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ABSTRACT

The role of carbonic anhydrase in carbon dioxide excre-
tion and acid-base regulation in the rainbow trout, Salmo
gairdneri has been investigated. While a significant amount
of carbonic anhydrase was found in the blood of the trout,
calculations based on red cell hemolysates suggest that the
probable circulating levels of carbonic anhydrase activity
in blood may not be sufficient to account for the observed
carbon dioxide excretion. An analysis of carbonic anhydrase
activity in whole blood from the trout revealed that intact
fish erythrocytes, unlike mammalian erythrocytes totally fail
to facilitate the dehydration of extracellular bicarbonate.
The possible mechanism of this phenomenon has been examined;
however the salient point was that fish red blood cells do
not appear capable and therefore by implication apparently
not necessary for the excretion of carbon dioxide at the gills
of trout.

The observed excretion of carbon dioxide in the trout
was found to be accounted for b& the gills and their compli-
ment of carbonic anhydrase. This finding was based on the
following observations. (1) Depletion of circulating blood
carbonic anhydrase levels during severe anemia was without
effect on carbon dioxide excretion rates or blood acid-base

status.
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(2) Introduction of the carbonic anhydrase inhibitor, diamox
into anemic fish produced a severe acid-base disturbance as-
sociated with a fall in observed carbon dioxide excretion.
(3) Isolated perfused gill preparations excrete carbon dioxide
at rates comparable to those observed in vivo from free swim-
ming fish. (&) Carbon dioxide excretion in isolated gill
preparations is abolished by diamox. The excretion of carbon
dioxide in fish occurs via the movement of plasma bicarbonate
into the branchial epithelium, where it is subsequently dehy-
drated into molecular carbon dioxide and excreted. A model
is proposed and supportive evidence presented to account for
the coupling of ionic exchange occurring across the gill with
carbon dioxide excretion. The proposed model distinguishes
between control of plasma hydrogen ion activity and regulation
of plasma total carbon dioxide concentration per se.

The functional significance of this pattern of carbon
dioxide excretion for aquatic animals is discussed along with

the implications for air breathing fish.
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INTRODUCTION



The biological significance cf carbon dioxide has long been
appreciated and possibly has not been more elcquently stated
than by L.J. Henderson in 1913 1in "The Fitness of the
_Environment" (Chapter #4,p. 133): "Two chemical individuals stand
alone in importance for the great biological <c¢ycle wupon the
earth, The one is water, the cther carbon dioxide. These two
simple substances are the common source of every one of the
complicated substances which are produced by living beings and
they are the common endproducts of the wearing away of all the
constituents of protoplasm, and the destruction of these
materials which yield energy to the body." Not only is <CC02 a
major endprdduct of all aerobic metabolic pathways, it also
forms the building blocks_of photosynthesis by plants, which is
vital for the replenishment of environmental oxygen,

C02 1in the gassous state behaves much like any other gas
and is found to obey the physical gas laws., When C02 enters the
aguecus medium the egquilibrium reaction can be described by
equation #1.

Equation #1 C02 + H20 = H2C03 = HCO3 + H = C03 + H
Equation #1a C02 + H20 = HCO3 ¢+ H = C03 + H
Because the ionization of H2C(03 is so rapid the net equation caa
be reduced to egquation # 1a., At neutral ©pH's in buffered
solutions, HC03 is the dominant molecular species comprising
approximately 95% of the total C02 (TCO02) while the remainder is
primarily molecular €02 with a small émount of (€03. At acidic
pH's the dominant species becomes molecular €02 and, converéely
at alkaline pH's the C03 becomes significant . Mclecular €02 is

not an acid strictly speaking; however in a functional sense the



addition or removal of C02 in sclutions at physiclogical pH's is
equivalent to adding or removing hydrogen ions . Thus, for any
organism, C02 is not merely the metabclic endproduct which nmust
be removed, it is also a highly reactive chemical moiety capéble
of altering pH and icnic and osmotic strength as well as
buffering capacity. Therefore it isn't surprising that wmost
organisms exercise controcl over the transport and ultimate
excretion of this molecule,

Movement of C02 into or out of an agueous sclution invclves
a change in pH., If C02 is bubbled into a solution the pH will
necessarily fall according to eguation #1la. Egually true, the
wholesale removal of €02 from any solution will drive the pH up,
all other factcrs being equal. In biological systems C02 1is
continually being added from the respiring tissues; however if
that gquantity of C02 is removed at an equal rate no net change
in pH will oc¢ccur. However it should be apparent that if CO2
output fronm ihe tissues 1is increased without a concomitant
increase in the rate of C02 excretion a net acidosis will occur.
Conversely, a decrease in C02 production or excessive excretion
rate will result in a net alkalosis. If CO02 excretion is matched
with €02 input from the tissues éH disturbances will be
minimized., This system, as it occurs in manmnmals, is fairly well
characterized and provides a useful basis for future comparisons
with other animal groups.

In blood the bulk of CO02 is carried as bicarbonate in the
plasma, When blood rTeaches the lungs of mammals or birds the
plasma bicarbonate is shuttled into the erythrocyte in.  exchange

for a chloride ion (referred to as the Hamburger or chlcride



shift), where it is rapidly dehydrated into <C02 via «carkcnic
anhydrase which resides in the erythrocyte., C02 then diffuses
out following its concentration gradient. In addition a portion
of the C02 is carried in direct ccmbination with the hemoglcbin,
referred to as carbamino C02. Estimates of the importance of
carbémino C02 vary but it prokably does not constitute more than
30% cf the total CO2 reméved {(Bauer ,1972).

In examining C02lexcretion in fish, fundamental differences
from their mammalian and avian counterparts are readily
apparent., First, fish are characterized bv very low C02 tensions
in the blood, typically only 1-2 mm Hg above inspired levels
compared to 30-50 mm Hg for mammals and birds. 1In mammals and
birds the COZ gradients from air to blood can be altered by
changes in ventilation. Thus an increased ventilation rate will
tend to increase the C02 gradient across the lung, resulting in
an increased C02 loss. The converse is equally true, whereky a
decrease in ventilation will cause a retention of C02. The net
result is that adjustments in pH <can be acccmplished by
regulating arterial C02 tensioms (PaC02) via changes in
ventilation, This is not +the <case for +teleosts, changes 1in
ventilaticn dc¢ not alter the €02 gradients or pH (Randall &
Jones ,1973; Randall ,unpublished observations), and ©pH is
regulated via <changes in bicarbonate levels and ot PacC02
{Randall & Cameron ,1973; Janssen & - Randall ,1975; Camercn &
Randall ,1972). A second point for comparison is that, in fish,
at least a portion of expired C02 can be linked tc ionic wurtake
across the gill , for example HCO03/Cl exchange (Maetz €t al

,1676) . In addition Randall et al (1976) demonstrated that the
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dogfish is capable of taking-up HCO3 from secawater across the
gill in order to facilitate pH requlation during hypercagnia.
Thus in fish it appears that C02 movement across the respiratory
epithelium may not be as ™passive" as the mammalian/avian
system., Fish exercise some degree of control cver the form of
excreted C02. (HC03 or <C02) and even in the directicn of
movement, However a definitive answer as to how C02 is excreted
and the significance of bicarbonate in overall C02 excretion as
well as ionic and pH regulation remains obscure.

So far it has been pointed out that pH requlation occurs
and that C02 has an effect on pH. Only slight changes in pH can
cause large fluctuations in the rates of chenical reactions,
some being depressed while others may be accelerated. Most
chemical reactions <carried out in biological systenms are
mediated by enzymes. All proteins, includinq enzymes, are
affected by changing hydrogen ion concentrations. The hydrcgen
ion concentration, among other variables, can alter the
functicnal state of enzymes via dissociation and/or weak bond
interactions which wusually results in a <conformational or
" structural change in the enz}me. While enzvymes may be more or
less susceptable to an altered pH, most proteins do have a pH
where the <charge distribution vyields a specific three
dimensional conformation where enzyme aqtivitv is optimized.
When the pH is changed the degree of dissociation may be altered
so that this three dimensional confiquration is varied, and
detrimental or even lethal effects on enzyme activity may occur.,
However, it should be noted that unless a constant temperature

is maintained an increase in hydrogen ion activity may not



necessarily reflect an acidosis per se. For example, while at 25
C pHB 7.0 may reflect the pH of neutrality, at 10.C pH 7.0 is no
longer a neutral solution but rather acidic. In fact it has been
demonstrate& that poikilothermic animals requlate the relative
alkalinity {(OH/H ratio), not hydrogen ion levels per se ( Rahn
and Baumgardner ,1972; Howell et al , 1970).

Given the situation where an organism needs to maintain the
difference between pH and neutrality at a constant 1level, what
general mechanisms are available to 1it? first, all the body
fluids are supplied with acid-base "buffer systems™ which act as
the first line of defence and are also the most rapid to respond
tc a pH stress.

As an example and to examine the importance of bicarbcnate
in the buffering of biologically active systems a brief lock at
the buffering capaéity of human bloocd may be dinformative.
SeQeral individual buffering systems can be isolated within
blcod, such as albumin, bicarbonate, globins (HHb and HbO2),
inorganic and organic phosphates. All these systems combine to’
give the blood buffering capacity. This is not to ianply these
bufféring capacities are equally distributed in Qhole blood,
that is plasma and/or erythrocytes, The approximate contribution
of each has been computed by Winters & Dell (1965), see table
#1. .Generally these buffers are classified intoc two major groups
- bicarbonate buffers and non-bicarbonate buffers, Bicarbcnate
buffers account for approximately 53% of the total buffering
capacity in mammalian blood., Clearly, besides the contribution
of hemoglcbin, almost all the buffering capacity resides in the

bicarbonate system., Furthermore almost total regulation cf pH



-TABLE #1.

Approximate contribution of individual
buffers to total buffering in whole blood.

From Winters & Dell (1965).
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YPERCENT BUFFERING
“INDIVIDUAL BUFFERS

“Hemoglobin .and Oxyhemoglobin 35
70rganic Phosphates | 3
Adnorganic Phosphates | " ' 2
“Plasma Proteins ‘ : V 7
“Plasma Bicarbonate ;35

“Erythrocytic Bicarbonate . 18



lies within the bicarbonate system when considering the almost
limitless supply of CO02 to the blocd from the body tissues. The
functional relationship can perhaps be Dbetter appreciated by
looking at the Henderson-Hasselbalch egquation (equation #2), and
by considering the C02 system as depicted in fiqure #1.

Equation #2 pH = pK # log [HCO3 ]/ C02]

By viewing the diagram and the Henderson-Hasselbalch
eqguation it can be appreciated that three mechanisms of altering
pH exists at steady-state C02 production. Namely, weither an
organism can change dissolved €02 {C02(d)) content of the
system, or it can alter the bicarbonate concentration, or both
could be regulated. As stated previously it appears that birds
and mammals adjust C02(d) via changes in ventilation, while fish
aépear to regulate bicarbonate levels., The mechanism of this
mode of bicarbonate regqulation is not clear. Analysis of gas
exchange in an agueous vs aerial medium would suggest this is
probably not a chance occurrence but the only possible mechanisn
available,

Air breathing birds and mammals can requlate their blocd pH
(within 1limits) by altering their ventilation; however this is
only possible due to the large content of oxygen in air. This
enables +the organism to greatly alteﬁ ventilation for the sake
of ccntrclling C02 content, without impairing oxygen uptake and
hence delivery to the tissues. In the case of aguatic
respiration this simply isn't possible, Fish can ill afford to
alter ventilation for the sake of C02 control, in the face of
limited and variable amounts of available oxygen in water

{Randall & Cameron, 1973).,



FIGURE #1.

Diagramatic representation of an open

CO, System. C0,(d) and COz(g) refer

+to -‘dissolved and gaseous CO, réspect-

ively.
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In fact it might be arqued that C02 excretion in aguatic
animals never poses a problem, tut indeed the retenticn of
sufficient C02 to ©prevent 1loss of buffer reserve and tissue
alkalosis may present a more formidable limitation., The
capacitance of «carbon dioxide and oxygen in air is equal;
however the capacitance ratio of carbon dioxide and oxygen in
water 1is around 30 (Dejours, 1¢75). Additionally, while the
conductance of oxygen and carbon dioxide in air is nearly equal
the permeation coefficient of carbon dioxide in water is nuch
greater than oxygen. Consequently it has been arqued by Rahn
(1966) and others that water convection requirements across the
gills of fish sufficient for oxygen uptake results in a wvirtual
vacuun for C02, Thus with water acting as a sink for C02 one can
readily appreciate why arterial C02 tensions in fish are low.
Thus in reanalyzing C02 excretion across the gills of fish one
would predict that virtuélly all €02 would be lost at
practically any ventilaticn rate in normocapnic waters. The fact
that arterial C02 tensions do not change in the face of altered
ventilation rates, as during hypoxia (Randall & Jones, 1973), is
therefore puzzling, Either gills must provide an effective
diffusion barrier for C02 but not oxygen or the interconversion
of HC03 to CO02 may be a rate 1limiting process in fish blood. The
rate of the reversible hydraticn of C02 as it occurs in these
animals appears to be of interest .

The enzyme carbonic anhydrase «catalyzes the reaction
depicted by eqguation #1a, This enzyme has one of the fastest
turncover rates of any enzyme vyet characterized {Maren,1667) .,

Consequently, where sufficient <carbonic anhydrase exists the



interccnversion of C02 and HCO03 is never rate liwmiting. It is
therefore essential to investigate the kinetics of this reaction
in fish and particularily important to evaluate how cartonic
anhydrase affects these rates in fish .

Carbonic anhydrase has been defined by Maren (1967) as any
substance that catalyzes the reversible reaction of H20 + C02 =
H2C03 f{equation #17a) in the presence of suitable buffers. It
seems appropriate that such an enzyme be defined loosely, for
its forms and-functions are incredibly varied, seemingly even
more so0 than the globin molecules. Carbonic anhydraée is found
in plants as well as all groups of the animal kingdom and has
even been found in <certain groups of bacteria. Given this
phyletic distributioa, equally impressive is the varied
biological «rcles to which carbonic anhydrase has been linked .
For exanmple carbonic anhydrase has been found in the follcwinq
orgams or organ systems: blood cells; kidney; eye; cerebrosginal
fluid formation; stomach; pancreas; liver and the bilary systen;
salivary glands; sweat glands; taste; reproductive system; avian
salt gland; rectal gland; alkaline gland; gills; swimbladder;
intestine; inner ear; sickling in red cells; adrenal gland and
"also the thyroid gland. Since this enzyme's initial discovery by
‘Meldrum and Roughton (1933) a large amount of literature has
accunulated ; however only recently have significant strides
been made concerning the actual biochemistry of this enzvyme
which are direcily applicable to the physiological aspects.

Most of the early investigations centered‘ arcund the
presence or absence of carbonic énhydrase in various systems or

organisms, and reaction rates and some inhibitor studies, as
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clinical applications were quickly realized. To illustrate how
elusi§e progress has been with «carbonic anhyvdrase it is
interesting to note that the actual product of the hydration
reaction (HC03 or H2C03) remains 1in Adoubt. Most carbonicA
anhydrases are characterized by very high turnover rates, in
fact the high. turnover numbers of some mammalian carbonic
anhydrases <cannot be accounted for with existing catalytic
models. Khalifah (1973) +treats +this fascinating subiject in
greater detail.

As generally found in human erythrocytes, <cartonic
anhydrase exists as one of two isozymes (isoenzymes). There is a
highly active "C" form, which represents approximately 15-20% of
the total carbonic anhydrase present, while a less active W“B"
form comprises the remainder., It should be noted that "less
active" in this instance is a relative term since the "C" forn
has one of the highest turnover rates of any known enzyme
(approximately one million per second), the "B" form is less
active but still significant at 100,000 per second {Edsall &
Khalifah, 1972). Due to the relative abundance of the "B" form
it was purified in workable amounts first, and consequently was
the first carbonic anhydrase isozyme with its complete amino
acid seguence determined. Recently, several groups have reported
the ccmpletion of the sequencing of the "C" form and a general
picture of the enzyme can be presented. Carbonic anhydrase (in
animals) exists as a single polypeptide chain with a zinc ligand
bound by histadyl residues in the approximate geometric center
of thé active enzyme (Waara et al,1972). The "C" form has 260

aminoc acid residues while the YB" form has cne less at 259;
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furthermore Lin & Deutsch {1974) claih that over 60% of the
residues in human "B" and "C" are identical in homolcgous
positions, These individuals also claim that most of the
differences can be accounted for by a single base substitution
in the responsible codon. As mentioned, <carbonic anhvydrase is
functionally and phyletically varied; however in the future
discussion only its tTole in €02 transport and acid~base
regulation will be discussed.

In the late 1920's and early 1930's there were two main
theories as to the mode of C02 transport in the blood. One, C02
was carried from organs to the lungs in the form of bicarbonate,
and at the 1lungs the proteins of the'blood, acting as weak
acids, ccnverted this bicarbonate to carbonic acid which in turn
was dehydrated to CO% plus water , and owing to the wvclatility
of (€02, diffused into the gas space of the lung. The second,
stated 'that' in addition, part, and possibly all the
physiologically importamt 02 1is carried ia direct reversible
combination with the blood proteins. From 1917 to 1921 the
problems were worked on intensly by numerous British
physiclogists with the result that the bicarbonate theory , in
the view of most writers, was favored. Up until about 1925,
attention had been given solely tc equilibrium states of the
process; however in this year Hértridge and Roughton, working on
the combination and dissociaticn of oxygen with hemoglcbin,

pointed out the desirability of studying the kinetics of. the
‘carbon dioxide process in blood., In 1926 Henriques tackled this
problem with a startling outcome. According to the bicarbonate

theory the detailed chemical reactions which lead to (02
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evolution in the lungs was as follows:
{1) HP {protein acid) + NaHCO03= NaP (protein salt) + H2C03
{(2) H2C03 = C02 + H20

Reaction (1) 1is purely ionic and could proceed quite
rapidly, but (2) was known to be a rather slow step. So in the
bicarbonate theory, reaction (2) would be the rate 1limiting
step., Using the appropriate’velécity constants, Henriques (1926)
calculated the rate at which €02 could be liberated under
physiclogical conditions,.and found it to be far less than those
values actually observed in vivo .

Henriques concluded that either a catalyst must exist or
that the physiolcgical transport of carbon dioxide in the blood
must take place by some mechanism other than the bicarbonate
one, However , Henrigues had the pnisfortune of having the c¢nly
known case of a hemolyzed blood solution lacking cartonic
anhydrase and was prevented from discovering this enzyme (Maren,
1972). Finally in 1932 Meldrum & Roughton isolated from ox blood.
a white substance of which 1 part in 10 million was active in
accelerating the reaction. So it was that work on €02 @movement
led to the hypothesis of this enzyme's existence and eventually
to its discovery.

Given the huge catalytic potential of «carbonic anhydrase
and the dimportance of controlling bicarbonate ions, it s<eenms
essential to take a closer look at the tissues where «carkonic
anhydrase could play a role in fish respiration and acid-base

homecstasis.
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INTRCDUCTIGN

The presence of carbonic anhydrase in fish, indeed in all
agquatic animals, has been known fcr some time, for details see
the review by Maren (1967). Early investigations were concerned
with documenting its mere presence; however only since the
discovery of .potent and specific . inhibitors of carbonié
anhydrase, for example acetazolamide, has it been possible to
investigate specific effects. It has been repeatedly shown that
inhibition of branchial carbonic anhydrase interferes with iocnic
movements occuring at the gill. For example sodium uptake across
‘the gill 1is blocked during inhibition of carbonic anhydrase in
trout ( Kerstetter & Kirschner, 1972); goldfish {Maetz & Garcia-
Rcmeau, 1964) and dogfish (Payan & Maetz, 1973). Thus branchial
carbonic anhydraée is generally thought to be essential for in
ionic regulation in fish {Maetz , 1973; Maetz, 1971).

The role of red cell carbonic anhydrase in the excretion of
respiratory €02 in mammals is well documented . All vertekrate
red blood «cells, dincluding those of fish, contain appreciable
amounts of carbonic anhydrase, Consequently when a €02 retention
{and resultant acidosisf develops in fish during acetazblamide
treatment it has been attributed to inhibition of red cell
carbonic anhydrase (Hoffert, 1966 ; Hodler et al , 1955; Maren &
Maren, 1964). Indeed Maren & Maren (1964) stated categorically
that Dbranchial carbonic anhydrase was not involved in the
excretion of respiratory €02 in the dogfish, However two
observations cause problems with analysis of branchial versus
red cell carbonic anhydraSe function, Table #2 depicts rpocled

data fron the literature giving ratios of branchial to
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erythrocytic carbonic anhydrase present in several species of
fish. Due to variations 1in the methods it is not possible to
express absolute levels for comparison between fish; however it
is clear that on a per gram wet weight basis fish possess as
much carbonic anhydrase in the branchial tissue as in blood.
Cameron (1976) demonstrated that in the arctic grayling only 2-
4% of the total expired C02 is ﬁtilized to provide the gill
bicarbonate ions (presumibly via the hydration of C02 within the
gill) for chloride uptake., Kerstetter & Kirschner (1972) argue
that sufficient bicarbonate is available from plasma to ensure
chloride uptake at the gill <€pithelium, as inphibition of
carbonic anhydrase was without effect on chloride uptake in the
trout., Why then should the gill require an equal or larger
amount of enzyme for the hydration of C02 produced by an equal
or smaller amount of carbonic anhydrase via the dehydration
reaction in red cells? Bioloqical systems presumably don't
operate by such an overkill mechanism. Secondly, attempts to
duplicate the experimental approach of Maren & Maren (1964) on
trout have been inconclusive {D.J. Randall, personal
communication). Therefore attempts - to classify tranchial
carbonic anhydrase as distinctly ionic or <respiratory in a
iunctional sense are probably premature. However based on C02
conductance rates and the capacitance of C02 in water it can be
arqued that carbonic anhydrase in aquatic animals was probably
initially related to ionic transport and not the movement of C02
ber se. Fﬁrthermore under these conditions €02 excretion would
be ccupled to ionic regulation in such a fashion that while the

loss of molecular C02 may be uncontrollable, the translccation
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of ions can be tightly requlated.

Krogh {1941) estimated that animals smaller than 1mm in
diameter could satisfy their oxygen requirements purely on the
basis of diffusion. Given the huge C02 sink that water provides
it 1is «clear that <cytoplasmic anoxia would result long before
retention of €02 (and the associated acidosis) could ever
develop.,. Given the relatively slow .rates of the uncatalyzed
hydration of C02 (results section #2) the loss of moclecular €02
may not be controllable. Therefore in order for these cells
and/cr organisms to establish a buffer reserve it would be an
advantage to hydrate metabolic C02 to HC03 plus the proton. This
reaction would of necessity be catalyzed by carbonic anhvdrasé.
The proton could be eliminated by iocnic exchange , e.q. Na/H
exchange on the membrane (Sachs, 1677), with a similar exchanger
{C1/HCO03) <controlling anion levels. Thus the uncontrolled loss
of dissolved C02 would be effectively prevented by coupling <02
loss to ionic exchange. Of course an obviqus advantaqe to this
system 1s that counterions are now available for the
electrically silent exchange of envircnmental sodium and
chloride. That this scheme may be functional at the cellular
level 1is indicated by the demonstration that isolated frogq
oxynetic cells placed in C02 free media maintain constant
cytoplasmic total €02 1levels with tinme ﬁhile maintaining a
higher intracellular pH (Michelangeli, 1978). If +this is an
accurate descripticm thus far and the loss of C02 is indeed
coupled to ionic exchange, then these aquatic organisms would
effectively regulate intracellular pH independent of absclute

C02 levels, Thus so long as intracellular pH 1is at the 1set
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" TABLE #2. Ratio of blood versus gill carbonic
anhydrase activities. Enzyme activities

expressed per gram tissue (wet weight).



ORGANISM

Lake Trout1

Perch2

Sea Bass3

Parrot-fish3

Dogfish4

Hoffert (1965)

Maetz (1956)

Smith & Paulson (1975)

Hodler et al

(1955)

BLOOD/GILL
.CARBONIC ANHYDRASE

16b

0.86

1.32

0.96

1.06

0.36
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point" total (€02 may fall where it may, with pHi adjustments
requlated via either anionic or cationic membrane exchange
processes, Thus if pHi falls hydrogen ions or their equivalent
would be excreted, Conversely an elevation in pHi may produce a
reduction in proton pumping. This appears to be the situaticn in
isolated single <cells (Boron, 1977; <Thomas, 1976; Aiken &
Thomas, 1975; ; Roos,1975; Russell & Boron,1976; Boron & De
Weer, 1976a,b, ). It can be demonstrated that cells subjected to
pH  perturbations respond with an appropriate increase or
decrease in translocation of hydrogen ion equivalents, It is
therefore interesting to note the response of the multicelled
agquatic fish to an acid load, If one considers the gill surface
area as delineating the water membrane or site of cationic and
anionic exchange, and if one views plasma as a very large
cytoplasmic pool, the systems are at least superficially véry
similar, However instead of utilizing either the aniocnic c¢r the
caticnic exchangers, it would appear both are involved. For
example during hypercapnic acidosis the arctic grayling
increases hydrogen ion pumping, as evidenced by increased scdium
uptake rates (Cameron, 1976) . Sodium uptake has been shown to
correlate well with hydrogen ion excretion (Kirschner et al  ,
1973; Maetz, 1973; Payan & Maetz, 1973). It has already been
stated that hypercapnic acidosis resulted in the uptake of
bicarbonate from seawater in the dogfish (Randall et al -, 1S76).
Also it has been demonstrated that the.movement of HCO03/Cl
across the fish gill is an electrically silent 1:1 coupled
exchange (Maetz et al , 1§76). Obvibusly ccmparing an intact

fish with a well defined single cell system is pushing the
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analoqy, and very real complicating factors have been iqgnored;
however it is interesting that the response of aguatic gill
breathers may be more «closely aligned to aquatic single cell
systems rather than to the syster employed by air breathing
mammals and birds.

Consequently although the current evidence would suggest
plasma bicarbonate is prokably dehydrated within the fish Ted
cell (catalyzed by erythrocytic carbonic anhydrase) there is no
convincing evidence to exclude the possibility that plasma HCO3
may move directly into the epithelium where it may be acted uron
by branchial carbenic anhydrasé.

To further investigate this possibility it is first
essential to localize and characterize the carbonic anhydrase

available for this purpose.
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METHODS
CARBCNIC ANHYDRASE ASSAY:

Carbonic anhydrase activity was neasured manometrically
using a modified boat technique as described by Meldrum &
Roughton {1933); Roughton & Booth (1946) and as later modified
by Hcffert (1966). Basically the method is as follows: a
slightly alkaline bicarbonate solution is allowed to mix with a
buffered solution of approximately pH 6.8, whereupon C02 1is
evclved, The rate of the C02 evolution can be measured with and
without carbonic anhydrase present and thus piovides “the basis
of the assay. The reaction vessel or "boat" consists of a
modified 50 ml Erlenmeyer flask. The bottom of the *"koat" Ahas
been partitioned such that the two solutions (bicarbonate and
buffer) remain separated until shaking is commenced, whereﬁpon
the solutions mix and the reaction proceeds. The ﬁpper portion
of the flask 1is provided with a ground glass djoint for
attachment +to a Gilson Differential Respirometer. The Gilson
Respirometer provides the shaking motor and temperature bath,
whiie C02 evolution _is measured by Hewlett-Packard 267BC
differential pressure transducers, via HP 350-1100C Carrier Pre-
Amplifiers and displayed by a 2-channel Beckman 7Type RS
Dyncgraph. Two such "boats" and associated HP transducers and HP
Pre-Amps are utilized such that two assays can be run
simultaneously.

Phosphate Buffers

The principle buffer utilized has been a 0.2 M phosphate

solution with a pH of 6.8, The buffer is composed of 0.2 M

Na2HPO4 and 0.2 M KH2PO4, the relative proportions being
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determined by the required pH.

Bicarbonate
For bicarbonate solutions the sodium salt was made by dissclving
NaHC03 in 0,02 M ©NaOH., All results presented were obtained
utilizing a bicarbonate solution of 200 mM unless ctherwise
indicated.

Physioclogical Saline

Whenever a physioclogical saline was reguired Cortland saline
{Wclf, 1963) was utilized.

Tissue Preparations:

Blood: Blcod hemolysates were prepared in the following manner:
whole blcod was centrifuged, the plasma removed and the packed
cells washed 3X in Cortland saline. An aliquot of cells was then
hemolyzed in known volumes 6f distilled water. A small quantity
of either saponin or Triton X-100 was found to greatly
facilitate hemolysis and was routinely wutilized for this
purpose,

Fish were immobilized by a blow to +the head and a ventral
incision made to expose the pericardium . The gqills were
subsequently perfused via the ventral aorta with heparinized
‘Cortland saline to remove trapped erythrocytes, When the gqills
appeared devoid of erythrocytes the arches were removed and
placed in ice cold Cortland saline, The arches were separated
frem the filaments or utilized whole. Gill tissues in known
volumes of 300 mM sucrose were homogenized by hand cver ice
utilizing a glass homogenizing tube., This suspension was then

centrifuged to remove the cellular debris.
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Subcellular Distribution

The subcellular distribution of branchial carbonic anhydrase was
estimated utilizing differential centrifugation., After
homogenization the crude homogenate was centrifuged at 20,000 X
G for 35 minutes at 4 C using a Sorvall refrigerated centrifuge.
The rellet represented the nuclear and mitochondrial debris plus
the heavy microsomes. The supernatant was centrifugqed for 20
minutes at 4 C at 100,000 X G using a Beckman Ultracentrifuge to
obtain the microscmal pellet.

General procedure:

The transducers were calibrated by altering the volume of ﬁhe
closed system (including the Gilson manometer, the —reaction
vessel énd pressure transducer) and recording the change in
pressure, To perform an assay 2 mls of bicarbonate sclution were
placed into one chamber of the "boat" while the other was filled
with 2 mls of phosphate buffer plus the material to be tested.
1f the test material contained <carbonic anhydrase, the
uncatalyzed control value was obtained by substituting an egual
volume of Cortland saline., The "boats" were then attached tc the
Gilscn, submerged in the water bath and allowed to temperature
equilibrate (usually 2-3 minutes) to the bath temperature <c¢f 5
C. When it was apparent no pressure changes were occurring the
shaking motor was turned on and the reaction allcwed to proceed.
After full deflection of the pens the valves were opened and the
shaking motor and <chart recorder turned off. The reaction
vessels were then removed, washed and air dried and ready for
the next assay.

Calculations:
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The rates of the reaction are expressed as micrcliters of C02
evolved per second, These values are easily obtained frcm the
chart reccrder tracing, Carbonic anhydrase activity can then be
expressed according to the following formula:
E = Kc - Ko / Ko

where, E 1is equal to enzyme units of <carbenic anhydrase
activity, Kc is egual»to the rate of the catalyzed reaction, and
Ko is equal to the rate of the uncatalyzed reaction. "E" values
are arbitrary uniis such that when the catalyzed rate is exactly
twice the uncatalyzed rate "“E" equals 1. The effects of
acetazolamide (Diamox, Lederle) and chloride on  carbonic
anhydrase dehydration activity vwere also investigated. In these
instances inhibition of enzyme activity was calculated as
fcllcus:

% Inhibition = K¢ - Kt/Kc ¥ 100
wvhere, Kc 1is the same as above and Kt is the catalytic rate in
the presence of the appropriate test solution.

Estimation of Km bicarbonate:

Carbonic anhydrase affinity for the dehydration substrate HCO3
wvas determined as follows: a cohstant amount of crude hemclysate
or gill  homoginate Was added to scdium bicarbonate
concentrations of 25, 37 and 71 mM. The rTeaction rates were

plotted graphically and the Km fitted by eve.

e -

Protein determination:

Total protein was determined using a modified biuret method
{Accu-Stat, Clay Adams, Parsippany, N.Jd.) v¥ith albumin as a
standard,

Localization of branchial carbonic anhydrase:
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Histochemical localization:

Intracellular localization of carbonic anhydrase was
demonstrated using a modification of the Hamsson (1967, 13968)
methcd as described by Ridderstrale (1976)

Autoradiographic localization:

Carbenic anhydrase has been 1lccalized in the gill qsinq the
labeled inhibitor acetazolamide as described by Gay & Mueller
(1973). 5.0 MCi of acetazolamide-3H, representing 6.3 mg of dry
pcwder, was obtained by special order from New England Nuclear
{(Boston, Hass.). As Gay & Mueller (1973) found ipn vitro labeling
unsatisfactory, the following in vivo exposure was utilized: the
acetazolamide-3H was suspended im Cortland saline and 3mCi
introduced via a chronic indwelling catheter residing in the
dorsal aorta, see Methods Chap. III, After six hours expcsure
the animal was sacrificed and the gills removed for
autoradiographic analysis, The sections Were fixed in
glutaraldehyde and critical point dried., The «critical foint
dried sections were mounted in Paraplast (Sherwood Ind., St.
Louis, Mo.) for sectioning. 3 micron sections were mounted on
clean dry slides and dipped in NTB-2 tracking gel (Eastman
‘Kodak, Rochester, n.y.). The dry slides were placed in light and
air-tight boxes containing drierite and stored at 4 C. The
autoradiographs were developed for 2 minutes in Kodak Dektol
developer (1:2 dilution with water), fixed for 10 nminutes and
;insed with water for 20 minutes. After drying the slides were
countérstained using Nuclear Fast Red., This staining ©procedure
has been found not to induce a differential shrinking or

shifting of the photographic emulsion which <cculd octherwise
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distort its relationship with underlying tissue sections (C.

Slcneker, Anatomy Dept., Univ, Of B.C.,, personal communicatiocn).

s s e e g e o

The presence of multiple enzyme fcrms (isozymes) was determined
by cellulose acetate electrogphoresis utilizing a Beckman
Microzone electrophoresis chamber and associated power pack.
Electrophoresis was carried out in the <c¢old using barbkital
5uffer (0.06 M) at pH 8.6, The voltage was held constant-at 250
V which usually resulted inm a current of between 8 and 10
milliamps.

The location of carbonic anhydrase activity after
electrophoresis was determined utilizing bromolthymcl blue as an

indicator as described by Tashian (1969).
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RESULTS

Significant quantities of carbonic anhydrase are present in
both blood and gill tissue. Table #3 presents the enzyme
activities based on a per gram of tissue and per gram of prbtein
basis. As a comparison, using the manometric assay at 5 ¢, the
enzyme activity cf rat blood was approximately 450 units per
gram tissue, while purified bovine carbonic anhydrase (Sigma, St
Louis, MNc,) possessed aprroximately 2,000 Eu per gram of
éurified enzyne,

Carbonic Anhydrase Isozymes:

Figure #2 shows that carbonic anhydrase found in gill and
blood is a combination of two electrophorétically distinct
forms. Utilizing crude gill homogenates two distinct staining
regions are evident, a densely staining slow migrating front and
a lighter staining fast migrating band. This staining pattern
contrasted with purified bovine carbonic anhydrase , which
contains cnly cne enzyme form, also run'as a marker. No further
attempt to quantify or characterize the respective isozymes was
attenmnpted.

Substrate Affinity:

The apparent Km bicarbonate for branchial cartonic
anhydrase obtained from three trout ranged from 22-25 nM with a
mean of 23.3 mlM. The erythrocytic carbonic anhydrase frcm 5
rainbow trout ranged from 30-34 mM with a mean of 31.4 mM., At
HCO3 concentrations in excess of 100 mM the enzyme activity
{both branchial and erythrocytic) was depressed, This was not
evident in either bovine or rat carbonic anhydrases at the

bicarbonate concentration utilized,
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Diagramatic representation of carbonic
anhydrase isozymes as revealed by cellu-
lose acetate electrophoresis. Bovine

carbonic anhydrase was run as a marker,
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TABLE {3.

Branchial and erythrocytic carbonic
anhydrase activity in the rainbow trout.

(mean % S.D.)
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g. protein/100 ml " 'Eu/g tissue ‘Eu/g proteiﬁ
BLOOD (n=5) 21t 6 68 t 23 319 * 47
GILL (n=5) 6+t 1 62t 8 972 + 186
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Carbenic Anhydrase Inhibition by Diamox:

Diamox (Acetazolamide, Lederle) was found to strcngly
inhikit branchial and erythrocytic carbonic anhydrase., Figure #3
is a plot of branchial enzyme activity versus increasing
concentrations of Diamox. The apparent I50 (concentraticn of
inhibitor to reduce the enzyme activity by half) is 4 x 10-8 M,
Localization of Branchial Carbonic Anhydrase:

The histochemical staining technique and acetazolamide-3H
autoradiography revealed several features concerning the
localization of carbonic anhydrase in this tissue., Pirst, nmost
of the enzyme appeared to be localized rather generally in the
cytoplasm. Carbonic anhydrase did not appear to be sequestered
in any specific cells, e.9. Chloride cells, but was associated
principally with respiratory cells. Secondly, in addition there
appeared to° be scme enzyme activity associated with the plasma
membtrane. In most instances it appeared the enzymne was
associated with the apical border; however in some sections it
appeared the enzyme was associated with the basal laminal
membrane as well., It was not possible to resolve the specific
location using light micrcscopy in all cases.

In an attempt to further test 'the ©possibility that a
fracticn of branchial carbonic aﬁhydrase»could be associated
with the membrane, differential centrifugation was wutilized to
isolate +the  wmicrosomal fraction of the branchial tissue. This
subcellular fraction in addition to containing the riboscmes
ccntains the plasma memkranes, While the bulk of branchial
carbcnic. anhydrase was found din the cytoplasm, carbonic

anhydrase was also found in the microsomal fraction of the two
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FIGURE #3. 1Inhibition of branchial carbonic anhydrase

by Diamox,
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fish which were examined. In the second dnalysis sufficient
microscmes were collected to measure protein and carbonic
anhydrase, The crude homogenate possessed 1,220 Eu/qg protein
compared with 1,473 and 441 Eu/q protein for the supernatant and
micrcsomal fraction respectively. Carbonic anhydrase activity of
gill arches 1 thru 4 from a single trout was 52.9, 52.4, 57.7
and 56.3 Eu/g tissue respectively, indicating that the enzyme is
probably distributed equally amcng the respective arches.
Distribution of Carbonic Anhydrase in Blood |

No evidence to suggest the presence of carbonic anhydrase
in ©fplasma was ever obtained ., Conseqguently it must be concluded
that all blood <carbonic anhydrase activity resides in the
erythrocytes.

Initially hemolysates were obtained using only distilled
water, This crude hemolysate was then centrifuged and <carbonic
anhydrase measurement based on the supernatant fraction; however
analysis of the pellet revealed significant carbonic anhydrse
activity., When hemclysis was carried out with +the addition of
saponin or Triton X-100 (both agents «capable of disrupting
membrane integrity) a homogenous mixture with increased enzvne

activity was invariably obtained.
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DISCUSSION

Significant gquantities of carbonic anhydrase are present in
both blood and gills of the rainbow trout., While the activity of
bloocd and gill are nearly esqual when expressed on a per granm
tissue basis it can be seen that the gill is particularily
active when expressed on a per gram protein basis,

At least some erythrocytic carbonic anhydrase appears to be
associated with the membrane, in contrast to mammalian red blood
cells where it is thought to be exclusively localized in the
cytoplasm (Maren, 1967). This conclusion was initially based on
the finding +that a sizable fraction of <carbonic anhvdrase
activity was lost upon <centrifugation and recovered in the
pellet, Subsequently, utilization cof membrane deterqents such as
Sapcrin or Triton X-100 to achieve hemolysis further increased
carbonic anhydrase activity and implied a fraction of
erythrocytic carbonic anhydrase was associatéd with the
membrane, This conclusion has subsequently been substantiated
{Hcuston & McCarty, 1978). The significance of a membrane bound
carbonic anhydrase remains . obscure.

The bulk of carbonic anhydrase found in the gill is sclublé
and located in the cytoplasm. A small fraction has however been
demonstrated to be present in the plasma membrane as
demonstrated by autoradiographic and histochemical analysis.
Additionally the preéeﬁce of significant carbonic anhydrase
activity in the microsomal fraction 1lends further support to
this ccnclusion. It is noteworthy that Ridderstralle (1976) and
Wistrand & Kinne , (1977) also found evidence fcr a memkrane

bound carbonic anhydrase in the kidney tubules of the frog and
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rabbit, It would appear that with improved methods and current
technigues, Maren's (1967) contention that all carkbonic
anhydrase is cytoplasmic may be subject to some qualifications.
Unfcrtunately it wasn't always possible wutilizing 1light
micrcscopy to determine whether the membrane bound carbonic
anhydrase was associated with the apical or basolateral memkrane
or both, A further investigation at the electron micrcscope
level might be expected to resolve this question,

Enzyne Kinetics

Dué to the presence of multiple carbonic anhydrase isozymes it
is not rigorously correct to assign a Km value (Segel, 1975);
however it does reflect the affinity of the tissue in guestion
for the dehydration substrate, The finding +that branchial
carbonic anhydrase has a greater affinity for bicarbonate than
the erythrocytic <carbonic anhydrase might imply that, all
factors being equal, principally enzyme/substrate accessability
factcrs, plasma bicarbecnate pools might be more easily
dehydrated within the gill epithelium, Multiple isozymes have
also been demonstrated in eel gill and blocd (Girard & Istin,
1975) . Girard & Istin also found eel gill carbonic anhydrase
possessed a greatar affinity for bicarbonate than the
erythreccytic form. The absolute Km for bicarbonate by fish
. carbonic anhydrase would appear to be somewhat high. For exanple
the Km for bovine carbonic anhydrase is arcund 10 nmM or
approxiamtely half the bicarbomate concentrations found in
plasma (20-30 m#)., On the other hand plasma bicarbonate levels
in the trout are between 6-10 mM while the red <cell <cartonic

anhydrase _Km for bicarbonate is between 30-35 mM. This value is



30

approximately 3X the plasma bicarbonate levels. Trout =red cell
bicarbonate levels <can exceed plasma concentrations (Giles &
Haswell, unpublished); however bicarbonate levels are still far
below +the observed Km for bicarbonate. The situation for the
branchial carbonic anhydrase is seemingly mcre favorable with a
Km between 20-25 mM. No good westimate of epithelial cell
bicarbonate levels is currently available; however they would
not be expected to greatly exceed plasma levels. Two seperats
determinations on bovine carbonic anhydrase (Sigma, St. Lcuis)
gave a mean Xm Dbicarbonate of 13 mM. De Voe & Kistiakowski
{1961) working under similar conditions found a Km of 9.6 mM for
bovine carbonic anhydrase ., Thus although experimentally derived .
Km's for gill and blood carbonic anhydrase appear high they are
probably reliable, Girard & Istin (1975) found apparent Km's in
excess of 100 mM. It is not clear why eel <carbonic anhydrase
Km's should be so high, However in this study it was found that
bicarbonate <concentrations in excess  of 100 aM depressed
apparent carbonic anhydrase activity in the trout and it may be
possible eel carbonic anhydrase is likewise affected., If this
were the case carbonic anhydrase activity at the higher
bicarbocnate concentrations would skew a Lineweaver-Burke rlot
{Girard & Istin utilized this method for estimating their Km
values) such as to generate higher than actual values. In this
study Km's were fitted by éye and bicarbonate concentrations
kept well belcw 100 mM. |

Both gill and erythrocytic cérbonic anhydrase were strcnqul
inhibited by Diamox., The I50 of 10— M for Diamox is in good

agreement with the mampalian fast forms, e.q. Human "C" where
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the 150 for Diamox is also 10 —®8 ¥ (Maren 2%t al , 1976).
Chloride <concentrations up +to 200 mM are without effect on
apparent carbonic anhydrase activity. Human "B" (slow form) is
fully 50% inhibited at chloride concentrations cf 100 nM. Human
"C" requires a chloride concentration of 600 mM to achieve this
same inhibition,

Tashian gt al (1977) claims the appearance of the carktonic
anhydrase slow form is a fairly recent evolutionary occurence,
probably the result of a gene'duplication in early mammalian
evolution, Thus far the slow form has only been demcnstrated in
mammals, it is possible that the slow form carbonic anhydrase
would be masked in a solution or tissue preparation ccntaining
both forms. Indeed in human blocd the fast form or "C" isczyne
represents approximately 15% of the molar concentration of
carbonic anhydrase present and yet accounts for over 90% of the
enzyme activity (Maren, 1967). Consegquently the isolation and
further purification of fish carbonic anhydrase will be required
before the existence or absence of kinetically distinct isozymes
and their ©possible functional significance can be assessed.
ﬁowever it is worth mentioning that while distinct isozymes have
been found in trout and eel, both eurvhaline species, no
egvidence of nmultiple enzymes was found in two species of shark
{Maypard, 1971). |

In summary significant amounts of carbonic anhvdrase exist
in the gills and blood of the rainbow trout. This carbcnic
anhydrase appears as two electrophoretically distinct bands,
suggesting the ©presence of functional isozymes. The bulk of

branchial carboanic anhydrase is soluble and present in the
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cytoplasm, although a smaller fraction appears to be localized
in the plasma membranes, In blood a 1larger portion, possibly
over 50%, may be incorporated into, or at least associated with,
the membrane while the remainder is cytoplasmic. On a per gran
protein basis the gills possess much higher enzyme activities
than erythrocytes; this fact coupled with the greater
bicarbonate affinity demonstrated by branchial carbonic
anhydrase compared with erythrocytic carbonic anhydrase suggests
the gill tissue may be predisposed to the dehydration of plasnma

bicarbonate,
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INTRODUCTION

In mammalian blocd the interconversion of plasna
bicarbonate and wmolecular C02 is greatly facilitated by red
blcod cells and their compliment of carbonic anhydrase. It has
long been known that sufficient carbonic anhydrase is present in
mammalian red blood <cells +tc <catalyze the observed <02
excretion. Kernohan & Roughton (1966) calculated 13,000X more
carbonic anhydrase | was present in red blood <c¢ells than
catalytically necessary. Forster and Crandall (1975) have since
revised this estimate to a 6,000X excess., Clearly, the
interconversion of HC03-C02 within the red blood cell should not
normally be 1limiting. As blood passes fhrough the lung
capillaries molecular C02 will diffuse from blood intoc the lung
space due to the partial pressure gradient existing between
blocod and alveolar gas phases. As approximately 50% of the tctal
C02 1in blood is resident in plasma as bicarbonate, this loss of
C02 could create an apparent disequilibrium situation should the
production of C02 from plasma bicarbonate lag behind. However,
due to the rapid exchange of plasma bicarbonate for red cell
chloride, plasma bicarbonate is rapidly dehydrated tc wmolecular
C02 within the red cells by carbonic anhydrase, thus keeping the
reaction in apparent equilibrium. Klocke (1976) has demcnstrated
that the +translccation of plasma bicarbonate into the red cell
is never normally the rate limitation in the production of <C02.
Thus these two processes (ped cell carbonic anhydrase activity
and thke chloride =shift) ensure arterial C02 tensions egual
alveclar <02 tensions even during exercise when blocd capillary

residence time is shortest {(Chinard et al , 1960). Thus, in
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mammals, at any fixed 1lung blood perfusion, increasing the
arterial-alveolar C02 partial pressure gradient will result in a
larger conversion of plasma bicarbonate to C02 within blood.
dlthough sufficient carbonic anhydrase exists in mammalian
red blood cells, this may not be the case in the trout red cell,
Figqure #4 1is a ©plot of +the calculated half-time for the
dehydration of bicarbonate at various temperatures. Although
this 1is a simplificaticn of the wuncatalyzed rTeaction, and
factors such as pH, icnic strength, non-bicarbonate buffer
strenqth, and the back reaction have been igncred , it does give
an estimate, as well as demonstrating the effect of temperature
on this reaction, With these limitatiéns in mind and assuming a
half-time of 5 minutes at 15 C, and further assuming a gill
residence time of 1-3 seconds (Haswell & Randall, 1978), the

amount of enzyme required can be calculated as fcllows:
Catalytic factor = Uncatalyzed rate/ Gill residence tine

Utilizing +the above values a catalytic factor of 200 is
required, Thus for each ml of blocd passing through +the gqills
the reaction would have to be accelerated scme 200 times. From
table #3 it can be seen that trout blood only possesses around
70 enzyme units or less than half the predicted requirement,
Since Roughton's{1935) initial westimate of the uncatalyzed
reaction velocity (approximately 1 minute at 37 C) recent
investigations have found the apparent in situ half-time to be
apprcximately 10 secconds (Hill et al, 1977; Forster & Crandall,

1975). Thus Roughton'’s original estimate was too high by a
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facter of nearly 10. If the calculations presented in fiqure #5
are likewise too high by a factor of 10 then the wuncatalyzed
rate at 10 € would be <closer to 60 seconds inétead of 11.8
minutes. It 1is interesting therefore that introduction of
aliguots of sodium Dbicarbonate into trout plasma generated a
rise in PCO2 with an apparent half-time of between 60-70 seccnds
at 10 ¢ . If 60 seconds is a better estimate ¢f the uncatalyzed
reaction time the catalytic requirement can now be reduced to
30-60 enzyme units for blood at 10 C., Thus by minimizing
uncétalyzed rates it would appear the requirement might possibly
be mét by the trout, However it is also worth noting that the
enzyme activity expressed in table #3 was obtained when assay
bicarkonate levels were well in excess of the bicarbonate Km (35
mM). Thus while maximally 70 units/ml of carbonic anhydrase
activity may exist in trout blocod, at in yivo bicarbgnate
ccrcentrations of 6-10‘ m4 the in situ- carbonic anhydrase
activity is probably far less than the catalytic requirement.
Additionally lower temperatures and exercise, among cother
variables, might be expected to impose severe limitations on C02
excretion, and certainly the huge catalytic reserve as evident
in mammals is not present in the trout, Thus it may be possible
that the interconversion of HC03-C02 is a rate limitation in the
-production of €02 in  fish blood, and this would provide a
possible explanation as to why a greater washout of C02 does not
occur.,

It thus became of interest to‘ investigate <carkbonic
anhydrase activity as might be found in fish erythrocytes in

situ . It was therefore essential to evaluate the dehydraticn of
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Effect of teﬁperature on the calculated
half-times for the uncatalyzed production
of 002 from HCOB. Adapted from Roughton

(1964); rate constants from Edsall (1969).
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Materials and Methods

Carbenic Anhydrase Activity: in order to «clarify what

contribution, if any, the erythrocytic «carbonic anhydrase was
making to overall C02 excretion, the rapid mixing mancmetric
assay as previously described in Chapter I has bkeen utilized.
Fish blood was obtained via dorsal aortic puncture on MS-222
anesthetized fish or from dorsal aortic <catheters from free
swimming fish, utilizing heparinized syringes, The presence or
absence of MS-222 did not affect the results c¢btained., Sone
whcle blcod experiments were carried out utilizing rat blcod,
this blood was obtained via cardiac puncture on animals
anesthetized with ether, All ilood was kept on ice until
required and usually was analyzed within 10-15 minutes of
removal from the animal , The water bath was maintained at 5 C
unless otherwise indicated.

Cl/HCO3 Exchange:

As this exchange process forms such an integral part of the CO02
excretion mechanism in mammalian red blood cells it was of
interest to demonstrate its presence or absence in fish Ted

blood cells.

-

{(1977) on calf red blood cells. When red blood cells are placed
in disctecnic sucrose internal chloride is lost in exchange for
external bicarbonate, The progress of this reaction <can be
follcwed by measuring intracellular pH. Thus as bicarbonate
replaces chloride within the ted cell pHi will tend to rise. In

this study intracellular pH's were determined on ethancly/dry ice
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freeze thawed <cells as described by Zeidler & Kim (1¢77).
Sucrose sclutions were 300 mM + 5 nmM HC03, with pH adjusted
using P04 buffers.

Carbon Dioxide Partitioning in Blccd

The partitiohinq of C02 between plasma and erythrocvtes vas
determined as follows: Blood suspensions were tonometered

against known gas concentrations for at least one hour. Gas
mixtures were obtained from Wostoff Gas Mixing pumps iBochum,
Germany)., A blocd sample was withdrawn and analyzed for total
C02 (see methods Chap III) and hematocrit. . A second sample was
centrifuged and plasma total C02 measured. Erythrocyte total €02
. was determined by differences between plasma and whole tlood

total C02, corrected for hematocrit.
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RESULTS

Rat Elocd:.

Fiqure #5 demonstrates the change in dehydration reaction
velocity of a noncatalyzed control (100 ul Cortland saline) and
the same reaction using 100 ul of whole rat blood. A decrease in
velocity occcurred if the reaction was followed tc ccmpletion
{not depicted in figure #5); however, unless very small volumes
of whole blood were utilized the rate of €02 evolved always
remained linear +through the first 200 micrcliters of (€02
evolved. Figure #6 shows the change in enzyme activity by
increasing the volume of ratvblood utilized per assay. It is
apparent that an increase in blocod volume is accompanied by an
increased enzyme activity., All experiments with rat blood were
perfcrmed at 5 C.

Whole Fish Blood:

Repeated assays wusing up to one nl of whole klood
{unvashed) from +the —rainbow +trout failed to demonstrate any
significant dehydration activity in excess of the uncatalyzed
controls, Assays were routinely performed at 5-6 C, but thé fish
were Amaintained at water temperaturses near 8-10 C, therefore
several assays were performed at 10 C and 15 C. The chande in
temperature failed to demonstrate any increased dehydrafion
activity over the uncatalyzed control rates.

Most assays were performed with the phosphate buffer at or
near pH 6.8; however to assess the effects of ©pH on the
dehydraticn activity of +the intact erythrocyte, rhosphate

buffers with varying pH's were also utilized. There was no
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FIGURE #5. Typical tracing of uncatalyzed (100 ul Cortland
saline) and the catalyzed (100 ul of whole rat

blood, upper trace) dehydration reaction.
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FIGURE #6. Effect of increasing volumes of whole rat
blood on enzyme activity, demonstrating linear

kineties ( * sS.D., where n=6).
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effect of increasing the pH on enzyme activity.

Occasionally small amounts of activity were noticed. Unlike
rat blcod , increasing vclumes of whole fish blood were not
accompanied by increasing enzyme activity , and enzyme activity
was always associated with some red cell hemolysis, presumably
releasing carbonic anhydrase into the plasna.

Assays using whole blood from the following fish also
failed to demonstrate any dehydration activity: carp { Cyprinus

), 1lingcod ( Ophiodon ), skilfish ( Erilepis ) , flounder (

Carbonic anhydrase activity of hemclyzed trout blood:

Rainbow trout contain appreciable quantitites of carbcnic
anbydrase as demonstrated by assays on erythrocytes hemolyzed
with saponin (Chapter #1), One ml of blood frcm the average
rainbow trout <contains approximately 60-90 enzyme units (table
#3) « Thus each ml of rainbow trout blood with intact red <cells
contains sufficient carbonic anhydrase to potentially generate a
60-90 fold increase in dehydration activity, but it does not.
Theréfore, either carbonic anhydrase dis inhibited im intact
cells or bicarbonate does not ehter the red cells at appreciable
rates.,

Hashed Trout Erythrocytes:

Plasma was replaced by Cortland saline (three washes) and then
this red blood cell suspension analyzed for carbeocnic anhydrase
activity., The red cell suspensicn was found to have pronounced
enzyme activity which was lost if Cortland saline was replaced
by rlasma (see below). The rate was equivalent to 3-8 enzyme

units/ml, less than that for hemolyzed blood ,nbut much ‘faster
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than ever found using the unwashed blood. Cortland saline washed
bleod, termed "Cortland Blood", showed linear kinetics (figure
#7) , unlike the occasional activity found in unwashed blood.
The supernataant of Cortland blocd assays (obtained by
centrifugation) was analyzed for activity; it never showed any
carbonic anhydrase activity; indicating that hemolysis did not
occur in these experiments.

At this point the existence c¢f some modifier in the plasma
seemed ©possible , Evidence for a plasma inhibitcr was confirmed
in the following manner. The remaining blood Qas centrifuqed,
the plasma removed and kept on ice for further use. The
erythrecytes were then washed three times and resuspended with
Cortland saline as outlined above. The Cortland blood was then
assayed. At this point the remaining Ccrtland blood was then
centrifuged to remove the Cortland saline. The supernatant was
discarded and the cells resuspended to +the initial .hematocrit
using the original plasma. This reconstituted blood showed zero
activity. Hemolysis of the remaining blood and subsequent assay
of the hemolysate clearly demonstrated that the iemaining blood
still possessed carbonic anhydrase activity. This approach was
repeated three more times with trout blood with the sanme
:esults. Figure #8 represents the results of one of the
investigations,

It 1is interesting tc note that experiments on the blocd of

freshwater carp , mouthbreeder , the marine 1lingcod, and the

euryhaline flounder, pPlatichthys flesus gave similar results,
indicating a wide distribution of. the plasma inhibitor in

telecsts. This approach with rat blood was attempted only once;
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FIGURE #7. Effect of increasing volumes of "Cortland Blood"
on enzyme activity, demonstrating linear kinetics.

( * s.D., where n=6).
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FIGURE #8. Effect of removing original plasma on dehy-

dration activity of trout blood.
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however, it appeared that washing the cells was without effect,
and the presence of an effective inhibitor at the whole cell
level was not evident,

Chloride Exchange in Fish Red Cells

— ——

The finding that trout red <cells failed to dehydrate
extracellular bicarbonate implies that either
chloride/bicarbonate sxchange mechanism does not exist in trout
preventing the catalyzed dehydration reaction.

Rates of Red Cell Alkalinization

Under these experimental <conditions the net efflux of
chloride is directly related to the presence and/or ability of
red cells to take-up bicarbonate as the cells attempt to
maintain Donnan equilibrium; Under these conditions the wurtake
of bicarbonate per se&¢ is not measured but rather the resultant
change in red cell pH.

Washed trout red cells suspended in 300 nM sucrose rapidlv‘
take-up Dbicarbonate as reflected by the rapid and large rise in
red cell gH, see figure #9. This rise in pH <continues at a
slower rate until the red cells ultimately hemolyse. At 5 C all
wvashed cells vwere completely hemolyzed after several hours. On
the contrary unwashed <cells suspended in sucrose show a small
initial rise in pHi of approximately .2-.4 pH units, However the
red celi pH rises only very slowly or not at all after the first
minute, Blood from two separate fish was subjected to sucrose +
50 M bicarbonate. Even under these elevated plasma bicarbonate
levels red cell pH remained stable, table #4, In fact even after

approximately 24 hours pHi was elevated only .2 units freom the



FIGURE #9.

L43a

Effect of suspending trout erythrodytes in 300
mM sucrose + 5'mM NaHCOg on intraceliular PH.
Closed circles represent erythrocytes from whole
blood while all other cells were obtained from
washed cells. See text for details. Water

temperature was maintained at 5 C.
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TABLE #4. Effect of suspending red cells from whole

trout blood in 300 mM sucrose + 50 mM NaH003

on intracellular pH.
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Blood Sample "A"

Blood Sample '"B"

Initial pHi
7.6

7.6

1 min.
7.9

8.1

TIME IN SUCROSE + 50 mM NaHCO}__

8 min, 16 min, 30 min. 60 min,
7.9 7.95 - 8.05

8.05 8.0 8.0 -

24 hours
8.0

8.3
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reading obtained after 1 min and hemolysis was never evident,.
When trout blood was tonometered for one hour with 1% C02
in air, approximately 90% of the total C02 was found to be

present in the plasnma.

Partial Characterization of Plasma Factor:

Preliminary attempts to isclate and characterize the plasma
inhibitor in +trout plasma have revealed +the focllowing. The
plasma factor 1s heat and acid labile, The factor is
nondialyzable against either deiohized water or balanced salt
.soluticns, The greatest fraction of activity 1is remo&ed by
salting out the vproteins with a 50-75% ammonium sulfate
solution, Thus it would appear the plasma inhibitor is probably
protein in nature and sufficiently large as to be unable to pass

through dialysis tubing.
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DISCUSSION

Bcoth (1938a) concluded that it was impossible tc measure
carbonic anhydrase activity of intact erythrocytes utilizing
mancmetric technigues, Booth, using rat blood, found that only
the initial few seconds of the reaction reflected true <carbonic
anhydrase activity, after which the rate fell to the uncatalyzed
rate, He stated +that this was due to enzyme substrate
accessibility factors. He arqgued that maximal carbonic anhydrase
activity was only possible during the initial phase of the
reaction when intracellular chloride would be available to
€xchange with extracellular bicarbonate, |

In mny hands, whole rat blocod and washed £fish blcod
consistently gave 1linear activity during the evoluticn of the
first 200 micreoliters of carbon dioxide evclved., Boocth also
stated that some methods such as the "blob technique”™ (a ternm
coinedvby‘Eooth wherelty the red cells remain aggreqated ztather
than dispersing randcmly) and minimizing temperature
equilibration tiées helped maintain intracellular chloride
levels, so that the rate of C02 evolution would be maintained
longer. ﬁhile the times for temperature equilibration were kept
constant, it was not possible to demonstrate any difference
between the "blob technique" and "normal" pipetting. The reason
‘ for the disparity in Booth's results and mine is not clear.

Booth?'s conclusion that enzyme substrate activity is
‘crucial to carbonic anhydrase activity in intact erythrocytes
seems ungquesticnably true, If a small quantity of saponified rat
blood 1is analyzed for <carbonic anhydrase activity it has

approximately a 7-10 fold greater activity than the unlysed
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eguivalent, This finding is 1in agreement with Meldrum and
Roughton (1933), who found that lysed blood from the ox and the
goat had a 4 and 40 fold greater activity than the unlysed
equivalents. |

The salient feature ccncerning the present assay of rat
blood, in contrast to Booth'!s data, is that the reaction rates
Wwere measurable, reproducible and obeyed linear kinetics, It is
also interesting to note that Meldrum & Rbuqhton make no mention
of difficulty in assaying carbonic anhydrase activity from whole
blcod . Thus it seems that the assay methods used could
accurately portray any catalysis of bicarbonate to C02 occuring
within the intact erythrdcytes, the rate beinq‘determined by
carbonic anhydrase activity and accessibility of substrate.

original attempts to estimate +trout carbonic anhydrase
activity were difficult to evaluate, While it certainly appeared
that +trout blood 1lacked any dehydration activity, Bocth's
arguments seemed compelling, Initially it was felt that due to
the methods used any dehydration activity was simply gcing
undetected. However when even 10-20 microliter veclumes of rat
blood gave obvious dehydration activity it became harder to
understand why wmilliliter " volumes of trout blood lacked
activity. The chance finding of a gplasma inhibitor generated new
confidence in. the method and certainly helped explain the
difference between fish blcod and rat blood.

That an dinhibitor of erythrocytic dehydration activity
exists 1is demonstrated by the results of trout assays included
in figure #8. The occasional activity found in some of the

earlier preparations 1is probably a reflection of a combination
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of liberated carbonic anhydrase from hemolyzed c¢ells and/cr a
diluticn of the inhibitor,

A plasma inhibitor of <carbonic anhydrase is not a new
finding . Booth (1938b) found inhibitors in the plasma of
sheep,pigs, and rats among others. Maetz (1956b), working with
fish, alsc found a plasma inhibitor., Leiner et al {1962)
partially purified the plasma inhibitor of sheep and evaluated
its effects on carbonic anhydrase from a variety of organisas,
including fish, However all plasma dinhibitors thus far
established have been assayed for +their inhibition of either
hemolysates or sohe form of the purified enzyme, Any effects
~which these inhibitors may have had on intact erythrocytes has
not been investigated., It is interesting to note, however, that
washing rat blcod had no effect on the ‘dehydration activity
{Booth found a plasnma inhibitor'in the blood of the rat).

Booth, 1in discussing his plasma inhibitor (he clainmed a
glcbular protein c¢f scme sort, later confirmed by Leiner's
group), suggested its ©possible function was in immobilizing
carbcnic anhydrase liberated by erythrocytes during the <course
of their normal destruction‘ or during their injury. This
originally attractive proposal was undermined when Bocth fcund
that human blocd apparently lacked a plasma inhibitor.

Preliminary attempts to characterize the trcut inhibitcr do
not exclude the possibility that it is also a glcbular protein.
The plasma inhibitor is heat and acid labile and presumably ia a
large moclecule as <judged by its - inability +tc¢ pass thrugh
dialysis +tubing. Also the finding that the inhibitor can be

salted out with ammonium sulfate 1is consistent with the
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suggestion that the plasma inhibitor is protinacious. The plasna
inhibitor could seemiﬂqu operate in one of two fashions. The
inhibitor could act at the 1evel of the enzyme per se ,or the
same effect <could be achieved by inhibiting the influx of
bicarbonate ions, A complete explanation of how the trout
inhibitor functions is not possible; however the followihq
tentative explanation can be offercd at this time,

If trout blocd was hemclyzed, dehydration activity was
always observed, even if the original plasma was present. While
this type of experiment dces not conclusively demonstrate how
the inhibitor functions it does establish that the integrity of
the erythrocytic nmembrane is essential feor the carkcnic
anhydrase inactivation to occur. Cabantchik and Rothstein
{1S74a,b), working with human erythrocytes, have demcnstrated
the presence of anion channels in the membrane. Furthermore,
with the use of diethyl stilbene derivatives they found it
possible to inhibit (in excess of 98%) anion fluxes, while
caticn fluxes remain unaffected. If this type of channel exists
in trout erythrocytes a plasma inhibitor could functionally
inhibit the enzyme in this fashion. Haswell 2t al (1978) using
the red blcod cells of +the mouthbreeder , vwere unable to
demonstrate any effect of rlasma on the rates of
chloride/chloride self-exchange, Preliminary investigations
suggest plasma is also without effect oz chlorideschloride
exchange 1in the rainbow +trout red blood cells. Thus it wculd
appear that the presence or absence of plasma does not confer a
generalized anion impermeability to fish red c=lls. In these

investigations (present study and Haswell et al , 1978) it was
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not possible to study in detail the effects of plasma on net
chloride flux, In mammalian red cells the rate of chloride self-
exchange proceeds at a rate some 1,000 times faster than net
movements of <chloride (Knauf gt al , 1977)., Thus the rates of
36chloride equilibrium between plasma and cells proceeds with a
half-time of only seconds during conditions of self-exchange.
The analogous reaction, for example Cl/Acetate or <Cl/lactate,
takes ¢f the order of minutes or longer . There is some evidence
that these two processes (self-exchange versus net exchange) Bay
utilize different transport mechanisms (Gunn et al ,1973). SITS
and LIDS (both stilbonic acid derivatives) appear to inhibit
both net and self-exchange‘in human erythrocytes. However the
effects of SITS is variable in its response, for example, in the
ccw SITS produces only 80-90% diphibition of chloride efflux
versus ‘98-99% in human red cells {Zeidler, personal
communication). Additionally SITS was without effect on (1l/C1
exchange in trout red cells, although effective on red cells of
Tilapia (Haswell et al, 1978). Thus it is possible that a
negative effect of plasma on Cl/Cl =2xchange is not sufficient
evidence to rule out the possible direct effect of plasma on
Cl/HCO3 exchange per se. Ind€eed the rates of red cell
alkalinization would appear to ccnfirm this suggestion.

The adoption of the cell alkalinization protocol provides a
method of following the actual Cl/HC03 exchange, albeit under
artificial conditions., W®When red blood cells are suddenly
suspended in a <chloride free medium a large chemical
concentration gradient 1is established. However the movement of

anions into erythrocytes is electrically silent via an exchange
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diffusicn process {(Gunn et al, 1973), and the eventual efflux of
chloride is only possible 4if counter ions of like charge are
available on the outside. Thus , @as chloride 1leaves, ancther
anicn must enter to maintain electroneutrality.'ln this study
all solutions were made of analytical grade or better <chemicals
and the added bicarbonate was essentially the only available
counterion, Under these conditions, as chloride leaves
bicarbonate énters, maintaining Donnan equilibrium. The net
consequence is an increase in red cell pHi. Washed red cells,
when  suspended in sucrose, rapidly gained bicarbonate as
evidenced by the increased pHi., Hydrogen iom concentrations
continued to fall although at a slower rate throughout the
measurement period., This exchange process would be expectad to
continue until chloride equilibrium is eventually reached. after
apprcximately two hours hemolysis was severe and further pHi
determinations were impossible due to insufficient packed rTed
cells, These results using trout erythrocvtes are qualitatively
in agreement with those of Zeidler & Kim (1977) working with
calf 1red cells., In calf red cells hemolysis cccurs before final
eguilibrium due to the loss of membrane structural inteqrity.
These authors found that alkaline pH caused the loss of
integrity of a menbrane protein, the band 3 protein, which was
responsible for the hemolysis. Hemolysis was not associated With
red cell vglume changes . In contrast to results obtained with
washed erythrocytes, utilizing cells from whole blood resulted
in gquantitative and gualitative differences ., Although an
initial rise in pHi of between .2-.4 units was observed aupon

exposure to sucrose, the pHi theresafter remained constant or
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rcse only slightly. In the extreme situation where extracellular
bicarbonate waé elevated to 50 mM the pH change after 24 hours
was only .2 wunits higher. Additionally no signs of hemolysis
vere apparent even after 24 hours. Thus it would appear that
trout cells taken from whole blood are susceptible to elevations
in pHi as ccmpared to those cells previously washed and devoid
of plasma., It may be the small initial rise in pHi is the result
of outward diffusion of mclecular €02 from the <cell into the
extracellular medium and/or associated with a changing red cell
volume. There can be 1little doubt that trout red cell
functioning 1is affected by the presence or absence of plasnma.
This is not the only instance where plasma born factors are
known to affect red cell éctivity, For example, Seider & Kinm
{1978) demonstrated a factor resident in cow plasma which is
capatle of modulating red blood cell glycolytic rates.

The apparent nonpermeation of bicarbonaté is significant
from the standpointvof C02 excretion, but it can readily be
appreciated the ability to rapidly alkalinize red cell pH will
affect oxygen lpading and thus may be important in oXxygen
transport as well, ’

Indeed this seems to be the situation in fish blood. Berg &
Steen (1968) found that +the rate of oxygen bindin; by tlood
leaving the rete structure of the eel swisbladder wwas much
slower than the rate of oxygen unloading within the rete. This
phencmenon has important consequences in swimbladder functicninq
(Fange, 1973; Steen, 1970). Forster & Steen (1969) took a closer
lock at oxygen binding kinetics of fish blood, using eel blood

and clearly demonstrated the asymmetrical nature of the "Eoot"
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shift. Forster & Steen found that at 10 C the half-time of
oxygen release 1in the face of elevated PC02 and hydrogen ion
concentraticn was around 0.02 seconds. Under the reverse
conditions of decreased hydrogen ion concentration and elevated
bicarbonate the rate of oxyqen rebinding was fully 9 seconds or
over 100X slower, Under conditions which should enhance oxvygen
bipding (decreased hydrogen ion concentration and elevated
bicarbonate levels) it would be predicted that plasnma
bicarboﬁate would shuttle into the red cell, combine with a
cytoplasmic proton and form C02 and H20. This €02 molecule would
then diffuse out of +the <cell following the C02 gradient. As
previously stated carbonic anhydrase catalyzes this reacticn in
mammalian red_cells and also the movement of bicarbonate is very
rapid, therefore it is not surprising that the rates of oxygen
locading and unloading in mammalian red cells are essentially
equal (Forster & Steen, 1968), The asyummetrical nature of oxygen
loading and unloading in =€l red blood cells is consistent with
the present analysis of trout red cell alkalinization . Clearly
the ratés of oxygen loading may be affected by the plasma factor
« Ancther explanation of the data however does exist. As
demcnstrated in Chapter #1 a large portion of red cell carkonic
anhydrase is bound to or at least associated with the trout red
cell membrane. This also appears to be the situation in flounder
erythrocytes (Haswell, 1977) and probably in all fish., Thus if
this «carbonic anhydrase 1is accessible to the extracellular
environment a plasma born factor could functionally inhibit the
enzyme per sSe , However the hydrétion reaction does occur in

intact erythrocytes (Forster & Steen, 1968). Thus a plasma
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factor would «c¢nly inhibit the dehydration reaction and not the
hydration rea;tion. Currently, no known carbonic anhydrase
inhibitor is capable of inhibiting one reaction, either
dghydration or hydration, without also inhibiting the back
reaction. It seems reasonable at present to assume the enzynme
can catalyze either rTeaction but substrate availability is
tightly controlled,

In sumpary, it can be concluded that while enough carkcnic
anhydrase may possibly reside in fish red cells tc catalyze the
dehydration of plasma bicarbonate to €02, it is not possible to
demonstrate carbonic anhydrase debydration activity din intact
erythrccytes., This 1inability of fish red cells to dehydrate
plasma bicarbonate is apparently the result of the inability of
this bicarbonate to gain access to red cell carbonic anhydrase.
A facter in the plasma, probably protein in nature, is
responsible for this inactivation. Over 90% of the total CO02
found in trout blood resides in the plasma(table #10)and the
ability +to generate molecular C02 within the blood must surely
limit the role of the eryfhrocytes and erythrocytic carktenic

anphydrase in the excretion of C02 at the gills,



CHAPTER III; €02 EXCRETION IN THE TROUT: A ROLE FOR BRANCHIAL

—— e e . S e e e Ao Moo Sl




55

INTRODUCTION

Over 90% of the +total (€02 in fish blood resides in the
plasma and the bulk of excreted €02 originates as plasnma
bicarbonate, Furthermore, it can be demonstrated that the
formation of moleculdr C02 1is a slow process, and carponic
anhydrase 1is probably necessary. The significance of this slow
uncatalyzed rate would be compounded if gill residence times are
relatively short as is +true of blood in mammalian lung
capillaries (West, 1974)., Hoffert and Fromm (1973); Hodler et al
. {1955); Maren & Maren, (1964) have repeatedly demonstrated the
requirement of carbonic anhydrase for C02 excretion in fish.
However this study has indicated that (1) fish red cells may not
POSS€SS sufficient‘ carbonic anhydrase to catalyze the
dehydration reaction, based solely on theoretical grounds, and
{2) trout red «cells in yviitro do not appear to dehydrate
extracellular bicarbonate at all., Given the high 1levels of
carbonic anhydrase activity in the gill it may be possible this
tissue is the source of carbonic anhydrase responsible for  the
excretion of C02 at the gills, <Certainly +the finding that
branchial carbonic anhydrase has a greater affinity for
bicarbonate than the erythrocytic carbonic anbhydrase provides
further support for this possibility. The following experiments

were designed to directly test this hypothesis.
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MATERIAL & METHODS
411 experiments were performed on rainbow trout { Salmo
- gairdneri ) weighing between 200-400 grams. These fish‘ wvere
ﬁaintained in 1large <circular tanks provided with oxygenated
dechlorinated Vancouver tap water., The water temperature during
the ccurse of these experiments was between 8-10 C. .

A411 fish were implanted with chronic indwelling catheters
for tlocd sampling, Cannulas were implanted in the dorsal acrta
according to Smith & Bell {1964) with the following
modifications, Instead of utilizinq. a needle lodged din the
dorsal acrta a length of P,E. 50 tubing (Clay-Adans) is advanced
directly into the dorsal aorta utilizing a Sovereign Indwelling
Catheter and needle assemnbly (Sherwood Medical, St. Louis, Mo.).
The catheter a;sembly consists of a 20 gauge needle which fits
snugly into the tip of a flared 2 inch long catheter. Upon
successful location and penetraticn of +the dorsal aocrta the
needle is withdrawn 1leaving the catheter still in the aorta.
Once the needle is removed a length of P.,E. 50 tubing can be
advanced into the dorsal aorta., After insertion of the P,E. 50
tubing in the dorsal aorta, the Sovereign catheter is withdrawn
frcm the aorta and removed, the P.E. 50 tubing is then secured
with a silk ligature and pulled thrcugh a polyethylene nosecone
{ Swcith & Bell ,1964), 2 MOdification of this techniqné is also
utilized to cannulate the ventral aorta. In this case the P.E;
50 tubing was secured with two silk ligatures in the tongque,
with the P.E. 50 tubing exiting through a small perforation in
the soft tissue 1in the jaw., This technigue is superior toc the

original method utilizing needles in that the cannulas remain
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patent for much lcnger periods of time. All operative procedures
were performed under M.S. 222 anesthesia, Fish utilized for gill
perfusion studies were immobilized by a Dblow ‘to the head
subsegﬁent to cannulation, the pericardinal cavity was exrosed
by a ventral incisicn, and a 1length of P.E. 190 tubing was
secured with a ligature in the bulbus arteriosus. All other fish
were allcwed to recover in individual darkened lucite chambers
for at least 24 hours before the experiments were initiated,
Blood Measurements

pH determinations were made utilizing a Radiometer PHN-T71
Acid/Base Analyzer and asscciated micro pH electrode. In an
attempt to improve in vitro measurements the use of a medical
mass spectrcmeter, the "Medspect" (Searle 1Instr., Balt. MD.),
blood gas measurements in clinical practice. Gas analysis is
obtained by utilizing either silastic or teflon covered hcllow
stainless catheters, The terminal segment of the catheters
{approximately 1 inch in the silastic catheter) are perforated
with a series of holes over which the silastic coating provides
a diffusion barrier, The <catheters (2) are fastened tc the
"Medspect?” and the entire system operates under vacuunm
{approximately 10—® torr.). Gases flow into the catheters fron
the nmembrane covered +tips (air or ligquid phase) to the mass
spectrcmeter for subsequent analysis. Oxygen and carbon dioxide
partial pressures ( mm Hg) are displayed on digital meters., CO02
tensions can be expressed in 0.01 ¢f a mm Hg while o©xvgen is

read to the nearest mm Hg. The response times are essentially

independent of temperature and the C02 analysis is sufficiently
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sensitive to detect differences between inspired and expired
watér PCO02's from a trout. While the system 1s designed for
inserticn in human arteries, due to the size and flow dependence
of the =silastic catheter it is not possible to obtain in situ
gas analysis on trout, Consequently an ipn vitro system was
constructed, One of the two catheters rests in a spall
thermostatted cuvette (0.3 ml vclume) for determinaticn of
oxygen and carbon dioxide partial ©pressure. Although the
respense times of silastic catheters are faster than the teflon
catheters (1-2 minutes versus . 3-5 mnminutes) they are flow
dependent., Consequently the cuvette is provided with a small
teflon stirring bar and the whole apparatus placed on a magnetic
stirrer. The second catheter in a second cuvette is utilized to
determine oxygen and carbon dioxide contents. A& degassed
solution of acidified potassium ferricyanide (Van Slyke, 1927)
_is rlaced into the content cuvette (approximate volume 2 nls)
and the 1initial P02 and PCO2 noted. After introduction of a
blcod sample the final P02/PC02 are recorded {approximately 3
minutes), The total 02 is determined in accordance with the
methcd of Tucker ({1967), while +total €02 1is <calculated by
'utilizing NaBCO3 standards (Cameron, 1971). Gas mixtures
prcvided by Wostoff gas mixingi pumps (Bochum, W. Germ.) are
utilized for calibration. Although this system still has a
response time of 60-90 seconds it is a considerable inmprovement
over C02 electrodes and the increased stability and sensitivity
over the tenperature and CO02 range utilized is without
ccmparison,

Experimental Protocol
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A) Bnemic Fish, After recovery initial blood samples wuere
obtained to establish control levels for pH, PC02, total <02
content (TCO02) and hematocrit {hct.). Severe anemia was then
induced either by intraperitoneal injections of phenylhydrazine
{Cameron & Davis, 1970) or by repeated bleeding,.the btlood lost
being replaced by returning the plasma plus Cortland saline +to
the fish., It was difficult to remove all erythrocytes by either
~method and the anemic fish group had hematocrits of less than 4
percent ccmpared with the contrcl group with henatocrits of 18-
25%. Dorsal aortic blood was sampled and pHa, PaC02 and TCOZ
were measured 24 hours after anemia had been established. Diamox
dissclved in saline was injected (10 mg/kg body weight) into the
dorsal aorta of anemic fish. Six hours later pHa, PaC02 and TCO02
wére measured'in blood sampled from the dorsal aorta. Thus pHa,
PaC02 and TC02 of arterial blocd were measurad in normal,
anemic, and anemic plus Diamox injected fish. The same fish made
up the anemic and anemic Diamox injected groups of fish.

C02Z Excretion Rates

The effect of anemia on C02 excretion rates was measured by
sealing a rainbow trout in a lucite chamber closed except feor a
water iniet and outlet. The water flow rate through the box and
the (02 content of inflowing and outflowing water were
determined. Anemnia Wa s then induced by intraperitocneal
injections of phenylhydrazine and 24 hours later C02 excretion
rates were again determined., This same ©procedure was also
utilized to assess the effects of Diamox on C02 excretion.
erfused Gills:

These experiments were carried out on 14 rainbow trout. A fish
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was secured ventral side up in a lucite chamber and the gills
were perfused via the ventral aorta with theparinized (10
I.0./ml) Cortland saline using a Harvard Apparatus nmotor driven
syringe pump and a 100 ml glass syringe., The saline was
equilibrated with 1% €02 mixed with air and held at water
temperature. The saline passed through the gills, around the
body and out through the cut ventricle at a rate of 4.5 ml/min.
The first 100 mls‘ of perfusate was used to wash out
erythrocytes. Heasurements were made on the second 100 mls of
perfusate before and after flowing through the gillé. The
posttranchidl sample‘was obtained through the indwelling dorsal
aortic catheter, Gill ventilation was maintained at 1,000 ml/min
frocm a constant head reservoir thrcugh a rubbex tube inserted in
the mouth. This rate of water flow shouldihave been adequate to
ensure €02 removal (Davis & Cameron, 1970). Diamox (10 mg/kg
body weight) dissclved in saline was injected intraperitoneally
into eight of the fourteen fish, the remaining six acting as a
ccntrel grecup. Diamox was injected six hours before any surgery
was initiated.

The Henderson-Hasselbalch equation was used to calculate
bicarbonate concentrations. In the perfusion experiments TCO02
content was also calculated utilizing the following equation.

TC02 = ({alpha x PCO2) + (alpha x PCO2 x aﬁtilog pH - pK)
where, alpha :is the solubility coeffecient of C02 in saline at

10 C aﬁd pK values are from Albers (1970) for human plasma.
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A) Anemia

Anemia did not result in any change in pHa, PaC02, or +the
C02 ccntent of arterial blood (table #5). The additicn of
Diamox, however, caused a marked drop in pHa and a near tripling
of PaC02., The injection cf Diamox into anemic fish was cften
lethal whereas injection of +the same dose into contrcls was
rarely sc, Presumably the difference in effect 4is due to the
buffering power of hemoglobin, All anemic fish survived the
first six hours and the values were recorded at this tinme,
Althcugh nc further change in pH c¢r PaC02 was apparent after six
hours TC02 fregquently continued +to rise, as evident in those
fish surviving for longer periods of tinme.

Arterial blood pH and PaC02 was ﬁnaffected by hematccrit
{Figures #10 and #11). C02 excretion rates were also unaffected
by anemia (table #6). Anemia was correlated with a decrease in

blccd oxygen capacity as expected,

B) Gill Perfusion:

Perfusion of the gills with saline equilibrated with 1% C02
in air resulted in the removal cf 12% of the total C02 content
of the perfusate (table #7). Only 5% of the tctal C02 present in
the inflowing perfusate was molecular 02, +the remainder was
bicarbonate. Transit time for saline flow through the gills was
1-3 seconds as judged by the appsarance of methvlene-blue in the

dorsal aortic <catheter, The half-time for +the wuncatalyzed

reaction velocity for bicarbonate at 10 C is around one minute
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{see Chapter #2). Treatment of rainbow trout with Diamox before
saline perfusion reduced C02 excretion to =zero in saline-
perfused gills (table #7). The excretion Tates in untreatsd gill
preparaticns are gquite similar +to those calculated from
arterial-venous TC02 content differences found in free swimming
fish (mean = 11.4% plus or minus 4.,3%, when n=5 plus or minus-

S. Do) .
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TABLE #5. Effect of anemia and subsequent carbonic
anhydrase inhibition (Diamox) on dorsal aortic

pH and PCO, in the rainbow trout. Water temp-

erature was 9 C..
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Control period

Anemic period

Diamox + Bhrs.

PH
7.82 + 08
786t 08
744 % 16

[n=11, mean = s. dev.]

pCO2

2.64

255

685

i+

35

1.7
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FIGURE #10. Effect of hematocrit on arterial pH in the

rainbow trout.
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FIGURE #11. Effect of hematocrit on arterial PCO, in

the rainbow trout.
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TABLE #6. CO2 excretion following phenylhydrazine treat-

ment in rainbow trout (see text for details).

Values not significantly different.
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CONTROL ANEMIC

co, Excretion Rate (mM/hr) 4.83 t1.36 3.99 * 1,65

(¥ s.D., where n=6)
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TABLE #7. Effect of diamox on 002 excretion in perfused

trout gills. All values depicted for control
- fish are significantly different at the 95%
confidence level using the students *t" test.
Experimental values not significantly different.
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CONTROL FISH DIAMOX-INJECTED FISH
(n=6 mean T S.D.) (n=8 mean t S.D.)
Perfusate Dorsal aorta sample Perfusate Dorsal aorta sample
pH 7.495 ¥ 0,008 ~ °  7.586 + 0.051 7.469 + 0,017 7.419 + 0.085
PCOZ‘ 7.5 5.36 + 0.69 7.5 8.68 + 2,29
CO2 (g) (mM) 0.51 : 0.37 + 0.05 0.51 0.59 * 0.16
HCO3 (mM) 9.39 + 0.18 8.4 t 0.67 8.86 + 0.35 8.81 * 0.65
" Total €0, (mM) 9.9 * 0.18 8.77 T 0.67 9.37 T 0.35 9.4 t 0,75

EXCRETION (%) - 11.5 " Zero
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DISCUSSICN

In intact rainboﬁ trout the dehydration o¢f plasna
bicarbecnate provides the majority of excreted C02 , and plasma
bicarbonate concentrations are reduced by between 10-30% as the
blccd passes through the gills., Diamox injected into +trout
results in a marked increase in PaC02 and a reductiocn in.pHa,
indicating that carbonic anhydrase is important in C02 excretion
{Hcffert & Frcumm, 1973). Plasma bicarbonate is excreted as <02
and the dehydration .reaction is catalyzed by carbonic anhydrase
because, firstly, in the ©present study, €02 excretion was
reduced to ZeTIo in the saline-perfused gill following
application of Diamox and, secondly, the transit time for blood
flow through the gills is of the order of a second , much less
than the half-time for the dehydration reaction.

The results of +the anemia experiments indicate that
erythrocytes are unnecessary for plasma bicarbonate dehydration,
a conclusion consistent with thg observation that fish
erythrocytes in yitro do not <catalyze ©plasma bicarbonate
dehydration. Normal rates of C02 e¢xcretion aré maintained durinq
anemia and the saline-perfused gill is able to excrete
bicarbonate ions in the absence of erythrocytes.

The ratio of gill epithelial +tc¢ erythrocytic carkonic
anhydrase is around 1 (table #3) . Carbonic anhydrase from the
giil has a higher substrate affinity than that from erythrocvtes
(this study and Girard & Istin, 1975) and it is concluded that
plasma bicarbonate is dehydrated within the gill epitheliunm.

What then is the function of érytbrocytic carkoenic

anhydrase in fish? Althouqh fish red cells may be impermeable to
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plasma bicarbonate they are permeable to C02.and S0 bicarbcnate
will be formed in the erythrocytes as €02 enters the blocd in
the tissues, causing a Bohr shift augmenting oxygen transfer to
the tissues., The slow Root-on shift observed by Berg & Steen
{1968) 1is consistent with the hypothesis that tﬁe fish
erythrocytes are impermeable to the efflux as well as influx of
bicaxbcnatg across the red cell membrane., If this is the <case
then as blood lcaves the tissues and enters the veins , plasma
bicarbonate will be formed at the uncatalyzed rate following the
rise in plasma C02 levels in the tissues. The blood in the veins
is a «closed system, hence, as plasma bicarbonate levels
increase, PC02 falls, €02 will diffuse from the ervthrocytes
into the plasma and red cell bicarbonate.will be dehydrated. The
rate limiting step will be the uncatalyzed hydration reaction
velocity 1in the plasma. Thus some of the bicarbonate formed in
the red cells while blood is in the tissue capillaries will be
dehydrated to €02 before blood reaches the gills. Plasna
bicarbonate enters the gill epithelium and is dehydrated to €02
before diffusing into water flowing over the gills (figure #12).
Blood transit timesbare around a minute or two in fish (Davis;
1971) and thisvplus tha experimentally derived half-time of
around one minute give support for this hypothesis. Calculations
based on €02 excretion rates and changes in plasma bicarbonate
before and after the gills indicate that the majority of <C02
excreted originates as plasma bicarbonate. Thus the inclusion of

carbcnic anhydrase in fish red blood cells is probably a prior

=8

tc produce a rapid Bohr and/or MRoot- off" shift. Thu

n

erythrccytic carbonic anhydrase is utilized to facilitate the
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FIGURE #12. Summary of carbon dioxide excretion in

rainbow trout.
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loading and unloading of oxygen within red blood cells with
little direct effect on C02 transport. Red blood cells are not
required to effect C02 excretion and acid-base requlation in
fish., This becomes even more apparent when one considers that
the icefish (an antartic fish characterized by being totally
devoid of either hemoglobin or erythrocytes and hence probably
carbonic anhydrase as +this enzyme has never been found
extracellularly) , is characterized by normal rates of oxygen
uptake and therefore presumably C02 excretion rates (Holeton ,
1870) .

As previcusly stated trout, like all other agquatic fish
live in a medium relatively poor in oxygen, and must continually
face the problem of extracting sufficient envircnmental oxvygen
to suprply tissue needs, Fish cannot utilize <changes in
ventilation to achieve pH regulation, as do mammals and birds,
withcut comprcmising oxygen delivery (Randall & Cameron, 1¢73).
In mammals and birds the dehydration of plasma bicarbonate is
never the rate 1imiting step in the proauction of dissolved C02,.
In fish, water/blood diffusion distances and
ventilation:perfusion ratios are optimized +to ensure oxygen
transfer. If the dehydration reaction occurring in the blood was
not the rate-limiting step, then the contrcl of C02 excretion
would not be possible, as the léss of molecular €02 would be
unccntrollable., Therefore in fish the production of molecular
€02, as it occurs in whole blood, is possible only at the
uncatalyzed rate, since red cell carbopic anhydrase is
unavailable to plasma bicarbonate, Due to the long uncatalyzed

reaction times especially at lower ambient temperatures) and



66

short residence times for blood in the qill very little CO02 will
be formed frcm plasma bicarbonate as blood moves through the
gill, This is supported by the observation that no excretion of
C02 cccurred in the isclated perfused gills previoﬁsly treated
with Diamox., The observed C02 excfetion in fish is the result of
the movement of plasma bicarbonate into the gill epitheliunm.
Unlike molecular C02 the movement of bicarbonate can be, and is,
regulated to achieve contrcl of overall C02 excretion.

The movement of bicarbcnate across the gill epithelium is
likely to be éomplex, for instance, Randali et al (1976) have
shown that bicarbonate flux can be reversed in dogfish., This
observed reversal of bicarbonate flux across the gills modulated
the acidosis caused by elevated C02 levels in the blcod., When
bieazbonate enters the gills from plasma and forms C02 there
must be a co-transport of hydrogen ions into the epithelium .
This problem has yet to be resolved.

The functional significance of this pattern of co02
excretion c¢cmpared with that seen in mammals ahd birds is the
following, Firstly, the formation of plasma bicarbonate by
hydraticn in the plasma, rather than bicarbonate diffusion fronm
the erythrocytes, results in an elevation in erythrocytic pH and
a binding of oxygen to hemcglobin in the veins, lowering Pv02 as
blood flows from the tissues to the gills and augmenting oxygen
gradients across the gills. Secondly, the excretion of a
significant proportion of tqtal C02 as plasmé bicarbonate via
the gill epithelium allows for the modulation of C02 excretion,
and therefore blood rH, independent of oxyvygen-mediated

ventilatory adjustments, .
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It 1is therefore possible tc¢ further stress the analogy of
acid-base regulation in fish as compared to that in isolated
single cell systems. However the exact relationship between

ionic «coupling and C02 excretion across the gill remains

obscure.
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INTRODUCTION

There «can now be little doubt that the gill of the aguatic
telecst 1is the site ‘of plassa bicarbonate d2hydration.
Furthermore the involvement of branchial carbonic anhydfase in
this reaction is now firmly established, What remains obscure is
the underlying mechanism which ultimately provides the desired
alkalinity in the plasma of the free swimming fish. The isclated
perfused gill preparation should provide a means of further
characterizing the ‘movement of bicarbonate into the gill;
however it 1is not clear what determines the actual lcss of €02
frcom this tissue. Although the rate of formation of molecular
C02 (or the reverse reaction) will not be rate limiting due to
the presence of branchial carbonic anhydrase, the relative 1loss
of €02 may well be limited by the epithelial cell cytoplasmic
pH. For exampleran alkalinization of the epithelial cell would
shift equation #1a to the right reducing the formation of C€02.
Alternately the relative acidification cf the epithelial cell
would favor the formaticn of <C02. It is assumed that a
sufficient gradient from cell to water would exist so that
molecular C02 once formed would be rapidly lost to the water. As
previcusly mentioned single cells regulate intracellular pH Ey
utilizing either cationic or anionic exchange mechanisms
operating at the membrane level. Ionic exchange processes are of
course known to Dbe present in the gills of fish {(Maetz, 1971;
Maetz et al , 1976) and indeed these exchange processes may be
nodulated to achieve pH adjustments in fish (Cameron, 1976; De
Renzis, 1975; Bormnancin et al , 1¢77). Thus it may be possible

that gill cationic and anionic exchange processes are mcdulated
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in such a fashion as to achieve either a 1loss or gain of
bicarbcnate from plasma by controlling epithelial cell pH.
Therefore, in addition to following bicarbonate movements fronm
plasma dinto gill, it is of interest to follcow plasma total CO2

and rH as a function c¢f salt movements into the gill,
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MATERIALS AND METHODS

Isoclated Perfused Gill Preparations

C02 excretion as a functicn of perfusate bicarbonate levels:

The effect of increasing perfusate bicarbonate
concentrations was analyzed using the perfused gill preparation
as described ‘in Chapter III. A total of 15 fish were perfused
with varying HCO03 concentrations, sodium bicarbonate being added
to <Cortland saline +to bring the final concentration of C(02 to
the desired level., After the additionv of bicarbonate pH was
adjusted to approximately}?.#B-?.S with either HCL or NaOH.
Effects of SITS and Awmilcride cn CO02 excretion: |

| Dhring the previously described perfused gill experiments
it was found that the gill preparation was subject to a rapid
degradation. Using this preparation as described the initial CO02
excretion rates dinvariably fell to levels approaching zerc, or
even negative values, after the first 30-60 minutes of
perfusion. Due to this problem it was only possible tc utilize
one bicarbonate level per gill preparation and to analyvze (02
excreticn only through the first 100 ml's of perfusion. As a
result the variability amonqg different preparatiocns obscured any
- trends. An attempt was therefore made to increase their
étability, and the following alterations vwere found to greatly
increase the useful lifespan of the qill ©preparation., To
Cortland saline 4% PVP {pclyvinylpyrrolidine, M% = 40,000) was
added as an osmotic filler after which the solution was filtered
{ 0.45 micron, Millipore Corp). The filtered perfusate was then

bubbled with nitrcgen to lower the P02 to approximate in viyvo
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P02's (20-50 mm Hg). To this solution NaHC03 was added to bring
the final TC02 concentration to the desired level. These
alterations were found to greatly improve'the preparation and
stable C02 excretion rates could be maintained for 4-5 hours.
411 subsequent perfused gill experiments incorporated these
changes,

The effects of 0.1 m¥M concentrations of'SITS and Amiloridé
in the perfusate on C02 excretion rates were determined as
follcws, After initial €02 excretion rates were determined
either SITS or Amiloride was added to the perfusate, CO2
excretion rates were again determinéd after perfusion of +the
first 100 mls of perfusate or approximately 20-25 minutes after
intrcduction of the drug.

HWhele Agimél Experiments
Chloiide Uptake Rates

Apparent chloride influxes were determined by fcllowing the
disarpearance of radiochlcride from the bathing medium din a
small volume recirculating system of approximately 1.5 L. 36~
Chloride was purchased as Na-36C1l from ©New England Nuclear.
Counting was done in a Nuclear Chicagqgo Isocap 1liquid
scintillation counter,

Effect of Na and C1  uptake .inhibition on blood acid-base
balance: |

At least 24 hours after operative procedures duplicate
blood samples were withdrawn for initial determinations of TCO02,
PCO02 and plasma Cl. After sampling, the system, as described for
the chloride flux rates above, was closed and - the appropriate

drugs were added to the kathing sclution. NaSCN was added to a
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final concentraticn of 10 mM. SITS (British Drug House) was
added to a final concentration c¢f .1 mM. Amiloride, a generous
gift cf Dr Dorian of Merck Frosst Laboratories, also was added
to bring the final <concentration to .1 mM. All values cited
represent one hour of exposure to the drugs, unless otherwise
stated, whereupon the animals were returned to freshwater.

Experimental values were measured in duplicate.

Effect of SCN on Branchial Carbonic Anhydrase Activity.

Due to the significance of branchial carbonic anhydrase in
the excretion of €02, and the ability of SCN to inhibit this
enzyme (Maren, 1967), the effect of SCN on tranchial carktonic
anhydrase was evaluated (see Chapter I, methods). Values at any

given SCN concentration were measured in triplicate.

Analytical Procedures:

Due to technical difficulties with the Mass Spectrometer it
wasn't operaticnal during much of the dinvestigative period
reported in. this section. Therefore during the perfused gill
experiments TC02 was determined utilizing the method of Carmeron
(1971). During amiloride and SITS experiments cn whole animals
plasma TCO02 was determined using a Harleco-micro €02 analyzer.
Chloeride concentrations were measured in plasma sawmples

utilizing a Radiometer CMT-10 chloride titrator. .



74
RESULTIS

perfused Gill Experimenté:

A total of fifteen fish, representing three experimental
grcurs were perfused with either 8,14 or 24 mM bicarbonate. C02
excretion rates with low bicarbonate 1levels (8 mM) were
appreximately 5%. This was lower than the C02 excretion rates of
approximately 10% obtained with medium bicarbonate levels (14
mM) or the highest bicarbonate concentrations employed (24 aM).
These results are summarized in figure # 13, When these
experiments were perfcrmed it was only possible to obtain one
experimental point éer fish, and consequently there is a large
amount of variability im the data., However it appears the
movement of bicarbonate into the epithelium is dependent cn the
perfusate bicarbonate ccncentration at ;ny fixed ©pH. The
apparent saturation observed at the hiqhest bicarbcnate
concentrafion utilized may reflect a rate limiting step in the
dehydration reaction, for example hydrogen ion availability, or
alternately i£ may reflect saturation of the anion transport
prccess, Introcduction of ,1 mM SITS into the perfusate totally
abolished C02 excretion in 4 of 6 fish tested. SITS cut (€02
excretion in ancther fish by 50% but was without effect in cne
fish. Thus inhibition of anion transport totally abolished or
greatly reduced C02 excretion in 5 of 6 fish examined., The
reascn for the lack of effect in the one fish is not <clear;
however it may be possible that the SITS was not of sufficient
concentraticn or alternately may not have klocked anion

transport in this particular animal.
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FIGURE #13. Effect of increasing perfusate bicarbonate
levels at constant pH on 002 excretion from

the perfused gill preparation, (mean ¥ S.D.)
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That the ©principle source cf protons for the dehydration
reaction is from the perfusate, is demonstrated with the <cation
transport inhibitor amiloride. Amiloride in the perfusate
completely abolished " CO2 €excretion ' in all three gill

preparaticns exposed to amiloride.

Whole Animal Experiments:

When trout were exposed to 10 mM NaSCN in the bathing
medium, chloride uptake was completely inhibited in the three-
fish where fluxes were determined, Figqure #14 is typical of the
results obtained and shows the change in bath 36=-chlcride
counts/min versus time in «control and thiocyanate exbosure.
After one hours exposure all fish (n=6) had a ©proncunced
alkalecsis, correlated with an increase in TC02. Arterial CO2
tensions were unchanged while plasma Cl1 fell (Table #8). In one
animal it was possible to determine VC02 by following inspired
and expired water PC02's as described in Chapter III. Upon
exposure to SCN, VC02 rapidly fell by 22% (Table 9). After
removal c¢f SCN from the bathing sclution introduction of Diamox
{10 mgrskg 1V) produced a reduction in VC02 of apprbximately 60%.
As branchial carbonic anhydrase plays a most vital role in C02
excretion the effect of increasing SCN concentrations on
branchiai carbonic anhydrase was investigated, figure #15. At a
cocncentration of 10 mM SCN the enzyme is fully 80% inhibited,
with an apparent I50 cf 0.8 mM.

SITS Treatment
In the trout, chloride uptake is inphibited by SITS in a

dose dependent fashion . Fiqure #16 shows the +typical response
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FIGURE #14. Effect of 10 mM SCN on chloride influx in a

single fish,
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TABLE #8. Effect of 10 mM SCN on blood acid-base and

chloride status. (¥ S.D., where n=6)
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CONTROL
SCN

% Change

13.3 t 1.77

10.7 * 1.1

~-19

PCO

2.41 T 0.47

2,41 + 0.69

TCO

8.64 + 1,37
10.35 + 0.82

+24.6

121 + 8.6

112 + 6.9
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TABLE #9. Effect of 10 mM SCN and Diamox on CO,

excretion rates in trout #5.
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CONTROL
10 mM SCN

DIAMOX

Inspired Water PCO

2

1.72

1.71

1.80

Expired Water PCO2

2,86

2,60

2.30

delta PCO2

1.14
0.89

0.50

% Change

1007
22%

567%
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FIGURE #15. Branchial carbonic anhydrase activity

with increasing SCN concentrations.
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of increasing concentrations of SITS on chloride uptake in a
single fish, Inhibition was complete at .1 mM in all four fish
where chloride influx was measured. Unlike its acticn in
mammalian erythrocytes the inhibitory action of SITS appeared to
be reversible in the trouat gill, The effect of external SITIS at
.1 wmillimolar on blood acid-base status and chloride are
depicted in table #10. No significant difference was obvious
after one hour of SITS treatment. However if the SITS treatment
wvas continued for 3 hours there was a significant vrise in
arterial pH and TC02, table #11. This trend was evident in two
fish where the measurements were continued past the first hour
of exposure, SITS wup to 1 millimolar was without effect on
branchial carbonic anhydrase.
Amiloride Treatment

Kirschner et al (1973) demonstrated in the trout, that
amilcride at 0.1 mM in the bkathing water almost ccmpletely
abclished sodiun uptéke. This reduction in sodium uptake was
correlated with a 56% fall in titratable acid excreted. In this
study amiloride at 0.1 mM resulted in a significant fall in pHa.
In four of five fish tested TIC02 fell after one hour of
exposure, although the means are not statistically different due
to the 1large individual variation among animals., Chloride fell

in a non-significant manner, table #12.
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FIGURE #16. Effect of increasing concentrations of SITS
in inspired water on chloride influx in a

representative rainbow trout.
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TABLE #10. Effect of one hour exposure to 10"LP M. SITS

on blood acid-base and chloride levels,
Values are not significantly different.
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Control

104 s1TS

pH

7.77:0.07

7.72 %t 0.11

TC02 mM
10.3% 2.3

10.8% 2.5

N=6 , *S.D.

Cl' meq

115.2¢ 2.9

113.9¢ 3.5
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TABLE #11. Effect of 3 hours exposure to SITS on blood
acid-base and chloride status in an individual

rainbow trout.
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Tco,

Cl

Control
7.79
7.5

113

SITS+1  SITS+ 2

7.81

7.74

112

7.82

7.82

110

SITS + 3

7.85

7.85

108
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TABLE #12. Effect of amiloride (10'4 M.) on blood

acid-base and chloride levels in trout.
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Control

Amiloride

104 M

pH | TC02
7.78*0.05 11.55%+3.3
7.67* 0.09 1045+ 2.4

N=5 % S.D.

Cl

114.8+ 2.6

113.6+4.2
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DISCUSSION

C02 nmovements through the teleost gill <can now be
characterized as follows, The wultimate dehydration c¢f plasma
bicarbonate occurs within the gill epithelium, this dehydration
reaction being greatly dependent upon branchial carbonic
anhydrase. The movement of the bicarbonate into the epitheliunm
is a passive process being gcverned by the gradient between
plasma and epithelial <cell.. The actual translocation of
bicarbonate into +the epithelial cells possess 'many of the
cha:acteristics of an exchange diffusion process similar to the

anion transport s?stem found in the red blood cell (Gunn et a

I

»1973)., For example the transport of bicarbonate dinto the
epithelium is ©probably a saturatable process (fig #13). The
finding that SITS, a potent anion transport inhibitor, inhibited
C02 excretion is alsc consistent with +this conclusion. The
maximum C02 excretion rates may be a function of the number of
available anicnic transporting sites available for bicarbcnate
transport. Thus for any given blood distribution pattern +he C02
excretion rates attainable will be proportional to the entry of
bicarbonate,

The ultimate source of protons for the bicarbcnate
dehydration reaction ccmes principally from plasma. This
conclusion 1is based on the fcllowing observations. 1
Intrcduction of acid into either the blood or the gut pass
through the plasma/gill membrane as judged by the stimulaticn of
sodium uptake on the apical membrane ( Payan & Maetz ,1973;
Maetz ,1973). (2) In this study amiloride in the perfusate

resulted in the total loss of C02 excretion from +the isclated
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perfused gill preparation, Kirschner et al (1973) have already
deﬁcnstrated that amiloride potentiated inhibition of scdiunm
uptake frcm water and also blocked the excretion of hydrogen ion
efflux, Thus ,if amiloride also blocks hydrogen ion entrance
into the gill from the perfusate, the fall in C02 excretion can
be interpreteted as probably a proton limitation for the

dehydration reaction occurring within the epithelium.

in Aguatic Fish.

‘In the trout, inhibition of chloride uptake resulted in an
alkalosis and retention of C02, On the contrary, inhibiticn of
scdium uptake resulted in a blocd acidosis and 1lowering of
plasma TC02, These results now make it possible to formulate a
simple model capable of explaining acid-base requlation as well
as ﬁredicting salt movements. ,In this model the excretion of C02
is not ccntrclled per se ,but rather is a necessary consequence
of the active requlation of hydrogen 4ion 1levels, or mnmore
precisely a constant relative alkalinity (Howell et-al , 1970).
Thus TC02 in blood may rise or fall, but this rise and fall will
be tightly correlated +to +the agppropriate bicarbonate levels
necessary to achieve any fixed hydrogen ion concentration.
Foremost to the effective requlation of plasma acid-base status
is the ability of fish to control hydrogen ion levels within the
cytoplasm of epithelial cells. The following scheme can ncw be
censtructed to explain CO2 excretion through the gill
epitheliun, see figure #17. The placement of anicnic and

caticnic exchange sites on the apical mnembrane is well
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FIGURE #17, Pattern of co, and salt movement through the teleost

gill presented diagramatically.
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established (Maetz et al , 1976; Maetz, 1971). At least part of
this cationic exchanger is ouabain sensitive and —requires ATP
{Payan & Maetz, 1973). The <(1/HC03 exchange is prcbably an
exchange diffusicn system. The existence of a HCO03-dependent
ATPase in fish gills has been well docunented (Dé Renzis &
Bornancin , 1977; Kirschner & Kerstetter, 1974; Van Amelsvoort
et al ,1977); however its functional involvement in ionic
exchange has yet to be established unequivocally. The location
of the ionic uptaks sites on the basolateral border have already
been discussed.

During steady-state conditions the fate of bicarbénate will
deprerd on several factors, the foremost Dbeing cytoplasmic
hydrogen ion levels, If cytoplasmic hydrogen ion levels rtise
equation #1 would be driven to the left, thus favoring the
formation of C02, the presence of carbenic anhydrase ensuring
the reaction velccity is not rate limiting. Once formed the
half-1ife of C02 in the cytoplasm would be extremely short as it
is lost via diffusion +to expired water, Conversely, should
hydrogen ion levels fall in the cytoplasm the reaction wculd be
shifted to the right, resulting in a retention of HCO03 as
protons become limiting. Amiloride in the perfusate totally
abolished C02 excretion in the isolated perfused gill
preparaticn and is an extreme exanmple., Thus under steady-state
conditions (vconstant metabolic rate and movement of bica:bonate
and protdns into the epithelial cells) it is clear that the
availability of protons for the dehydration reaction will
determine the volume of_C02 produced frbm the dehydration of

bicarbonate, albeit catalyzed. Under these steady-state
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ccnditions, altering the exchaﬁge rates on the water/epithelial
membrane will produce predictable effects on the cytoplasmic pH.
Hhen chloride uptake 1is inhibited. at the} outer memkrane
{apical), as during SITS exposure, bicarbonate {ncrmally
excreted in exchange for chloride) accumulates and results in an
accugulation of bicarbonate within the blood (table #17). The
failure of inhibition of C1l,/HC03 exchange tc produce a more
cbvicus effect may be related to its relatively small capacity.
Cameron (1976) calculated that maximally only 2-4% of the TC02
excreted was linked to the uptake of chloride in the arctic
grayling. A change of 2-4% in the plasma TC02 is probkably within
the experimental error of the TCO2 measurements, so that it nmay
go undetected during the first hour. When sodium uptake is
inhibited the retained hydrogen icns produce a fall in blcod pH
and TCO2.

De Renzis (1975) allowed goldfish to acclimate ({6-9 weeks)
in water devoid of either sodium or chloride. He found that fish
placed in chcline chloride had lower plasma pH values and TCO02
levels when ccmpared to untreated controls., When fish were
placed in sodium sulfate fhey became alkaline and had elevated
TC02 levels, However it 1is worth noting that these fish were
allowed to acclimate for long periods of time, The small changes
in acid-base status observed during this study with SITS
treatment are probably indicative of the small time allowed for
trcut to manifest these changes. It is predicted trout exposed
for longer 1lengths of time would also show a moie pronounced
acid-base shift as was found in acclimated goldfish.

The overall regulaticn of pH in aguatic fish appears gquite
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similar to the recently described single cell systems such as in
squid giant axon (Russell and Boron, 1976) and the isolated
barnacle muscle (Boron, 1977). In the squid giant axon,
requlation occurs via an'exchanqe of chloride and bicarbonate,
while the sodium/hydrogen exchanger does not appear to be
involved., On the contrary Aikin & Thomas (1977) has shown that
in the mouse soleus muscle cell, regqulation is predominently via
a cationic exchange process with little invelvement of anion
exchange., In the +trout inhibiticn of cationic exchange at the
gill is capable of producing significant changes in hydrogen ion
levels and it is tempting +to draw the conclusion that this
exchanger is the principle mechanism utilized in fish. #hile the
effects of chloride inhibition on plasma pH were not as dramatic
as during sodium transport inhibition, a slight alkalosis did
result, along with an increase in TC02. Thus it wcould appear the
activity of this exchange system may also be effective in
contrclling hydrogen 3ion levels, Therefore regulation of both
anionic and cationic flux rates may be utilized +to reqgulate
plasma hydrogen ion levels in the fish, The difficulty in the
current model arises when trying to assess changes in +the flux
rates in the face of imposed acid-base disturbances. F®hile the
result of switching pumps off completely on acid—-base status is
now clear, the nmodel does not vyet allow one to predict the
magnitude or even the specific exchanger to be wutilized. For
example, fish subjected to an acidcsis compensate by increasing
plasma bicarbonate levels (Janssen & Randall, 1975; Randall et
al , 1976; Bornancin et al , 1977) , and inhibition of chloride

uptake produces the appropriate response, .49, an alkalosis
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achieved via increased bicarbonate levels. Thus it wculd seen
that fish subjected to an acidosis would necessarily reduce
chloride/bicarbonate exchange activity to achieve +this end.
Houwever this could also be achieved by increasing
scdiumshydrogen exchange., Cameron (1976) induced acid-base
disturbances in the arctic grayling via hypercapnia and rapid
therpal changes and followed sodium and chlecride fluxes., Cameron
found that during hypercapnia pH regulation was associated with
.increased sodium uptake raies. During an alkalosis induced via
an acute increase in temperature, there was an increase in
chloride/bicarbonate exchangg and in sodium exchange., Thus in
situ the animal may decrease or increase ionic exchange rates to
adjust epithelial pH and wultimately plasma pH. Despite these
difficulties it seems that this mcdel accurately depicts the
appropriate direction of cytoplasmic hydrogen ion movement
within the gill epithelium in order to ensure constancy of pH in
the plasma of fiSh.

SCN Treatment § Branchial Carbonic Anhydrase:

The initial experiments utilizing SCN resulted 4in an
obvicus blood alkalcsis after only one hour, as predicted;
however the rapid and large fall in VC02 as evident in fish &5
when treated with SCN was disconcerting . This fall in VCOz was
much larger than expected based on Cameron's (1976) calculations
for 4grayling, and a decrease of only a few percent was
énticipated. The inhibition of chloride uptake could conceivably
generate a larger reduction in VC02 but this would only be
possible after the gill epithelium was sufficiently alkaline to

shift equation #1 to the right., Clearly from the SIIS
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experiments this is a slow process and the rapid ‘fall in VCO02
cannct be accounted for in this fashion., Unfortunately it was
not possible to follow changes in VC02 with SITS +treatment due
to technical difficulties. A =simple and more satisfactory
explanation is to assume carbonic anhydrase activity was also
inhibited during SCN exposure, At 10 nM, 80% of the enzyme's
activity is inhibited. SCN is only poorly taken-up from
freshuwater (Epstein et al , 1975 ), even so a SCN concentration
of 0.8 mM inhibits the enzyme 50%. It thus seems rprobable the
bulk of the large fall in V€02, as evident in fish #5, is due to
the irhibition of branchial carbonic anhydrase by SCH.

It 1is of interest  to ccmpare the effects of carkonic
anhydrase inhibiticn on acid-base status when inhibiton is
brought about by SCN and Diamox. As can be seen in table #14,
SCN results in a rise in arterial TC02, HCO3 and pH, PC02 does
not change, while VCO02 fallS. Chloride uptake is ccmnpletely
inhibited, while sodium fluxes are unaffected {Kerstetter &
Kirschner, 1972). The results of Diamox are strikimgly similar,
TC02 and HCO3 rise and VC02 falls; however, unlike SCN
treatment, Pac02 and pH fall. Diamox inhibkits sodium uptake,
while its effects on chloride 1is somewhat variable., In the
goldfish, Diamox inhibits <chloride uptake (Maetz & Garcia-
Romeau, 1964); however in the trout Diamox is apparently without
effect on chloride fluxes (Kerstetter & Kirschner, 1972)., . Thus
the effect of Loth thess 'carhonic anhydrase inhibitors is
similar except for their differential acticn on scdium
transport, The <chloride transport inhibition brought about by

SCN treatment is probably independent of its carbonic anhvdrase
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effect in 1light of SCN'S demonstrated effect on HC03-dependent
ATPase {(Bormancin & de Renzis, 1977). Given the present model
and data the differences between SCN and Diamox mediated
carbcnic anhydrase inhibition can be fully explained in terrs of
the sodiurnm respohse, such that inhibiton of sodium uptake during
SCN exposure would produce the blood acidosis and conseguent

rise in arterial CO02 tensions evident during Diamox exposure,
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Teleosts represent one of the larger and more successful
grecups of organisms to inhabit the aguatic environment. Prokbably
the success as evidenced by teleosts can be largely attributed
to the efficiency of the gills, In teleosts, salt balance, water
movements and ammonia excretion occur at the gill; and they alsc
prcvide the necessary surface area for the diffusion of
respiratory gases. In aquatic teleosts the c¢verall design as
well as the ventilation and perfusion of the gill results in an
efficient means of extracting environmental oxygen to Reet
tissue demands. Many fish are capable of extracting oxvgen at
efficiencies matching or even exceeding those of mammalian lungs
(Randall, 1970)., The efficiency of oxygen extraction is further
attested to by the ability of some tunés to maintain metaboclic
rates equal to or even exceeding those of <ccmparably =sized
mammals (Stevens , 1972). Consegquently in normoxic Wwaters oxygen
delivery to the tissues probably never poses a problem; houwever
as efficient as gills may be, most fish are extremely sensitive
and vulnerable to decreased environmental oxygen levels
{Sheltcn, 1970). For example a nocminal decrease in insgired
water oxygen tensions (Pi02) from 150 - 110 mm Hg is sufficient
to elicit cardiovascular responses from free swimming active
rainbow trout , and as  Pi02 decreased much below half-
saturation, standard metabolig rates can no longer be maintained
in the trcut (Hcleton & Randall, 1967). Thus although fish gills
are efficient at extracting oxygen, their ventilation and
perfusion must be responsive to changes in environmental oxvgen
levels to ensure adequate rates of. oxygen delivery to the

tissues. If fish were presented with the added task of
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controlling C02 1levels by ventilatory adijustments, oxygen
delivery would surely be compromised, This idea as originally
propcsed by Randall & Cameron (1973) makes good biological sense
for an aguatic teleost., While gills facilitate gas transfer by
greatly increasing the available surface area and decreasing
diffusiocn aistances between blood and water,Athe gill cannot be
considered simply as a thin sheet of blcod covered by epithelial
cells, The gill is a very complex and metabolically active
tissue and combines the functions of the mammalian lung with
some of the functicns of +the mammalian kidney. Thersfore it
really is no more remarkable that acid-base status is unaffected
by changes in Vg (mediated to achieve constant metabolic rates)
than the fact that salt and ammonia homeostasis is likewise
unaffected, Clearly changes in ventilation and perfusion of the
teleost gill are primarily for the purpose of maintaining
adeguate oxygen uptake at energetically favorable rates. That
the pattern of C02 excretion and acid-base regulation in fish is
distinctly unlike the system as exemplified by birds and mamwmals
there can now te little doubt and in some resgects the ncticn
that fish red cells contain carbonic anhydrase and hence mnmust
function +just like mammalian re€d c¢ells has hitherto only served
to cconfuse the situation of acid-base requlation in fish.

As the diffusion of C02 in an aquatic medium exceeds that
for oxygen, it can be appreciated that any organism capable of
procuring sufficient oxjgen via diffusion would not face a
problem excreting molecular (02, Thus the excretion of C02 in
small agqguatic organisms never presented a problem. Of much

greater importance would be the maintenance of salt and water
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balance along with cocntrol of hydrogen ion levels, In these
small agquatic c¢rganisms a premiumAwould be on ionic exchange
mechanisms capable of effectively mnodulating the internal
envircnment with respect to solute and water balance, At ambient
aguatic temperatures, little bicarbtonate or hydrogen ions would
be fcrmed via the uncatalyzed hydration of C02. Consequently the
production of endogenous counterions for exchange of scdium and
chloride would be small as the bulk of C02 would be rapidly lost
via diffusion into the surrounding environment . The inclusion
of carbonic anhydrase 1in these <c¢ells would +thus greatly
facilitate fhe hydration reaction and hence an energetically
favorable mechanism to provide the endogencusly required
counterions., In addition to providing counterions for the apical
exchange process, the coupling of <C02 excretion to dicnic
exchange would provide a means of controlling cellular buffer
reserve, Note that the inclusion of carbonic anhydrase in these
cells is to facilitate ionic exchange processes at the exrense
of &metaboclic molecular €02 and not to facilitate the production
of mclecular C02 (via the dehydration reaction). As organisnms
grew  in size and transit times and/or distances increase tissue
€02 stores will build and the bulk of extracellular €02 will now
be as bicarbonate as the reaction moves tovard equilibrium. Thus
at the exchange site either bicarbcnate (and hydrcgen ions) must
be excreted directly or alternately C02 must be dehydrated fron
bicarbonate and hydrogen ions at the exchange site to aveid a
build-up of C02. If normal gill functioning is severely impaired
in fish such as by inactivation of the gills, as when fish arze

exposed to air or inactivation c¢f branchial carbonic anhydrase
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as during diamox treatment, a retention of C02 develops along
with the asscciated acidosis., However it now appears that fhese
cases are not really physiological and the gills are actually a
hydrcgen ion excreting and regulating tissue, rather than a C02
excreting and regulation pathway. Obviously C02 excretion does
cccur at the gill; however this is a consequence of the active
regulafion of hydrogen ion activity within plasma. Only when the
input of metabolic CO2 sﬁrpasses the capabilities of the "proton
pumping” mechanism at the gill would excretion of (€02 per se
beccme significant. Thus so long as plasma hydrogen ion activity
falls near soms defined "set point" total C02 would nct be
expected to be controlled. This appears to be the situation in
fish, as Randall & Cameron (1973) found that during temperature
induced acid-base disturbances arterial C02 tensions remained
constant while total (02 rose and fell appropriately. Again
during hypercapnia hydrogen ion activity is requlated‘
independently from arteriél C02 tensions (which remained
apprcximately 2.0 mm Hg above inspired 1levels) by increasing
total <C€02. As =stated previously these changes in hydrogen ion
activity ana TC02 are achieved independent o¢f ventilatory
changes., Thus while the ability +to excrete (02 and/or
contrclling their absolute levels in aguatic teleosts probably
rarely poses a problem, hydrogen ion activity 1is tightly
regulated. This regulation of hydroqgen ion activity is
facilitated by coupling expired C02 to salt movements across the
water/gill nmembrane (Chaptef IV).. The mechanisms utilized to
contrcl plasma hydrogen ion levels are remarkably similar tc the

respenses of single cell systems exposed to acid-kbase
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challenges. Thus either «cationic, anionic or both exchange
processes are utilized to move hydrogen ions or their
equivalents in +the appropriate direction from the internal
mileau, Caticnic and anionic =2xchange prccesses are alsc
utilized in the trout when faced with an acid-base challenge and
the total inhibition of these exchange systems results in acid-
base disturbances in the trout (Chapter IV).

The exact nature of proton pumping in the teleost gill and
the nmechanism of .regulation remains obscure, Hydrogen ion
pumpiﬁq is well documented in numerous tissues and organisms and
possibly two of the better understood systems are the amphibian
and reptilian wurinary bladder and acid secretion in vertekrate
gastric mucosa. The urinary bladder is characteriz=ed by the
vitro . Because this tissue 1is morphologically a sheet like
structure it is possible to mount tissue preparations in Ussing
type chambers and has proved most useful in assessing proton
pumping in biclogical systems. Much of‘the present understanding
of this tissue is based on the work of Steinmetz,Schwartz and
their co-wocrkers and the following account is based primarily on
their work (Steinmetz, 1967,1969,1974; Steinmetz & Lawscn ,
1971; Schwartz, 1976; Schwartz & Steinmetz, 1971; Schwartz et al
. 1972; leslie et al, 1973; Al-Awgati et al , 1976; Al-Awgati et
al , 1977). At the luminal border of the bladder a molecule of
water' is <cleaved in scme manner producing a proton plus a
hydroxyl ion. The proton is excreted with the asscciated inward
movement of a sodium ion maintaining electroneutrality. It's not

certain 1if this sodium/hydrogen translocation is an obligatory



exchange; however removal of luminal side sodium or exposure +to
amilcride decreases acid secretion. Alternately decreasing rates
of acid secretion affect the rates of sodium influx at the
luminal border. The hydrcxyl remaining from the photcoclysis of
water would now be expected to drastically elevate cellular pH
unless buffered or excreted, In fact it can be demonstrated that
this hydroxyl ion is buffered by the hydration of C02 + O0H to
HC03, with the bicarbonate ion having little direct effect on
cellular pHi. This buffering is crucial to the ability of the
bladder to excrete protons. This Conciusion is based on the
follcwing., The prcduction of metakclic C02 isn't sufficient to
maintain maximal proton pumping rates., If COZ‘ however 1is
increased in a stepwise fashion on the serosal side of the
bladder the increasa in titratable acid on the luminal side
increases until a maximal rate of pumping is achieved whereugon
further increases in (€02 are without effect (Schwartz, 1¢76).
‘The buffering action via the hydration of C02 is carltonic
anhydrase dependent, as diamox +treatment produces a fall in
proton pumping. Carbonic anhydrase in the toad bladder is found
in the cytoplasm but also seems to be incorrorated intc the
luminal membrane, Diamox in the luminal bath produces a rapid
fall in proton pumping while diamox in the serosal bath reqbires
higher concentrations and is characterized by a definite time
lag before proton pumping falls (Schwartz, 1976). This type of
evidence 1is interpreted to mean the bound carbonic anhydrase in
the luminal membrane is probably responsible for the fall in
protcn pumping during diamox inhibition., Interestingly when

proton pumping is inhibited in the turtle bladder with diamox,
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sodium influx also falls. In the trout, carbonic anhydrase is
alsoc in the apical (='s luminal membrane of the urimnary bladder)
membrane and diamox also inhibits sodium influx. The cellular
bicarbonate formed from the hydration of C02 in the bladder is
excreted ionicly. The bulk cf fhe bicarbonate moves thrcugh the
serosal membrane into the bathing sclution, This step can be
blocked by SITS. Some bicarbonate also leaves via the luminal
membrané as well, The movement of this bicarbonate is dependent
on external chloride and appears to be a tight 1:17 coupling. 1In
the urinary bladder the magnitude of this exchange is small and
diamcx doesnt't appear to alter chloride influx greatly. It may
be possible. that epithelia characterized by a greater
chlorides/bicarbonate exchange capacity may ke more or less
susceptable to inhibition of anion movements during cartonic
anhydrase inhibition., Thus if one fish had a bhigh capacity to
take-up environmental chloride (in exchange fcr bicarbonate)
diamcx miqght appreciably inhibit that flux by dinhibiting the:
hydration reaction and hence the supply of bicarbonate free to
exchange, If the magnitude of the pump was small it might nct be
affected to any great extent, If this is true then the differing
effects of diamox on chloride uptake in fresh water fish nmight
be exrlainable. Maetz and Garcia-Romeau found chloride uptake
was inhibited with diamox in the qoldfish while diamox was
apparently without effect in the trout (Kerstetter & Kirschner,
1972) . Acid secretion in the urinary bladder and the fish qill
are similar in several other respects, Amilcride blocks scdiunm
uptake across the gill and blocks hydrogen ion excretion in

trout (Kirschner et al , 1973). Amiloride has the same effect in
4]
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the wurinary bladder ;_ As just mentioned acid secreticn is
strongly correlated to nutrient (serosal) side C02 levels. When
the c¢nly source of C02 for the hydration reaction is from
endogenous metabolic C02 production, proton pumping is greatly
reduced, Payan and Matty (1975) working with perfused trout
gills measured the acidification of the bathing solution with
time when the gqgills were perfused with 5% C02 or zero C02 gas
equilitrated solutions. %#When the vperfusate lacked €02 the
apparent rate of acidification of the environmental water was
approximately half that found during perfusion with 5% C02, The
increase in acidification was not the result of diffusion of
molecular €02 and represented hydrogen ions . This observation
is ccnsistent with the data for the turtle bladder where
hydrogen ion secretion is dependent on serosal €02 levels.
Unfortunately while the urinary bladder 1is =easily tested
experimentally the teleost gill provides. much more formidable.
technical difficulties., Presently it can only be suggested that
the gill appears remarkably similar to acid secretion in the
well defined amphibian and reptilian urinary bladder. Clearly
this area requires further work but also appears to be a
fruitful area fof future research.

That fish vand many single cell systems requlate internal
hydrcgen ion levels when faced with an acid-base challenqe 1is
clear; however the ultimate controliing wmechanisms remains
obscure. In examining acid secretion in the vertebrate gastric
mucosa Sachs (1978) has suggested that at least two levels 6f
contrcl exist in this tissue. First, blood flcw or perfusion can

be untilized, In the stomach acid secretion only cccurs when the
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acid secreting membranes are perfused. Thus many neural and
humoral agents kncwn to stimulate acid secretion in the stcmach
do =o by their ability to increase perfusion of the appropriate
acid secreting membranes. The second level of control resides at
the cellular or biochemical level. For exanmnple in the turtle
bladder aldostercne 1increases acid secretion by stimulating
sodium uptakg at the luminal membrané (Al-Awquati et al , 1876).
Cyclic-2MP is likewise effective (Aceves, 1977) .. Thus wmany
possible controlling mechanisms exist at the celluylar level in
fish. Regulaticn of acid secreticon in the fish is probably
normally never perfusion 1limited with regulation most likely
occuring at the cellular level possibly humorally mediated., 1If
aquatic teleosts never faced the problem of retaining C02 and
the gill is utilized to adjust plasma hydrogen ion levelé via
ionic exchange mechanisms across the water,/gill mémhxane what
restrictions are placed on aerial respiration?

In most fish totally removed from water the ability of the
gilis to function is greatly reduced. The principal site of
envircpmental exchange in thg teleost gill is the leaf-like
secondary lamellae . These structures are easily supported in
water; however in the less dense medium of air the secondary
lamellae collapse under +their cown weight., The collapse of the
secondary lamellae creates a huge diffusion dead space and
undoubtedly an increase in gill vascular resistance. Thus
typically, gills in air are diffusion and possibly perfusion
limited with respect to oxygen and carbon dioxide transfer.
However in addition to limiting gas +transfer icnic ©processes

occurrinrg in the presence of water will alsc be affected, Thus
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ammonia excretion and ionic exchange would also be limited in
fish denied the ability to ventilate their gills with water.
Therefore a rainbow trout placed in air would be limited with
respect to oxygen uptake and carbon dioxide excretion but also
the ability to requlate arterial hydrogen ion levels as well as
ammcnia and salt levels, Thus for the trout in air a build-up of
C02 would occur and this retention of C02 would clearly nct be
compensated for as prcton pumping is not now possible. However
it is pogsible that in the case of a rainbow trout the limiting
factor for survival may be oxygen procurement and tissue ancxia
would prove fatal before the animal encountered a hypercapnic
acidosis of sufficient magnitude to be lethal. WMany £fish have
developred alternate or accesspry gas exchange areas to utilize
atmospheric oxygen and do not face anoxia during-air exposure.,
Accessory gas exchange organs have evolved in numerous
grocups of fish in order to obtain oxygen from air. These air
breathing organs may be modified swimbladders, rharyngeal
cavities and even stomach and intestine (see Johansen, 1870;
Munshi, 1976; Singh, 1576 for reviews). Thess organs are
utilized for oxygen uptake, as indicated by their tyrpical
respiratory guctients of 0.1 - 0.4, The gills are thus retained
as the major route for carbon dioxide excretion with the method
presumably identical to that in truly aquatic fish such as the
trout, W®When air breathing fish such as the bladder breather

Hoplerythrinus unitaeniatus are air exposed arterial oxygen

content remains high (Haswell, unpublished observaticns),
Johansen (1966) found that in Syntranchus-blood oxygen carrying

capacity actually increased from a maximal of 50-60% saturation,



96

while in water, to 100% saturaiion during air exposure., During
this same air exposure C02 content actually rose and did not
fall wuntil agquatic ventilation was initiated. Thus althougqh in
exchange pathway actually enhanced oxygen uptake a retenticn of
C02 develops., As fish red cells fail to dehydrate plasma
bicarbonate (this study) and the accessory exchange organs do
noct possess carbonic anhydrase (Burggren & Haswell, 1978) these
animals can excrete C02 at these exchange sites only at the
uncatalyzed rates, That this is true is further demcnstrated by
Randall et al {1978). These authors found that infusion of

bovine <carbonic anhydrase into air-exposed Hoplerythrinus

reéulted in a doubling of the bladder respiratory quotient which
greatly alleviated the rise in blood PaC02 and fall in pHa
normally evident during air exposwure in this fish. Figure #18
denonstrates the effect of air exposure and subseguent infusion
cf bcvine carbonic anhydrase on blood acid-base status in a
single fish, Thus in air breathing fish exposed to air the
inability of red cells to participate in the dehydration of
plasma HC03 1is for the first time no longer an advantage but
rather a liability. Many fish such as 1lungfish and some <eels
have utilized increased vascularization of the skin to help
excrete CQ2. This increaged capillary density in close proximity
with a moist skin would thus enhance the loss of molecular <C02.
4It is anticipated that increased temperatures would also enhance
the facilitation of €02 production from plasma bicarbonate via
the uncatalyzed 1reaction, Increased capillary distances nmay

result in 1long skin capillary residence times and wculd thus
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Changes in dorsal aortic pH (pHa) and

PCO, (PaCOz) during air exposure and the
effect of infusion of carbonic anhydrase
(C.A.) into the dorsal aorta of an indior

vidual Hoplerythrinus.
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also facilitate the loss of C02; however no relevant data exists
to draw any reliable conclusions concerning this possibility.
Althcugh the vascularization of the skin and increasing luag
volunes may help facilitate the loss of C02 the gills invariably
are Ietained and provide a major pathway for the release of' 02
and presumibly are still utilized via ionic exchange processes
occuring in the gill to regulate plasma hydrogen icn activity.
Ultimately metabclic rates in airbreathing fish may be limited
" by their ability to excrete C02 without ventilating their gill
structures with water. Those air breathing fish which bave
become the most "terrestial" may be forced +to pay for ‘this
freedom by either enduring periods of acidosis and/or reducing
metabolic €02 production. Consegquently estivation .bv lungfish
may provide a means of reducing C02 pfoduction and avoiding what
would otherwis2 result in a 1lethal rise in blocd C02 during
pericds when drought conditions wmay 1limit excretion o¢f C02
across the skin (Delaney et al , 1977).

In émphibians well developed lungs are utilized to prbéure
oxygen from air; however their skin provides the major site of
C02 excreticn (Vinegar & Hutchison, 1965 ; Hutchison et al ,
1968; Emilo & sShelton, 1974). In more terrestial vertebrates
such as reptiles as well as birds and mammals the lungs prcvide
the site for oxygen uptake and C0Z excretion. It is therefore
interesting that intact red blood cells from Xencpus , Amphiuma

. Bufo and Rana pipiens also appear to lack carbonic anhydrase

dehydration activity while the red blood cells of the turtle
Crysemes possess obvious carbonic anhydrase activity. Clearly

any mnutation enabling the red cell +to vparticipate in the
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dehydration of plasma bicarbonate would be expected toc greatly
facilitate +the wmovement .of animals from aquatic to fully
terrestial air breathers, These possibilities should provide a

rewarding area for future resecarch.
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