" of the 
blood, as recognized for many years. 

Renal acidification and HC03 - reabsorption have been covered in a fine 
monograph, which points out: (a) Proximal HC03 - reabsorption is 80-90% 

dependent on CA. For these high rates, the uncatalyzed reaction is negligible. 
(b) Distal H+ secretion is dependent on CA. (c) When the enzyme is in­
hibited, new high HC03 - gradients from lumen to blood are developed 
distally, since proximal HC03 - (but not H20) reabsorption is greatly re­
duced. Thus distal HC03 - back diffusion becomes dominant, and only about 
25% of filtered HC03 - appears in the urine (1). 

The COrCA system in the parietal cell has been neglected recently. I 
reviewed the large literature on the subject 20 years ago (30) and short texts 
giving a unified scheme are presently available (49). The particular issue of 
whether CO2 can be dissociated from H+ secretion has been answered in the 
affirmative (9, 43), in agreement with our finding in the elasmobranch kidney 
(59). In the 1987 Annual Review of Physiology a chapter is devoted to the pH 
of the parietal cell, with some reference to CO2 (see footnote 3). 

HC03 - SYNTHESIS SUBSERVING EXCRETION OF CO2 
("FACILITATED DIFFUSION") 

In this section, I consider three organs in which neither H+ nor HC03 - are 
excreted. The high concentration of CA and the effect of inhibition were 
puzzling for many years (30), but now have been clarified. 

Lens 

Mammalian, avian and amphibian lenses all have CA, but elasrnobranch fish 
do not (30). This, combined with inhibition studies, provided an unusual 
opportunity to study function. 

Inhibition studies were carried out on rabbit lens in vivo and in vitro, with 
care taken to use sulfonamides that permeate the lens. There was no effect on 
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tluxes of K+ (as Rb+), Na+, or Cl-. Measured and calculated potentials 
suggest high K + permeability in the tissue (19). The effect of the inhibitors 
appeared solely to increase total CO2 in the lens, from 33 to 66 mmol kg-1 (in 
vivo) and from 28 to 40 mmol kg-2 (in Vitro). The elasmobranch lens, 
containing no CA, normally has total CO2 4 times greater than the surround­
ing AH, in contrast to the rabbit where the concentration in lens is only about 
12% higher (17). 

From the metabolic rates and geometry of rabbit lens, it was calculated 
that, based on CO2 diffusion alone, a gradient of at least 25 mm Hg would be 
necessary to carry off CO2• Compared to diffusion rates, the uncatalyzed 
interconversion of HC03 - � CO2 is negligible. The catalytic rates, however, 
exceed the CO2 diffusion threefold. 

It was concluded that, in this avascular tissue of radius 0.5 em, CO2 
diffusion requires large gradients, as seen in the fish and the inhibited lens. 
Elimination of C02 is normally carried out by its interconversion to HC03 -, 
as diagramed in Figure 3 (17) . 

Rectal Gland of Elasmobranch 

This gland is an appendix like structure attached to the intestine of elasmo­
branch fish. Under the stimulus of volume expansion or saline load (presum­
ably mimicking sea water intake) the gland secretes (in a 2--4 kg fish) some 
8-20 ml hr-1 of 0.5 M NaCl, which is essentially its concentration in sea 
water (13). 

Cell 

CO2 �-+-�C02(1)�---+�C02 

+ 

Buffer (B-) 

BUFFERS AND t 
PROTEIN IN __ -1------ HB 

TISSUE H+-E:-

TOTAL C02 
TO 

BLOO D FROM 
RECTAL OR 
SALT GLAND, 
OR TO AQUE­
OUS HUMOR 
FROM LENS 

Figure 3 Model showing facilitated diffusion of gaseous CO2• produced by the cell and 
converted to HC03 -. thus increasing the gradient for diffusion out of elasmobranch rectal gland, 
avian salt gland, and lens. In parentheses are the equilibrium concel)trations (mM) of the CO2 
species, presuming pH 7.1 in the cell. 
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The gland has a high concentration of CA (29) , seemingly a mystery since 
the secretion is neutral. After some conflicting results, it was found that 
methazolamide, under the right conditions (notably high, well-controlled flow 
rates) reduced secretion by half. But there was no change in fluid com­
position; it was still 0.5  M NaCl and slightly acidic. The notable change was a 
four fold increase in Peoz and doubling of total CO2 in gland fluid (58) . It 

appeared that as for lens, metabolic CO2 could not be carried off in normal 
fashion when CA is inhibited. (In the normal secreting gland, Peo2 is not 
higher than in venous blood.) The gland has adequate vascularization, but 
when it secretes, CO2 output rises 3D-fold (50). In this special situation, 
catalytic CO2 � HC03 - interconversion seems necessary to maintain normal 
Peo2 . The reason that CA inhibition lowers flow is that acidosis is inimical to 
secretion, as demonstrated by the similar effects of HCl and 5% CO2 (58) . 

A vian Salt Gland 

The functions of the salt or nasal gland in marine birds (46), like those of the 
rectal gland in elasmobranchs (7) and the alkaline gland of the skate (37), 
were discovered at the Mount Desert Island Biological Laboratory about 30 
years ago. 

As for the rectal gland, the avian gland secretion is turned on by the 
infusion of saline. Fluid is neutral, hypertonic to the blood and to the sea. The 
gland contains high concentrations of CA, and is extremely sensitive to 
inhibition. A full ( 16 mg kg - I) dose of methazolamide cuts the saline 
stimulated flow (in sea gulls) from about 6 ml hr-1 to zero (40). This 
"complete effect" is unique; for other secretory systems inhibition cuts flow to 
20-50% of normal. The effect of methazolamide and high CO2 and HCI is to 
elicit acidosis, which as stated, is inimical to secretion. Metabolic and 
respiratory acidosis also reduce secretion (40). Thus it seems reasonable to 
assume, that as in the elasmobranch rectal gland the stimulated system 
yielding high CO2 output requires catalytic conversion to HC03 - . 
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