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NEUTRALIZATION OF INFUSED ACID BY NEPHRECTOMIZED
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HARRYMADISSO

(From The Department of Physiology, Cornell University Medical College, New York, N. Y.)

(Submitted for publication August 30, 1954; accepted September 22, 1954)

From 8 to 15 mMof strong mineral acid per
kilogram of body weight may be infused intrave-
nously in the dog over a period of a few hours
to produce a severe but non-fatal acidosis. Van
Slyke and Cullen (1) showed that only one-sixth
of the infused acid is neutralized by blood buffers,
five-sixths presumably being neutralized by bi-
carbonate in interstitial fluid and lymph and by in-
tracellular phosphate and proteinate buffers. Re-
cently, Bergstrom and Wallace(2) have indicated
that sodium and potassium on the surface of bone
crystals are also available for neutralization of
acid.

How tissue buffers participate in the neutraliza-
tion of acid has been investigated by measuring
changes in total quantity of extracellular sodium,
potassium, bicarbonate, and chloride ions follow-
ing infusion of hydrochloric acid into nephrecto-
mized dogs. Our preliminary reports (3, 4) were
based on experiments in which extracellular fluid
volume was approximated by inulin distribution.
The observation of a considerable increase in the
inulin volume of distribution following infusion
of acid led us to compare volumes of distribution
of several substances proposed by others as ap-
proximations of extracellular fluid volume. This
comparison indicated that radiosulfate distribution
more closely measures extracellular fluid volume
than does inulin in the whole animal (5). There-
fore, the experiments on the effects of hydrochloric
acid infusion have been repeated using radiosulfate
distribution to measure changes in extracellular
fluid volume. No definitive publication of the
original experiments is contemplated.

The results of our recent experiments indicate
that when 10 mMof hydrochloric acid per kilo-
gram of body weight are infused into a nephrecto-
mized dog over a period of two hours, 43 per cent
of the infused acid is neutralized by bicarbonate

1 Supported by a grant from the American Heart
Association.

originally present in extracellular fluid, whereas
51 per cent is neutralized by a process in which
hydrogen ions are exchanged for sodium and po-
tassium ions which diffuse into extracellular fluid
probably from cells. Simultaneously a 16 per cent
increase in extracellular fluid volume occurs.

The results of our earlier experiments using inu-
lin agree qualitatively with each of these findings.
The results differ quantitatively for the volume
of distribution of inulin is less than that of radio-
sulfate (5), and in our earlier experiments cor-
rection was not made for the slow disappearances
of inulin after two to three hours of equilibration.

EXPERIMENTALPLAN

Dogs were nephrectomized immediately before an ex-
periment to eliminate renal excretion of acid and to meas-
ure more accurately the volume of distribution of radio-
sulfate. Control values for sodium, potassium, bicarbonate,
and chloride in extracellular fluid and in the circulat-
ing erythrocyte mass were established three and four
hours after nephrectomy. One and one-half and two
and one-half hours after the production of a severe
metabolic acidosis by hydrochloric acid infusion the total
amounts of these ions in the extracellular fluid and in the
erythrocyte mass were re-established. Ion shifts into or
out of the extracellular fluid and circulating erythrocyte
mass were calculated from the differences in mean ion
contents observed in the two control and two acidosis
observations.

Four control experiments were performed under con-
ditions comparable except that in three acid was not in-
fused, and in one only 3 per cent glucose was infused
in a volume comparable to the volume of the acid infu-
sions.

EXPERIMENTALPROCEDURE

Healthy, moderately lean, adult male dogs were lightly
anesthetized with sodium pentobarbital, weighed and
nephrectomized bilaterally. Radiosulfate (S'O) and (in
two of five experiments) radiochloride (C1) were in-
fused as previously described (5). Two and one-half,
three, three and one-half and four hours after infusion of
radioisotopes arterial blood samples were drawn for
measurement of plasma radiosulfate concentration and
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plasma specific gravity. Additional samples were ob-
tained at three and four hours for plasma and whole blood
sodium, potassium, CO2, chloride and for plasma radio-
chloride and inorganic phosphate concentrations, plasma
pH, whole blood water content and hematocrit. Follow-
ing the four-hour blood sampling, 0.3 N HCI totalling ap-
proximately 10 mMper Kg. of body weight was in-
fused simultaneously through each of two polyethylene
catheters, one inserted through a femoral vein into the
inferior vena cava, the other inserted through an ex-
ternal jugular vein into the superior vena cava. Acid
was infused at a rate of 2 ml. per minute through each
of the catheters.

One hour following completion of the infusion of acid
and at half-hour intervals thereafter, four arterial blood
samples were drawn for plasma radiosulfate concentra-
tion and plasma specific gravity. Additional samples
were drawn at one and one-half and two and one-half
hours following completion of the acid infusion for
plasma and whole blood sodium, potassium, CO2 and
chloride and for plasma radiochloride and inorganic phos-
phate concentrations, plasma pH, whole blood water con-
tent and hematocrit. Plasma volume was measured by
T-1824 dilution (6) one and one-half hours before the
infusion of acid was started and two hours after the in-
fusion was completed.

Approximately 120 ml. of blood were drawn before
and a similar amount following acid infusion. Autopsy
following each experiment verified that renal excretion
had been completely eliminated and that hemorrhage at
the operative sites had not occurred.

ANALYTICAL METHODS

Whole blood water content was measured by weighing
1 ml. samples and drying at 1050 C. for 24 hours. Plasma
water content, hematocrit, plasma radiosulfate and ra-
diochloride concentrations were measured by methods
previously described (5). These radioisotopes do not
mutually interfere in these methods. Appropriate cor-
rections for self-absorption for radiochloride were ap-
plied for changing plasma chloride concentrations.
Plasma and whole blood sodium and potassium concen-
trations in heparinized samples were measured by in-
ternal standard flame photometry. Samples for plasma
pH and plasma and whole blood CO2 and chloride were
collected anerobically in oiled, oxalated syringes and
plasma fractions promptly separated. Plasma pH was
measured at 370 C. with a water-jacketed Cambridge
glass electrode, plasma and whole blood CO2 by the
method of Van Slyke and Neill (7) and plasma and whole
blood chloride by the method of Van Slyke and Hiller
(8). Whole blood chloride was measured in modified
Folin-Wu filtrates (9). Plasma inorganic phosphate was
measured by a modification of the method of Fiske and
SubbaRow (10). All analyses were made in duplicate.

CALCULATIONS

1. Plasma concentrations have been corrected for
plasma water content. Interstitial fluid concentrations
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FIG. 1. CALCULATION OF INITIAL AND FINAL ExTA-
CELLULAR FLUID VOLUMES

have been calculated from plasma water concentration
by applying a Donnan factor of 0.95 for all monovalent
ions. Bicarbonate concentration has been calculated from
CO, concentration and pH using the Henderson-Hassel-
balch equation.

2. Total exchangeable chloride has been calculated by
dividing total radiochloride activity injected by plasma
specific activity. The radiosulfate volume prior to in-
fusion has been calculated from zero-time concentration
(A, Figure 1) obtained by extrapolation of a semi-
logarithmic plot using a formula (5) which includes cor-
rection for plasma volume and Donnan distributionL In
all experiments the radiosulfate volume increased fol-
lowing infusion of hydrochloric acid. In two experiments
(No. 2, No. 3) the slope of the disappearance curve
(B, Figure 1) of radiosulfate remained unchanged after
infusion, the curve merely being displaced to a lower
range of concentrations (C, Figure 1). In these experi-
ments the radiosulfate volume following infusion has
been calculated from the concentration of radiosulfate
in plasma water obtained by extrapolating to zero time
(D, Figure 1) the disappearance curve obtained after
infusion. In the other experiments (No. 1, No. 4, and
No. 5) the slope of the disappearance curve (E, Figure
1) decreased slightly following infusion. The post-infu-
sion volume has been calculated by assuming that the
slope decreased progressively during and shortly after
the infusion. The original curve (B) has been extrapo-
lated to a point midway in time between the two curves.
From this concentration (F) and the initial radiosulfate
volume total radiosulfate activity in the radiosulfate vol-
ume at the midpoint has been calculated. The post-infu-
sion volume has been calculated by extrapolating curve E
to the midpoint (G). From this concentration and the
total activity, the radiosulfate volume following infusion
has been calculated.

3. Concentrations of water, sodium, potassium, and
chloride in erythrocytes have been calculated from their
plasma and whole blood concentrations and the hemato-
crit. Erythrocyte bicarbonate concentration has been
calculated from the bicarbonate concentration in plasma
water and a Donnan factor for chloride derived in each
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experiment from the chloride concentrations in the water
of plasma and erythrocytes. (This factor averaged 0.64
in control periods and 0.80 after acid infusion.) Total
erythrocyte sodium, potassium, bicarbonate, and chloride
have been calculated from their concentrations in eryth-
rocytes and the circulating erythrocyte volume. Cir-
culating erythrocyte volume has been calculated from
measured plasma volume and hematocrit. Corrections
have not been made for trapped plasma or difference in
small and large vessel hematocrit.

RESULTS

Detailed data from a representative experiment
are presented in Table I. The infusion of 161 mM
of hydrochloric acid into a 16.8 Kg. dog reduced
plasma pH from 7.41 to 7.10 and bicarbonate
concentration in plasma water from 24.6 to 7.0
mMper L. Potassium concentration rose from
4.1 to 10.3 mMper L. The increment in total
body chloride (158 mM) agrees closely with the
amount of chloride infused (161 mM). As a

result of the infusion of acid, there was an increase
in total extracellular sodium of 55 mMand in po-

tassium of 31 mM. Sixty-seven mEq. of base
were derived from extracellular bicarbonate as

CO2 was eliminated. The increment in extracel-
lular chloride approximates the amount of chloride
given as hydrochloric acid despite the observed
transfer of 18 mMof chloride into erythrocytes.
No significant change in total sodium or potas-
sium in circulating erythrocytes was observed.
The rise in hematocrit is in part the result of in-

crease in erythrocyte water concentration, but in
large part probably due to contraction of the con-

gested spleen of the barbitalized dog.
The results of the five experiments are sum-

marized in Table II. The five dogs, averaging
18.9 Kg., received an average of 9.5 mMof hy-
drochloric acid per Kg. Extracellular fluid vol-
ume as measured by radiosulfate distribution,
averaging initially 23.6 per cent of body weight,
increased an average of 715 ml. An average of
615 ml. of acid was infused. Thus extracellular
fluid volume increased by more than the volume
of acid infused. Total sodium in extracellular
fluid increased 65 mM, equivalent to 36 per cent
of infused hydrochloric acid. Total potassium in
extracellular fluid increased 28 mM, equivalent to
15 per cent of infused hydrochloric acid. Base
derived from bicarbonate in extracellular fluid
averaged 78 mM, equivalent to 43 per cent of in-
fused hydrochloric acid. Total chloride in extra-
cellular fluid increased 170 mM. Thus all but
6 per cent of the chloride infused as hydrochloric
acid remained in the radiosulfate volume of distri-
bution. Total exchangeable chloride as measured
by radiochloride distribution increased by 98 per

cent (Exp. No. 4) and 106 per cent (Exp. No. 5)
of the chloride given.

In control experiments plasma volume decreased
an average of 9 per cent. Plasma pH increased
from an average of 7.40 to 7.43. Hematocrit in-
creased an average of 7 per cent. Total exchange-

BLE I

Average changes in total millimols of each monovalent ion in extracellular
fluid and in circulating erythrocyte mass derived from detailed data

from a representative experiment

_bps Pimm9SQ Hea Plasm Conc. in Plasma Water Totl Extracellular Conc, in Erythrocytes

T Water VoL -ocrit pH Na K OC C IKHGO Cl Na K CO Cl 0WLt
hou mL mL nullimols per liter n 10total milimnls millinols per liter %

300 660 399C .425 7.40 1557 4.0 24.6 119.0 1.7 551 594 15 102 496 105 7 2 9.9 4a7 6294.0C .415 7.42 56914.1 24.5119.011 6 548591 15 102 4961104 7.7 IQ0 47.5 637

416-6.50 Infusion of 550 ml. of 0.291 N HCI(161 mM). 16.8 K Dog

7.75 675 469 .467 7.11 145.110.3 6.71343 1.9 7 652 46 34 658 94 8.0 3.4 68.946M

8.45 ] 462 7.09 j445}Q 3 7.31133.5a2.0 71 650 46i 36 6541 94 7.8i 3.665. 651

Average Change (total millimo1s3 +158 + 31 -67 160 5 +1 1-4 +18j
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TABLE II

Summary of data from the five experiments

HCI INFUSED A A FnAL & CONC IN ATOTAL %MCI NEUTRALIZEDBY
EXP . -TOTAL S3504 PLAM PLASMA WATEREXTRACELLULARTRANSF. TOHCO3 _

No OTALM VOL Ciol i i~PIE(,F N OQTOTAL7 VOL. Cl VOL PH NE | K FCO3| Cl Na | K |HCO Cl E.C.F. IN OF
Kg. mM. Kg ml. mM. ml. millimois per liter millImols Na K ECF a

I 18.1 190 10.5 650 +765 7.09 -6 +4 -16 +14 87 25 -78 +17 46 13 41 9

2 19.0 169 8.9 560 +565 7.15 -IO +5 -18 +14 +38 f27 -8 +14 23 16 47 1 6

3 20.6 189 9.2 650 +755 7.05 -6 +4 -19 F19 ISCF21 87- 19 42 II 46 -3

4 16.8 161 9.6 550 158 F705 7.10 -_1 +6 -18 F+5 531 -67 +1 34 19 42 1

5 202 194 9.6 665 204+785 6.96 -9 +6 -16 .i5 -F67+3517E+181 35 18 40 6

Av. 18.9 180 9.5615 *715 -85 17 .i5 _6M2 -7 ^7 36 IS 43 6

able chloride remained constant. There was no
significant change in the calculated total sodium,
potassium, bicarbonate, and chloride in extracel-
lular fluid.

Change in total sodium, potassium, bicarbonate,
and chloride in circulating erythrocytes after acid
infusion averaged + 3 mM (range for the five
experiments, - 10 to + 23), + 1 mM(- 1.2 to
+ 2.6), -4(-2.8 to -6.2) and + 22 mM
(+ 12 to + 29), respectively. In four con-
trol experiments change in total sodium, potas-

TABLE III

Change in osmolarity of plasma water due to monovalent
ions and change in anion deficit of plasma water

following infusion of acid

milliosmols per liter Anion Deficit nEq./UL
Exp. (Na+K+ HC3+ CI) (No+K-HC2il

No. Before HCI After HCI Before HCI After HCI

I 300.8 297.3 16.3 18.2

2 308.9 299.2 1 7.4 17.3

3 300.1 297.0 20.4 17.8

4 303.9 296.0 16.8 14.2

5 303.5 297.9 15.1 14.3

Av. 303.4 297.5 17.2 16.4

sium, bicarbonate, and chloride in circulating ery-
throcytes averaged - 4 mM (- 24 to + 8),
-0.1mM (-0.9 to + 0.9), -1.1mM (-2.3
to + 1.5) and - 1 mM(- 15 to + 6), respec-
tively. Thus only for total erythrocyte bicarbo-
nate and chloride are there significant differences
between the control experiments and the experi-
ments in which hydrochloric acid was infused.
Total circulating erythrocyte bicarbonate de-
creased 4 mM. Total circulating erythrocyte
chloride increased 22 mM, equivalent to 12 per
cent of the infused chloride.

Table III summarizes changes in osmolarity of
plasma water contributed by the four monovalent
ions, sodium, potassium, bicarbonate, and chlo-
ride, and changes in anion deficit (Na + K -
Cl - HCO3) as a result of infusion of acid. Os-
molarity decreased 5.9 mOsm. per liter. The
difference between monovalent cations (Na and
K) and monovalent anions (HCO8 and Cl) de-
creased 0.8 mEq. per liter, in part the resultant
of an expected decrease in base binding of plasma
proteins of 2 mEq. per liter as pH fell from 7.4 to
7.1 and an average increment in phosphate con-
centration of 0.5 mMper liter following infusion
of acid.

In the three control experiments in which there
was no infusion, osmolarity contributed by mono-
valent ions decreased an average of 2.5 mOsm.
per liter, and the anion deficit increased 1.6 mEq.
per liter.
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DISCUSSION

In these experiments a large amount of strong
acid containing a non-metabolizable, non-volatile
anion whose distribution is largely extracellular
has been infused over a short period of time.
Under these conditions, 43 per cent of the in-
fused acid is neutralized by extracellular bicarbo-
nate as CO2 is eliminated by hyperventilation.
Fifty-one per cent is neutralized by exchange of
hydrogen ions for sodium ions and, to a lesser
extent, potassium ions which diffuse into extra-
cellular fluid along with water. In agreement with
Van Slyke and Cullen (1) only about 18 per cent
of the infused acid is neutralized by circulating
blood.

A. Validity of observed increase in extracellular
fluid volume

The validity of the observed increase in extra-
cellular fluid volume following infusion of acid is
crucial in interpreting the results of these experi-
ments. Data sufficient to calculate this increase
are presented in Figure 2. In each experiment the
disappearance curve for radiosulfate was displaced
to a lower range of concentrations. This dis-
placement is considerably greater than that ex-
pected from the infusion of water equal in vol-
ume to the acid infused.

The observed expansion of extracellular fluid
might be an artefact: a) If plasma sulfate concen-
tration increased in acidosis enough to signifi-
cantly lower measured radioactivity through self-
absorption; b) if in acidosis there is an increased
permeability to radiosulfate of cell membranes
or an increased diffusibility into extracellular fluid
not included in the initial radiosulfate volume of
distribution; or c) if edema fluid accumulating at
operative sites after radiosulfate infusion but prior
to acid infusion remains unequilibrated with
plasma with the result that radiosulfate concen-
tration in edema fluid exceeds that in well per-
fused areas.

The first source of error is eliminated by adding
carrier sulfate in an amount one thousand times
that in plasma samples taken for assaying radio-
sulfate activity. This is confirmed by the fact that
recoveries of radiosulfate from plasma obtained
after acid infusion are satisfactory. The second
possible source of error is unlikely for the follow-
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FIG. 2. SEMILOGARITHMICPLOT OF RADIOSULFATECON-
CENTRATION IN PLASMA WATERAGAINST TIME BEFORE
AND AFTER INFUSION OF HYDROCHLORICACID

ing reasons. Comparable increases in inulin vol-
ume of distribution (11) and in mannitol volume
of distribution (12) have been observed after in-
fusion of acid. *The slope of the disappearance
curve for radiosulfate remains unchanged or de-
creases slightly after acid infusion. In studies of
respiratory acidosis and alkalosis under compara-
ble experimental conditions, Giebisch, Berger, and
Pitts (13) have observed no change in slope of
the disappearance curve for radiosulfate as plasma
pH varies from 6.8 to 7.8. The third possible
source of error is unlikely for the following rea-
sons. No consistent differences in concentrations
of monovalent ions or in the specific activity of
radiochloride are seen between the two plasma
samples obtained after acid infusion. The plot of
the logarithm of radiosulfate concentration remains
essentially linear after infusion of acid. Webe-
lieve the increase in radiosulfate volume after the
infusion of acid closely approximates the change
in extracellular fluid volume.

However, the calculated increment in extracel-
lular chloride in some experiments equals the
amount of chloride infused and for all experiments
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the fraction of infused chloride transferred from
the radiosulfate volume (6 per cent) is slightly
less than the chloride calculated to have entered
erythrocytes (equivalent to 12 per cent of infused
chloride). This suggests that the calculated in-
crement in extracellular fluid may be slightly in
excess of the true increment. Such an error would
mean that the fraction of infused acid neutralized
by diffusion of sodium and potassium into extra-
cellular fluid has been overestimated. It is not
conceivable to us, however, that this error can be
of such magnitude as to invalidate the conclusion
that a large fraction of infused acid has been neu-
tralized by transfer of sodium and potassium to
extracellular fluid.

B. Source of sodium and potassium transferred to
extracellular fluid

The source of the sodium and potassium trans-
ferred to extracellular fluid after acid infusion is
not identified by these data, although certain in-
ferences may be drawn from a consideration of
change in total osmolarity of plasma contributed
by the major monovalent ions.

The results of these experiments indicate that
a significant fraction of chloride does not enter
cells other than erythrocytes following hydro-
chloric acid infusion. Were this to occur, intra-
cellular osmotic pressure might be expected to in-
crease, with transfer of water to cells and con-
traction of extracellular fluid. Such a transfer
has been described for erythrocytes (14) and is
apparent in these data on erythrocyte water and
ion content.

With infused chloride largely confined to ex-
tracellular fluid, it is conceivable that intracellular
buffers participate in the neutralization of infused
acid through a process in which intracellular so-
dium and potassium exchange for hydrogen ion
(11, 15, 16). The net effect would be the addition
of sodium, potassium and chloride to extracellular
fluid, a decrease in intracellular pH and a decrease
in intracellular osmotic pressure due to the less
ionized state of hydrogen, contrasted with sodium
and potassium, in the presence of phosphate and
proteinate. Calculations based on average values
for the five experiments (Tables II and III), as-
suming an initial body water of 60 per cent of body
weight and osmotic equilibrium between cells and
extracellular fluid, support this possibility.

An 18.9 Kg. dog (Table II) has an initial body
water of 11.4 liters, an initial radiosulfate volume
of 4.47 liters (average of the five experiments)
and an osmolarity of plasma water due to mono-
valent ions of 303.4 mOsm. per liter (Table III).
One hundred and eighty mM(360 mOsm.) of
hydrochloric acid in 615 ml. of water were infused
into this average dog. Forty-three per cent of the
infused hydrochloric acid is neutralized by extra-
cellular bicarbonate. Acid thus neutralized does
not effect a net increase in osmotically active solute
since chloride merely replaces bicarbonate. There-
fore, at most, only 205 mOsm. (360 - [360 x
0.43] ) have been added to body fluids.

Twenty-two mMof hydrochloric acid were ap-
parently neutralized by erythrocyte buffers, ap-
proximately 4 mMby bicarbonate and presumably
18 mMby hemoglobin and phosphate, adding ap-
proximately 18 mOsm. to body fluids. If the frac-
tion of infused acid neutralized by exchange of hy-
drogen ions for sodium and potassium ions had
been neutralized entirely by bicarbonate outside
the radiosulfate volume, the resulting osmolarity
expected would be 289 mOsm. per liter.

11.4 L. x 303.4 mOsm./L. = 3,455 mOsm.
(3,455 mOsm. + 18 mOsm.) +. (11.4 L. +

0.615 L.) = 289 mOsm.
If this fraction (51 per cent) had been neutral-

ized by intracellular phosphate and proteinate
buffers, with intracellular sodium and potassium
ions exchanging for infused hydrogen ions, ex-
tracellular fluid would gain 184 mOsm. (0.51 x
360 mOsm.). Intracellular fluid would lose 92
mOsm. as weak acids of phosphate and proteinate
replaced dissociated sodium and potassium salts
of these anions. The net effect would be to in-
crease osmolarity to:

(3,455 mOsm.+ 18 mOsm. +92 mOsm.) X
(11.4 L. + 0.615 L.) = 297 mOsm./L. and extra-
cellular fluid volume to 0.72 liter.

4.47 L. x 303.4 mOsm./L. = 1357 mOsm. (in
extracellular fluid initially)

1,357 mOsm. + 184 mOsm. = 1,541 mOsm.
(after infusion)

1,541 mOsm. *. 297 mOsm./L. = 5.19 L.
5.19 L.-4.47 L. = 0.72 L.

The osmolarity of plasma water (297.5 mOsm.
per L., Table III) and the increment in radiosul-
fate volume (0.715 L., Table II) following acid
infusion are in close agreement with the calculated
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values. These calculations do not consider some
contribution to neutralization of acid by intracel-
lular bicarbonate expected in these cationic trans-
fers, a contribution which we are unable to esti-
mate.

If sodium and potassium entering extracellular
fluid to neutralize 51 per cent of infused acid had
come from apatite crystals of bone by the reaction
suggested by Bergstrom (17),

-Ca-O-CO2-Na + H Anion- -, -Ca-
Anion + Na HCO3-
The net effect would be replacement of Na and
Cl- for H' and Cl- in extracellular fluid and an in-
crease in extracellular solute of 184 mOsm. with-
out a concomitant change in osmotically active
solute within cells. Osmolarity of plasma water
expected after infusion of acid would be:

(3,455 mOsm. + 18 mOsm. + 184 mOsm.) *
(11.4 L. + 0.615 L.) = 304 mOsm./L.
The expected increase in extracellular fluid volume
would be

1,541 mOsm. +. 304 mOsm./L. = 5.07 L.
5.07 L. - 4.47 L. = 0.60 L.

That infused chloride is more than accounted for
in erythrocytes and in the radiosulfate volume does
not militate against this possibility since anion
other than chloride might be substituted on the
apatite crystal for sodium and carbonate (18).

These calculations ignore changes in water con-
tent of erythrocytes, changes in water and ion
content of cerebrospinal fluid and perhaps gastro-
intestinal fluid, blood sampling and insensible
water losses (19), factors which probably will not
introduce important errors.

Combinations of the three possible mechanisms
considered or of other mechanisms not considered
could account for observed results. However,
observed changes in extracellular fluid volume and
plasma osmolarity agree closely with changes cal-
culated by assuming that half of the infused acid
is neutralized by exchange of extracellular hy-
drogen ions for intracellular sodium and potassium
ions. This suggests that cells are the source of
monovalent base entering extracellular fluid in
acute acidosis rather than apatite crystals in bone
as observed in more chronic, less severe, meta-
bolic acidosis in rats (2).

Transfers of water, sodium, potassium, and hy-
drogen between cells and extracellular fluid of
these magnitudes would reduce intracellular so-

dium concentration by a degree consistent with
that observed in analysis of muscle in metabolic
acidosis (20). Such transfers would reduce in-
tracellular water, pH and bicarbonate concentra-
tion, leaving intracellular potassium concentration
essentially unchanged. Hastings and Eichelberger
(21) and Cotlove, Holliday, Schwartz, and Wal-
lace (20) calculated a slight increase in muscle
cell water in metabolic acidosis and a slight in-
crease in potassium concentration in muscle cell
water (20). Wallace and Hastings (22) calcu-
lated that intracellular pH of muscle did not
change significantly in metabolic acidosis and that
intracellular bicarbonate concentration decreased
only slightly. Thus in some respects the cation
and water transfers proposed are inconsistent
with available information on changes in muscle
water and electrolytes in acidosis produced by
hydrochloric acid administration.

The cation and water transfers suggested as re-
sponsible for the increase in extracellular sodium,
potassium and water observed in these experi-
ments on nephrectomized dogs may also follow
hydrochloric acid infusion in the presence of renal
function. However, it would be expected that
increments in extracellular water, sodium, potas-
sium, and chloride would not be maintained in the
presence of renal function. When renal function
is maintained, it is well known that metabolic aci-
dosis is usually associated with a contracted extra-
cellular fluid volume.

C. Location of chloride not included in the radio-
sulfate volume and in erythrocytes

The increment in chloride in the radiosulfate
volume and in erythrocytes accounts for slightly
more than the chloride infused. Since the radio-
sulfate volume and erythrocytes contain only 80
to 85 per cent of the total body chloride (5), this
would indicate that extracellular chloride concen-
tration can increase 10 to 15 per cent without a
corresponding increase in the amount of chloride
located elsewhere than in the radiosulfate volume
and in erythrocytes. While this suggests that 15
to 20 per cent of the total chloride may be either
bound to extracellular solid structures or located
intracellularly at unchanging concentration, it is
probable that the methods are not sufficiently ac-
curate to justify the conclusion that the magnitude
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of this smaller part of the total chloride did not
change.

SUMMARY

Severe metabolic acidosis has been produced in
nephrectomized dogs by infusing 9 to 10 mMper
Kg. of hydrochloric acid over a period of two
hours. Changes in total extracellular sodium, po-
tassium, bicarbonate, and chloride have been cal-
culated from plasma concentrations and changes
in the radiosulfate volume of distribution. These
changes indicate that approximately 40 per cent
of the infused acid is neutralized by extracellular
bicarbonate, approximately 10 per cent by eryth-
rocyte buffers, and approximately 50 per cent by
diffusion of sodium and potassium into extracel-
lular fluid. Exchange of extracellular hydrogen
ions for intracellular sodium and potassium ions
is suggested to account for the increment in extra-
cellular sodium and potassium.
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