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Wehave previously shown that the injection of
sodium bicarbonate into the pulmonary artery of
a dog enclosed in a body plethysmograph results
in the evolution of gas in the alveoli which is meas-
urable as an increase in the pressure in the
plethysmograph (1). By comparing the time
elapsed between injection and gas evolution fol-
lowing injection of a bicarbonate solution with
the analogous time interval following injection of
an inert gas, ether (2), a value for the over-all rate
of the reactions leading to CO2 liberation in the
lung can be obtained. Relatively small doses (5
mg per kg) of a carbonic anhydrase inhibitor, ace-
tazolamide, given intravenously, markedly sup-
pressed the evolution of CO2 after bicarbonate in-
jection. This observation suggested to us a
method for carrying out experiments to investigate
the relationship between the time available and the
time required for CO2 equilibration in the lungs.
These experiments form the basis of the present
report.

METHODS

Four dogs weighing 16 to 20 kg were used in these
experiments. They were anesthetized with pentobarbital
sodium in an initial dose of 25 mg per kg; this was
usually supplemented by 100 mg about one hour later.
A tracheal tube was inserted. A shortened no. 9 cardiac
catheter (capacity 0.9 ml) was introduced via the ex-
ternal jugular vein into the pulmonary artery. The dog
was then enclosed in a body plethysmograph, and just
before the start of the actual experimental period, spon-
taneous breathing was arrested with appropriate doses
of succinylcholine chloride and ventilation was main-
tained by a Starling pump. The pulmonary artery pres-
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sure 1 and the plethysmograph pressure 2 were recorded
by using strain gauges and a direct-writing oscillograph.3
The electrocardiogram was monitored continuously. The
details of the calibrating and the recording procedure are
reported elsewhere (2).

After checking the plethysmograph for air tightness
and calibrating it, an injection of 0.5 ml of 1: 4 ether in
alcohol was made into the pulmonary artery to determine
the circulation time from the pulmonary artery to the
site of gas exchange (2). This was followed by the in-
jection, in the same manner, of 3 ml of a saturated solu-
tion of sodium bicarbonate (approximately 1.2 Mat room
temperature 200 C). At least duplicate control injections
of both ether and bicarbonate were made. An injection
of 10 or 20 mg of sodium acetazolamide (Diamox so-
dium) was then made into the pulmonary artery, and 10
to 12 minutes later duplicate ether and bicarbonate in-
jection records were obtained. The process was then re-
peated using 10- to 20-mg increments of sodium aceta-
zolamide until a total dose had been reached which mark-
edly suppressed gas evolution.

Analysis of records. All the records obtained were
analyzed by determining the time taken for half the gas
evolved to appear, as well as by determining the total
volume of gas liberated. In every pair of ether and bi-
carbonate injection records, the time taken for half the
gas following ether injection to appear was then sub-
tracted from the time taken for half the gas following bi-
carbonate injection to appear, yielding a value for the
time taken by the reactions leading to CO2 liberation to
reach half-completion (1). This value was termed reac-
tion half-time.

We have found that the rate of evolution of CO. as
seen in the plethysmographic pressure record after bi-
carbonate inj ection is essentially a logarithmic process
over at least 3 cycles of half-time. The curves showing
a decrease in gas volume liberated after Diamox, how-
ever, deviated from the logarithmic course at some point
along the rise. In the curves showing a decrease in gas
volume following the minimal effective total dose of
Diamox, the initial point of deviation from the loga-
rithmic course was located on the curve, and a tangent
was drawn to the curve at this point. This marked the
time when a fraction of the injected bicarbonate first left

1 Statham Model P23D.
2 Statham Model PM97 TC 0.05-350 + 0.05 PSID.
3 The Grass Instrument Co., Quincy, Mass.
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TABLE I

Analysis of CO2 evolution curves for HCO3- transit time

Percentage deviation
Median Range of transit from median transit

capillary time time
transit

Dog* time Minimum Maximum Minimum Maximum

sec sec sec % %
15 1.28 0.68 1.94 -41 +51

1.90 1.26 2.62 -34 +38

16 1.80 1.20 2.50 -33 +40
1.58 1.14 2.10 -24 +28

19 1.96 1.00 2.92 -49 +49
1.72 1.16 2.72 -33 +58

20 3.52 2.52 4.52 -28 +28
3.88 3.14 4.62 -19 +19

Mean 2.21 -33 +39

* These numbers correspond to those in Table IV of reference 1.

the gas exchange vessels. Another tangent (a horizontal
line) was drawn to the peak of the curve. This was the
point where gas evolution ceased, hence where the last
fraction of inj ected bicarbonate left the vessels of gas

exchange. A tangent to the curve was then drawn hav-
ing a slope equal to the average slope of the two previ-
ously drawn tangents. This point on the curve then
marked the median time at which injected bicarbonate
left the gas exchange vessels. When the median arrival
time of ether obtained from the immediately preceding
or immediately following ether injection curve was sub-
tracted from the time interval between injection and me-

dian exit time of bicarbonate from the vessels of gas ex-

change, the remaining figure gave the median time spent
by the injected bicarbonate in the gas exchange vessels.
The scatter of bicarbonate transit times 4 around the me-

dian value was obtained from the scatter of exit times,
obtained by the above measurement, and from the scatter
in the arrival times of any injected substance, obtained
from the scatter of arrival times around the median ar-

rival time for ether. Thus the shortest time spent by in-
jected bicarbonate in the gas exchange vessels was ob-
tained by subtracting the longest ether arrival time from
the earliest bicarbonate exit time, and the longest transit
time for bicarbonate was obtained by subtracting the
shortest ether arrival time from the latest bicarbonate
exit time.

RESULTS

The median time spent by bicarbonate in the
pulmonary vessels of gas exchange averaged 2.2
seconds. The individual results can be seen in
Table I. The figures under the heading "Range of
transit time" include the scatter of the ether ar-

rival time and of the bicarbonate exit time in the
4 Transit time here is defined as the time the bicarbonate

ion spends in contact with the gas exchange surface.

manner described above. This deviation averaged
- 33 per cent and + 39 per cent of the median bi-
carbonate transit time value.

Figure 1 shows the results of a typical experi-

ment. The curve to the extreme left is that fol-
lowing the injection of ether; the next curve is
that of the control bicarbonate injection; the third
curve shows the effect of 40 mg of sodium aceta-
zolamide on the evolution of CO2from bicarbonate,
and the fourth and fifth curves show the effect of a

total dose of sodium acetazolamide of 60 mg and
140 mg respectively, given in increments of 10 to
20 mg. It can be seen that the smaller dose of in-
hibitor affects only the rate of CO2 liberation,
whereas larger doses slow the rate and also de-
crease the volume of gas liberated. The signifi-
cance of this observation will be discussed later.

Because of the possibility that the alveolar capil-
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FIG. 1. RESULTS OF AN EXPERIMENTSHOWINGRECORDS

OF INJECTION OF ETHER AND SODIUM BICARBONATE INTO

THE PULMONARYARTERYOF A DOGBOTH BEFOREANDAFTER

THE ADMINISTRATION OF ACETAZOLAMIDEIN A TOTAL DOSE

OF 40, 60, AND 140 MG.
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FIG. 2. SCHEMATICREPRESENTATIONOF THE EFFECT OF
ACETAZOLAMIDEONTHE RATE ANDAMOUNTOF CO2 LIBERA-

TION IN THE LUNG AFTER INJECTION OF A BICARBONATE

SOLUTION. The vertical dashed line to the right repre-
sents the time of exit of injected bicarbonate from the
vessels of gas exchange. The curve labeled "HCO3j" il-

lustrates the fact that at the normal rate of evolution of
CO. from bicarbonate, the reaction is completed before the
inj ected bicarbonate leaves the gas exchange vessels.
The curve labeled "HCO3- + A 30" illustrates the fact
that moderate slowing of the reaction with 30 mg of
acetazolamide still permits gas evolution to be complete.
In the curve labeled "HCO3- + A 60" a degree of slowing
is produced by a total dose of 60 mg of acetazolamide
which prevents completion of the reaction before the bi-
carbonate leaves the gas exchange vessels and as a re-

sult gas volume decreases. The rate of evolution of ether
gas is drawn for comparison. All the curves are drawn
arbitrarily to show the relative rates of CO. evolution
with varying degrees of carbonic anhydrase inhibition;
these doses of acetazolamide are not actual figures from
an experiment, but they represent the correct order of
magnitude of the dose required to decrease the volume
of gas evolved from bicarbonate.

lary gradient for CO2 may be reversed so as to
permit re-entry of CO, into the blood before the
evolution of gas from the injected bicarbonate is
complete, we feared that the apparent peak of the
curve might not reflect accurately the end of CO2
evolution. In order to exclude such a possible
source of error, we set up an experiment in which
the single injection of bicarbonate solution was im-
mediately followed by a constant infusion of a

less concentrated bicarbonate solution at such a

rate as to permit the recording of a definite plateau
at the peak of the curve. Comparison of the initial,
median, and peak points obtained by such a method
showed close agreement with the analogous points
obtained by a single injection of bicarbonate solu-
tion.

DISCUSSION

Pulmonary "capillary" transit time for injected
bicarbonate. The dependence of CO2 evolution

from injected bicarbonate on carbonic anhydrase
suggested that partial inhibition of the enzyme
might give information on the pulmonary capil-
lary transit time for bicarbonate. The theoretical
basis for this possibility may best be explained
with reference to Figure 2. The volume of CO,
liberated from injected bicarbonate is determined
by 1) the rate at which CO2 evolution proceeds
and 2) the time the bicarbonate spends in the
vessels where gas exchange takes place. When
stepwise inhibition of carbonic anhydrase is
brought about by giving repeated small doses of
acetazolamide, the rate of evolution of CO, is
slowed, but the volume of gas evolved is not af-
fected so long as the transit time remains longer
than the time taken by the reaction to be completed.
As soon as the reaction is sufficiently slowed to
prevent its equilibration within the time the blood
spends in the capillaries, equilibrium cannot be
reached by the time the blood leaves the capil-
laries, and a decrease in gas volume evolved is
observed. The curve showing the first decrease in
volume can be analyzed, as described previously,
and the capillary transit time for bicarbonate cal-
culated.

Pulmonary reaction space for bicarbonate. The
results obtained by using the procedure just de-
scribed showed that injected bicarbonate spends
an average of 2.2 seconds going through the ves-
sels of gas exchange, with a range of from 1.28
seconds to 3.88 seconds around the median value.
In this connection, Cain and Otis (3) recently
presented data from which they calculated the time
available for bicarbonate to react in the lungs dur-
ing carbonic anhydrase inhibition to be 5.4 sec-
onds in dogs. These workers, however, pointed
out that their figure may be overestimated be-
cause of the marked effects of small errors in the
assumed values for intracellular pH and the frac-
tion of bicarbonate which reacted. Our results,
obtained by a different and more direct method,
lend support to the interpretation which Cain and
Otis applied to their findings.

The figure of 2.2 seconds for bicarbonate transit
time in the pulmonary exchange vessels is much
higher than the accepted value of 0.7 seconds (4)
for erythrocyte transit time (this value for the
erythrocytes pertains to humans and would be ex-
pected to be even smaller in a smaller animal such
as the dog). In another series of experiments,
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the injection of trishydroxymethylaminomethane
(Tris) into the pulmonary artery caused uptake
of CO, which continued for an average of 2.6
seconds; and more recently, injection of sodium
carbonate in three dogs caused CO, uptake which
continued for an average of 2.9 seconds, confirm-
ing the discrepancy shown between the transit
time for bicarbonate and erythrocytes, and indi-
cating that all three injected substances spend
from 2 to 3 seconds in contact with the gas ex-

change surface.
We cannot determine with certainty from our

experiments the exact nature of the mechanism
which permits the bicarbonate ion a longer transit
time through the gas exchange vessels. One pos-

sible explanation would be that gas exchange may

not be limited to the anatomic capillaries of the
lungs. Staub (5) has shown that in cat lungs
ventilated with 100 per cent oxygen and pre-

pared for histologic examination by a quick-freez-
ing technique, there is evidence of oxygenation of
the blood in vessels before the anatomic capil-
laries are reached. We investigated this possi-
bility by comparing the rates of evolution of ether
in the alveoli after its injection into the pulmonary
artery when the vehicle for injection was alcohol
or alternatively kerosene. Kerosene has been
shown to lodge in vessels larger than the pulmo-
nary capillaries (6) ; thus ether dissolved in kero-
sene would be expected to leave the blood stream
by diffusing through the walls of vessels larger
than the capillaries. Under such conditions the
rate of appearance of ether gas in the alveoli was

much slower than that observed when ether was

permitted to reach the capillaries (Figure 3), sug-

gesting that under normal conditions, the major
fraction of gas evolution occurs preferentially
through the walls of capillaries.

The other and more likely explanation for the
longer transit time for bicarbonate is that there is
a large pericapillary dilution space for CO2 or bi-
carbonate in the lung, thus effectively delaying its
transit. Such an explanation is in agreement with
the finding by DuBois, Fenn, and Britt (7) of a

capacity for CO2 storage in the isolated bloodless
lungs of dogs. More recently, Sackner, Feisal,
and DuBois (8) measured the pulmonary tissue
and blood space for CO, by observing the rate of
change in pressure in a body plethysmograph af-

ter the inhalation of 15.4 percent CO, in air, and
they have concluded that the initial volume uptake
of CO2 is greater than can be accounted for by the
physical solution of CO2 in the pulmonary tissues
and its solution in and chemical combination with
the blood in the pulmonary capillaries, suggesting
that CO2 is buffered in lung tissues, as postulated
by DuBois, Fenn, and Britt (7). On the basis of
studies of the transit time of various substances
through the pulmonary capillary bed, and of the
contributions of bicarbonate ions and dissolved
COOto expired CO2, using isotopes of carbon and
large doses of acetazolamide, Chinard, Enns, and
Nolan have concluded that the alveolar-capillary
membrane is impermeable to bicarbonate ions (9).
This, however, does not preclude equilibration of

plasma bicarbonate with pericapillary tissue bi-
carbonate, occurring via CO2 which, being readily
diffusible through the capillary wall, enters the
tissue space and there recombines with water under
the influence of carbonic anhydrase, recently dem-
onstrated in lung tissue (10-12), to form carbonic
acid which instantaneously dissociates into hydro-
gen ions and bicarbonate ions. This mechanism
is an example of "catalyzed diffusion" (13). Our
observations on the transit time of bicarbonate
through the lung capillaries, as well as the figures
calculated by Cain and Otis for the time available
for bicarbonate to react in the lung, can best be
explained by the presence of a large distribution
space for the bicarbonate-CO2 system in the lung
tissues.

SUMMARY

The factors determining whether CO2 equili-
bration will occur in the lung are the rate of the
reactions leading to CO2 evolution and the time
the bicarbonate ions spend in contact with the gas

exchange surface. If the rate of the reactions
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FIG. 3. COMPARISONBETWEENTHE RATE OF EVOLUTION

OF ETHER GAS IN THE LUNG WHENTHE VEHICLE FOR IN-

JECTION OF ETHER IS ALCOHOLOR ALTERNATIVELY KEROSENE.
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involved in CO2 liberation is slowed gradually by
repeatedly giving small doses of acetazolamide, a
point will be reached where the evolution of CO2
cannot be completed in the time the blood spends
in the pulmonary capillaries, and the amount of
CO2 produced decreases sharply. In applying
this principle, we used a body plethysmograph as a
manometer to determine the rate and magnitude
of CO2 evolution, and we found that the bicarbo-
nate ions spend an average of 2.2 seconds in con-
tact with the gas exchange surface in dogs, a
much longer time than the erythrocyte transit
time through the pulmonary capillaries. Wethink
that this prolongation of bicarbonate transit time
is caused by the presence of a large pericapillary
dilution and reaction space for the bicarbonate-
CO2 system, and we suspect that this prolonga-
tion plays a role in the completion of CO2 equili-
bration in the lungs.
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