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An Extrarenal Role for Parathyroid Hormone in the

Disposal of Acute Acid Loads in Rats and Dogs

DONALDS. FRALEYand SHELDONADLER, Department of Medicine, Montefiore
Hospital, and the University of Pittsburgh School of Medicine,
Pittsburgh, Pennsylvania 15213

A B S T RA C T Acid infusion studies were performed
in nephrectomized rats and dogs with either intact para-
thyroid glands (intact) or after thyroparathyroidectomy
(thyroparathyroidectomized [TPTX]) to determine the
role of parathyroid hormone (PTH) in extrarenal dis-
posal and buffering of acutely administered acid. 29
intact rats given 5 mM/kg HCI and 6 intact dogs given
7 mM/kg HC1developed severe metabolic acidosis but
all survived. However, each of 12 TPTX rats and 4
TPTX dogs given the same acid loads died. Intact rats
and dogs buffered 39 and 50% of administered acid
extracellularly, respectively, whereas extracellular buf-
fering of administered acid was 97 and 78% in TPTX
rats and dogs, respectively. 17 TPTX rats and 6 TPTX
dogs given synthetic PTH2 h before acid infusion sur-
vived. The blood bicarbonate and extracellular buffer-
ing in these animals, measured 2 h after acid infusion,
was similar to intact animals. Changes in liver, heart,
and skeletal muscle pH determined from [14C]5,5-di-
methyl-2,4 oxazolidinedione distribution seemed in-
sufficient to account for the increased cell buffering
of PTH-replaced animals. Indeed, muscle pH in TPTX
dogs given PTHand acid was only 0.06 pH units lower
than in control dogs given no acid, suggesting that
another tissue, presumably bone, was the target for
PTH-mediated increased cell buffering. This conclu-
sion was supported by the observation that PTHdid not
alter the pH of intact rat diaphragms in vitro. These
results indicate that PTH is necessary for the optimal
buffering of large, acute acid loads presumably by in-
creasing bone buffering.

INTRODUCTION

Whereas most metabolic processes in the body produce
hydrogen ions (1), mechanisms have evolved to prevent
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their accumulation and the development of life-threat-
ening acidosis. These mechanisms include the renal
excretion of the metabolically produced hydrogen ion
and the buffering of either endogenously produced or
exogenously administered acid. 60 yr ago Van Slyke
and Cullen (2) first noted that the buffering of a large,
acutely administered acid load was only partially ac-
counted for by extracellular buffers. Subsequently, it
was shown in dog (3) and man (4) that at least 50%of an
acutely administered acid load was buffered intracellu-
larly. Although these studies demonstrated the impor-
tance and extent of cellular buffering, they did not
define the tissues or regulatory mechanisms involved
in the buffering process. Data obtained from acid
balance studies in man (5) and from bone analyses per-
formed in acidotic animals (6) suggest that bone is the
tissue primarily involved in the cellular buffering of
acid in acute and chronic metabolic acidosis. Accord-
ingly, it has been proposed that parathyroid hormone
may be important for the disposal and buffering of acute
acid loads (7), but exact data supporting this hypothesis
are not available.

To determine whether parathyroid hormone is re-
quired for the normal tissue buffering of acid, acute
acid infusion studies were performed in nephrecto-
mized rats and dogs with intact parathyroid glands and
in nephrectomized thyroparathyroidectomized rats and
dogs. The effect of parathyroid hormone on intracellu-
lar skeletal muscle pH was also studied in vitro. The
results show that parathyroid hormone is required for
the optimal tissue buffering of large, acute acid loads
in both animal species.

METHODS
In vivo rat studies. Male Sprague-Dawley rats weighing

375-500 g were anesthetized with Inactin (Promonta, Ham-
burg, West Germany). Femoral artery and central venous cath-
eters were inserted and a tracheostomy and bilateral ne-
phrectomy were performed. Rats were then placed on a heated,
perforated board and rectal temperature was monitored
throughout the experiment. After a 30-min postoperative
stabilization period, two arterial blood samples were obtained
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at 15-min intervals for bloo1( gas determination. Only if acid-
base balance and oxygenation proved stable did the animal
begin a 2-h control period. Animals not achieving such stability
by 1 h were sacrificed. Unless otherwise specified, each
animal was then given 0.5 N hydrochloric acid, 5 mmilol/kg
body wt, infused intravenously over 30 min followecl bv a 2-h
recovery period. Arterial blood gases and plasma electrolvtes
were determined twice during each period. In somiie experi-
ments, cell pH was determined at the end of the stabilization
period by the intravenous administrationi of 2 ,Ci of [2-'4C]-
5,5-dimethyl-2,4 oxazolidinedione (DNM0),1 2 ,uCi of 36Cl, and
10 ,uCi of 3H20.

Experiments with the above model were performed in five
groups: 7 rats with intact parathyroids given no acid inifsioni
(intact), 9 rats 1 d after thyroparathyroidectomv given no
acid (thyroparathyroidectomized [TPTX]), 29 rats with intact
parathyroids given acid (intact plus acid), 12 rats 1 d after
thyroparathyroidectomy giveni acid (TPTX plus acid), and 17
rats 1 d after thyroparathyroidectomy given 10 IU/kg body wvt
of synthetic (1-34) bovine parathyroid hormone (PTH; ob-
tained from Beckman Instrumnents, Inc., Spinco Div., Palo
Alto, Calif.) 2 h before acid infusion (TPTX plus PTH plus
acid). At the conclusion of the recovery period, rats were
sacrificed bv exsanguinationi from the abdominal aorta into
a heparinized syringe. Skeletal muscle (gluteus), cardiac mus-
cle, and liver were obtained for determination of intracellular
pH. A portion of each sample was used to determine tissue
electrolytes.

Rat diaphragm studies. Intact rat diaphragmls wvere ob-
tained from 75- to 90-g non-TPTX Sprague-Dawlev rats and
incubated simultaneously in two boxes at 37°C in a modified
Krebs-Ringer bicarbonate solution conitaininig 100 mg/100 ml
of glucose and 6.25 mg/100 ml of chloromycetin as described
(8). The solution was gassed with a 4.86% CO2 balance
oxygen gas mixture. Bathing solutions were changed
hourly. During the final hour of incubation, 80 mg/100
ml of inulin was added to each bath to meassure extra-
cellular space, and 25 ACi of [2-'4C]DMO was added to
each solution for calculation of intracelltular pH. At the
end of the experiment, diaphragmiis were removed al-
ternately from the two boxes for cell pH determination
(8). Bath pH was -7.00, achieved by using a bicarbonate
concentration of 10 meq/liter. Incubations lasted for
either 1 or 4 h. The solution in one box conitained either
10 or 100 IU/liter synthetic PTH. The other solution
contained no hormone.

In vivo dog studies. Mongrel dogs weighinig 10-20 kg
were anesthetized with Diabutol (Diamoncd Laboratories,
Des Moines, Iowa) intubated, and jugular, femoral venous,
and femoral arterial catheters vere inserted. Blood samiiples
vere obtained from the femoral artery. Each animilal

then underwent splenectomny andl bilateral nephrectomv
followed by a 30-min postoperative stabilizationi period
duiring which two blood samnples were obtainied for blood
gas determiiinationis. If these showed stability of blood acid
base conditions, 50 ,uCi [2-'4C]DMO, 50 ,uCi 36C1, andl 500
,uCi 3H20 were given intravenously for measuremiient of extra-
cellular space and intracellular pH. A 2-h conitrol period
ensued, and blood samples were obtainied at 60 and 120 min.
Hydrochloric acid, 7 mmol/kg, given as a 0.3 N solution,v was
infused intravenously over 90 min. Blood samples, hematocrit,
plasma electrolytes, plasmla calcium, and 36Cl measuiremiienits
were determinedl on each blood samiiple. Anlimals were

1 Abbreviations used in this paper: DM0, 5,5-dimethyl-2,4
oxazolidinedione; pHI, intracellular pH; PTH, parathyroid
hormone; TPTX, thyroparathyroidectomiiizecl.

sacrificed at the end of the recovery period, and skeletal
muscle, liver, anid heart muscle samples were obtained for
cell pH anid electrolyte determination. With this nephrecto-
mized mPodel four groups were studied: four dogs given no
acid infuision (intact control), six dogs given HCl (intact plus
acid), fouir dogs TPTX 2 h before the control period and then
given HCl (TPTX plus acid), and six TPTX dogs given 10 IU
of syinthetic PTH/kg bodv wt at the beginning to the control
period and(I then infuised with HCl (TPTX plus PTHplus acid).

Anialy tic methods and calculatiotns. The amount of acid
infused wvas calculated from the volume and normality of
the acid; the latter determined by titration of a primary Tris
stanidardl. Blood pH, Pco2 anid Po2 vere measured on a BMS3
\IK2 blood micro system (Radiomneter, Copenhagen, Den-
mark), anid the bicarbonate concentration was calculated
from a stanidardl nomogramii. Plasma and tissue electrolytes
were meeasured in anl IL flamiie photometer (Instrumentation
Laboratories, Boston, Mass.) with anl internal lithium
standard. Calcium was determined on a Corning (Corning
Glass Works, Corning, N. Y.) calcium analyzer by photo-
metric titration with EGTA as described by Schmidt
and Reilly (9). Radioisotopes were counted in a three
channel Packard liquid scintillation counter (Packard
Instnmilent Co., Downer's Grove, Ill.). Intracellular pH in
the nephrectomized animlal studies was determined from
distribution of the three isotopes with the staindard equations
anid method described by Schloerb and Grantham (10). Intra-
cellular pH in the rat diaphragm studies was determined as
(lescribe(l (11). Chloride space measuremiients were made fre-
quently in both control andcl recovery periods, corrected for
loss of radioactivity as a result of blood removal, and used to
calculate compartmiienital acidI distribuition. Total extracellular
sodiumil, potassiumii, and bicarbonate in control and recoverv
periods were calculated as the product of the plasma conl-
cenitrationi anid the measured chloride space. At least two sets
of determinationis were made in each period. Extracellular
buffering is defined as the reduction in total extracellular
bicarbonate during the experiment. Total acid buffering is the
sum of the reduction in extracellular bicarbonate plus the
increase in total extracelltular sodium and potassium; the latter
reflecting the movement of these ions from inside the cell in
exchange for extracellular hydrogen ions (12).

Data atalysis. Data are presented as the mean+SEM. Un-
paired t tests vere employed in all the statistical analyses.

RESULTS

Rat experiments

Stability of the rat preparation (intact group).
Seven intact rats were prepared as described and ob-
served for 6 h. As shown in Fig. 1, blood pH after
surgery was 7.34±+0.01 and 6 h later had risen to 7.39
+0.03 (P < 0.05). Simultaneously, arterial Pco2 de-
creased from 48 + I to 39 + 5 mmHg (P < 0.05) and blood
bicarbonate fell from 25.6+0.5 to 23.2+0.8 meq/liter
(P < 0.05). These changes were probably the result of
reversible Inactin-induced respiratory depression and
a decrease in blood bicarbonate secondary to surgery
and metabolic compensation for the Pco2 decrease (13).
Throughout the 6 h, blood Po2 remained constant, vary-
ing between 57 and 74 mmHg. Mean plasma calcium
concentration at the end of the control period was
4.2+0.2 meq/liter. Liver, skeletal muscle, and heart
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FIGURE 1 Blood pH and bicarbonate concentrations in the
five groups of rats. The brackets represent± 1 SEM.

muscle electrolytes and pH are shown in Table I. They
are similar to those reported by other investigators (10).
The low intracellular sodium concentration, the high
intracellular potassium, and the high intracellular to
extracellular potassium ratio indicates maintenance of
good membrane selectivity. Thus, the rat model is
stable over the entire 6-h study period.

Stability of preparation in TPTX rats (TPTX group).
Nine TPTXrats were observed over a 6-h period. Fig. 1
shows that during this 6-h period blood pH rose from
7.36±0.01 to 7.40+±0.02 (P < 0.05) as a result of a fall in
Pco2 from 43+2 to 34+1 mmHg (P < 0.01). Blood
bicarbonate concentartion fell from 23.4+0.9 to 20.7
±0.7 meq/liter (P < 0.05). These changes are similar
to those found in the intact group. Blood pH at the
end of 6 h did not differ significantly between intact
and TPTX groups (P > 0.5), but blood bicarbonate
concentration was slightly lower in the TPTX group
(P < 0.05). To assess completeness of thyroparathyroid-
ectomy, plasma calcium was measured at the end of
the control period, and rats whose level exceeded 3.5
meq/liter were discarded. The mean plasma calcium of
2.8±0.2 meq/liter in TPTX controls was significantly

lower than the 4.2±0.2 meq/liter of the intact animals
(P < 0.001). Table I shows the cell pH and tissue elec-
trolytes in TPTXrats. Cell pH and intracellular sodium
concentration were the same in intact and TPTXgroups,
but intracellular potassium concentration was lower in
each tissue of the TPTX group (P < 0.05). Intracellu-
lar:extracellular potassium ratios, however, were
virtually identical in all tissues fo the two groups. Thus,
thyroparathyroidectomy did not affect membrane
selectivity although it lowered the serum calcium and
blood bicarbonate levels.

Intact plus acid group. 29 intact rats were given
HCI at the end of the control period. As shown in Fig. 1
blood pH fell from 7.34+0.02 to 7.07±0.02 after acid
infusion (P < 0.001) but rose to 7.30±0.03 by the end
of the recovery period (P < 0.001). Similarly, blood bi-
carbonate concentration fell 14.1 meq/liter (P < 0.001)
but rose 3.4 meq/liter during the recovery period
(P < 0.01). Simultaneously, Pco2 decreased from 46±2
to 35±1 mmHg during acid infusion (P < 0.001) and
declined further during recovery to 32±2 mmHg.
Plasma potassium rose 1.8 meq/liter (P < 0.001), and
serum calcium fell from 4.6±0.2 meq/liter at the end
of the control period to 4.1±0.1 meq/liter at the con-
clusion of the recovery period (P < 0.05). Cell pH and
electrolytes were determined in 14 rats. The results
are shown in Table I. The pH of each tissue studied
was lower than in the intact group, but differences
were not statistically significant (P > 0.1). Tissue potas-
sium and sodium concentrations were slightly but not
significantly lower statistically (P > 0.1). The de-
creased tissue potassium concentration and elevated
plasma potassium reduced the intracellular to extra-
cellular potassium ratio. The ratio of 21.3 in skeletal
muscle, although significantly lower than in intact con-
trol rats (P < 0.001), is still high and demonstrates
good selectivity (14). Except for an occasional surgical
mortality, every rat survived the acid infusion.

TPTX rats given acid (TPTX plus acid group). 12
TPTX rats were given HCI after the control period.
The mean plasma calcium of 3.1±0.2 meq/liter at the
end of the control period was significantly lower than
in the intact plus acid group (P < 0.001) but not signif-
icantly different from the value in TPTX rats (P > 0.1).
Arterial blood pH fell during acid infusion from 7.35
±0.01 to 6.84±0.03 (P < 0.001) (Fig. 1). Each of the
12 rats died before or at the completion of the acid
infusion. During acid infusion, blood bicarbonate de-
creased 18.2 meq/liter, falling from 22.1±0.5 in the
control period to 3.9+0.6 meq/liter before death
(P < 0.001). This decrease was significantly greater
than in intact plus acid rats (P < 0.001) despite the
inability of 10 rats to complete the infusion. Even at
the midpoint of acid infusion, TPTX plus acid rats
had a significantly lower blood bicarbonate (P < 0.05).
The 17-mm Hg Pco2 drop exceeded the l1-mm Hg
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TABLE I
Cell pH and Electrolytes in the Four Surviving Groups of Rats

Tissue pHi* Na K* K*K+'neal/K+

inieqlliter ineqlliter meqlkg
(cell lLater cell wcater dry ct

Intact (n = 7)
Skeletal muscle 6.93+0.02 26.3±3.4 178+6.1 493.7+7.6 29.2
Liver 7.09+0.03 224.1±7.2 340.6±4.3 36.7
Heart muscle 7.08+0.04 26.9+2.6 151.3±5.3 352.7±5.5 24.8

TPTX (n = 9)
Skeletal muscle 6.89+0.05 30.3±5.0 162.4±5.34 464.5±12.94 29.5
Liver 7.14±0.04 205.1 ±3.8t 303.4 25.34 37.3
Heart muscle 7.11±0.04 21.7±3.4 139.1±1.94 327.2±3.54 25.3

Intact + acid (n = 14)
Skeletal muscle 6.88+0.02 22.7+4.2 168.3+3.8 475.6±12.2 21.3
Liver 7.03±0.03 209.9±5.1 319.8±6.3 26.6
Heart muscle 7.03±0.01 26.7±7.0 146.6±3.6 345.2±8.4 18.6

TPTX + PTH + acid (n = 7)
Skeletal muscle 6.88±0.03 41.4±+11.74 144.3±10.64 466.4±27.0 20.0
Liver 7.21±0.054 197.9±7.2 319.3±2.2 27.5
Heart muscle 7.03±0.03 52.4±3.14 121.0+4.84 296.0±16.44 16.8

* Results are expressed as the mean±SEM.
4 Significantly different from intact plus acid (P < 0.05).

decrease in the intact plus acid group. The 100%
mortality cannot, therefore, be attributed to defective
respiratory compensation.

TPTX rats given PTHand acid (TPTX plus PTHplus
acid group). 17 TPTX rats, given 10 IU/kg body wt of
synthetic PTH at the beginning of the control period,
all survived the acid infusion. The plasma calcium of
3.0+0.2 meq/liter before PTH administration was not
statistically different from the other two TPTX groups
(P > 0.3). At the end of the experiment, 6 h later, it
had risen insignificantly to 3.2+±0.2 meq/liter (P > 0.3).
Thus, toleration of the acid was not because of a PTH-
induced rise in plasma calcium. As shown in Fig. 1,
control period arterial pH was lower than in the other
two TPTX groups (P < 0.01). This lower pH was of
respiratory origin as control bicarbonate concentration
in the three TPTX groups was statistically identical
(P > 0.4). Survival of PTH-treated rats, therefore, was
not the result of elevation of extracellular buffer capac-
ity. Through a technical oversight, arterial blood sam-
ples were not drawn during acid infusion, but blood
was obtained at the end of the recovery period. Arterial
pH at the end of the recovery period was lower than
in the intact plus acid group, but blood bicarbonate
concentrations were identical statistically in the two
groups (P > 0.4). The absolute decrease in the blood
bicarbonate concentration in the two groups also did
not differ significantly (P > 0.3). Assuming equal acid
production, tissue buffering of infused acid was the

same, therefore, in intact rats and in TPTX rats given
exogenous PTH.

Acid distribution and cell buffering in intact plus
TPTX rats. Extracellular buffering, as calculated from
the decrease in total extracellular bicarbonate, is shown
in Fig. 2. Assuming no endogenous acid production
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FIGURE 2 Distribution of acid buffering in intact plus acid
and TPTXplus PTHplus acid groups. Extracellular buffering
is the reduction in extracellular bicarbonate obtained by multi-
plying the bicarbonate concentration and the chloride space.
Calculated intracellular buffering assumes no endogenous
acid production. The brackets represent±+1 SEM.
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during the course of the experiment, 39% of adminis-
tered acid was buffered extracellularly and 61%, intra-
cellularly in intact rats. These are similar to values
previously reported in the dog (3). Extracellular buf-
fering in TPTX rats was 97%; significantly higher than
the 39% found in the intact group (P < 0.001). The
cellular buffering of 3%in the TPTXrats was, of course,
significantly lower (P < 0.001). As all TPTX rats died
by the end of acid infusion, no direct 36C1 space meas-
urements were obtained. Rather, the control 36C1 space
was assumed to have increased by the same percentage
as in intact rats.

Plasma potassium values were nearly identical in
the two groups surviving the acid infusion. In intact
animals, plasma potassium rose from 6.1+0.1 to 7.9
+0.3 meq/liter, whereas in the TPTX group the rise
was from 5.5+0.2 to 7.2+0.4 meq/liter. Final plasma
potassium levels in both groups exceeded the 6-h val-
ues found in intact and TPTX control rats (P < 0.001).
Intracellular sodium and potassium concentrations in
the two surviving TPTX groups did not differ signif-
icantly from each other except for heart muscle sodium
and potassium concentration (P < 0.05). Small changes,
however, might be missed. Table I shows that thyro-
parathyroidectomy per se did not affect cell pH. It also
shows that despite a slightly lower arterial blood pH,
skeletal and heart muscle pH values in the TPTX plus
PTHplus acid rats were the same as in intact rats given
acid (P > 0.1). Liver cell pH, however, was higher in
the TPTX plus PTH plus acid group (P < 0.005). Com-
pared with TPTX control rats, heart muscle pH was
significantly lower (P < 0.05) but insignificantly dif-
ferent in liver tissue (P > 0.1) and skeletal muscle
(P > 0.5). Acid infusion, therefore, lowered heart mus-
cle pH in intact and TPTX plus PTH rats and reduced
skeletal muscle and liver cell pH in intact rats. How-
ever, in TPTX plus PTH rats, skeletal muscle pH did
not fall, and liver cell pH rose. Thus, exogenous PTH
did not appear to increase buffering of administered
acid by skeletal muscle.

Rat diaphragm studies. If PTH enhances skeletal
muscle buffering of administered acid, it would pre-
sumably accomplish this by increasing extracellular
hydrogen ion movement into cells. Incubation of mus-
cle in an acidic medium in the presence of the hormone
would be expected, therefore, to lower muscle cell pH.
Rat diaphragms were incubated at an external pH of
7.00, a value previously shown in our laboratory to
reduce muscle cell pH in vitro and only 0.1 pH unit
lower than the blood pH achieved by the intact plus
acid rats at the end of the acid infusion period. The
effect of PTH on diaphragm muscle pH is shown in
Table II. In each experiment, the pH of the incubation
medium containing PTHdid not differ from the control
medium by more than 0.02 pH units. The table shows
that in experiments performed for 1 h at a PTH con-

TABLE II
Effect of PTH on the Intracellular pH of Intact Rat

Diaphragm Muscle In Vitro

Group PTH concentration* pH,.t pH §

lU/liter

1-h incubation
Control (n = 6) 0 7.04 7.04+0.03
PTH (n = 6) 10 7.03 7.02+0.04

4-h incubation
Control (n = 12) 0 7.00 7.00+0.05
PTH (n = 12) 10 6.99 7.00+0.02

1-h incubation
Control (n = 12) 0 7.04 7.01+0.03
PTH (n = 12) 100 7.02 7.00+0.05

* Synthetic (1-34) bovine PTH.
$ Extracellular pH.
§ Results expressed as the mean+SEM.

centration of 10 IU/liter, there was no significant dif-
ference in the pH of tissues incubated with the hormone
compared with those incubated without hormone
(P > 0.3). Increasing incubation time fourfold or raising
the PTH concentration 10-fold to 100 IU/liter had no
statistically significant effect on cell pH (P > 0.5). Tis-
sue sodium and potassium concentrations were identi-
cal in tissues incubated with or without PTH, whereas
the intracellular:extracellular potassium ratio in each
experiment exceeded 20. Exogenous PTH, therefore,
does not alter diaphragm muscle cell pH in vitro.

Dog experiments

Stability of the dog preparation (intact control).
Four nephrectomized, splenectomized dogs with intact
parathyroids were followed for 5.5 h. Fig. 3 shows that
blood pH increased insignificantly from 7.36+0.03 to
7.41±0.03 (P > 0.05), and the Pco2 also fell insignif-
icantly (P > 0.1). Despite minor variations, blood bi-
carbonate concentration also was unaltered (P > 0.05).
Plasma sodium and potassium concentrations of 144+±3
and 3.1±0.6 meq/liter also remained unaltered
(P > 0.1). After 5.5 h, animals were sacrificed, and
tissues were obtained for measurement of intracellular
pH. Liver cell pH was 7.03±0.06, heart pH was 6.92
±0.03, and skeletal muscle pH was 6.98±0.02; values
similar to ones previously reported in rat, dog, and
man (10). Thus, extracellular and intracellular acid base
conditions were stable over 5.5 h.

Acid infusion in intact parathyroid dogs (intact plus
acid). Fig. 3 shows that blood pH fell rapidly during
acid infusion (P < 0.001) because of a decrease in blood
bicarbonate of 15.2 meq/liter (P < 0.001). Respiratory
compensation occurred in all animals with a mean
Pco2 decrease of 15 mmHg (P < 0.001). All six dogs

Role of Parathyroid Hormone in Acute Acid Disposal 989
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FIGURE 3 Blood pH and bicarbonate concentrations in the
four groups of dogs. The brackets represent± 1 SEM.

survived the acid infusion. During the 2-h recovery
period, blood pH and bicarbonate rose 0.21 U and 4.5
meq/liter, indicating tissue generation of bicarbonate.
Plasma sodium concentration decreased from 143±4 to
136±3 meq/liter (P < 0.05), whereas plasma potassium
concentration rose from 3.3+0.2 to 6.2+0.5 meq/liter
(P < 0.001). Plasma calcium concentration at the end of
the control period was 4.2±0.3 meq/liter. At the end of
the recovery period, liver cell pH was 7.00±0.03, heart
muscle pH was 6.84+±0.02, and skeletal muscle pH was
6.82±0.03.

Acid-infused TPTX dogs (TPTX plus acid). Four
TPTX dogs were given HCI. At the end of the control
period, the mean plasma calcium concentration of 2.3
±0.5 meq/liter was significantly lower (P < 0.001) than
in intact animals. Each dog died before completion
of the acid infusion despite marked respiratory com-
pensatory effort. As shown in Fig. 3, control period
blood pH in these dogs did not significantly differ from
that of intact control (P > 0.5) or intact plus acid dogs
(P > 0.5). Control period blood bicarbonate concentra-
tion, however, was significantly lower in the TPTX
animals (P < 0.01). After acid infusion, blood bicarbon-

ate fell 16.9 meq/liter (P < 0.001) to unmeasurable
levels at the time of death. The absolute drop in blood
bicarbonate concentration was greater in the TPTX
than in the intact plus acid dogs (P < 0.02). Control
plasma sodium levels of 133±3 meq/liter were signif-
icantly lower than in either intact dog group (P < 0.001),
but the plasma potassium level of 3.2+0.5 meq/liter
did not differ from the other groups (P > 0.5). All ani-
mals died, so no tissues were obtained for cell pH.
This 100% mortality was identical to that found in
TPTXplus acid rats. To determine whether exogenous
PTH would also prevent death in dogs, TPTX dogs
were given PTH before receiving the acid infusion.

Acid infusion in TPTX dogs given exogenous PTH
(TPTX plus PTHplus acid). Six dogs were given PTH
at the beginning of the control period and 2 h later
given HC1. Fig. 3 shows that control arterial blood pH
did not differ significantly (P > 0.4) from the previous
three groups, whereas control period blood bicarbonate
concentration was the same as in the TPTX plus acid
group (P > 0.1). After acid infusion, blood pH fell 0.24
U (P < 0.001), Pco2 decreased 11 mmHg (P < 0.001),
and blood bicarbonate fell 12.2 meq/liter (P < 0.001).
All six dogs survived, and during the recovery period,
blood pH and bicarbonate rose 0.08 Uand 1.6 meq/liter,
respectively. Plasma calcium at the end of the control
period was 2.8±0.2 meq/liter; significantly less than in
intact dogs (P < 0.001) but not different from the level in
the TPTXgroups (P > 0.05). Plasma sodium concentra-
tion fell from 136±1 to 133±1 meq/liter, whereas
plasma potassium rose from 3.4±0.4 to 5.4±0.5 meq/
liter. Liver cell pH was 7.06±0.02, heart muscle pH
was 6.89±0.04, and skeletal muscle pH was 6.92±0.03
at the time of sacrifice. Fig. 3 shows that even midway
during acid infusion, at least 30 min premortem, blood
bicarbonate decreases in the three acid infused groups
differed. In intact plus acid and TPTX plus PTH plus
acid dogs, blood bicarbonate had fallen 7.6 and 8.2
meq/liter compared with 11.9 meq/liter in the TPTX
plus acid group. The 50% greater decrease in the latter
group's blood bicarbonate at 45 min was significantly
different from the two other groups (P < 0.001). For
the entire experiment, the overall decrease in blood
bicarbonate in intact plus acid and TPTXplus PTHplus
acid groups of 10.7 and 10.6 meq/liter was virtually
identical (P > 0.5).

Distribution of infused acid in dogs (body buffering).
Calculation of extracellular and intracellular buffering
requires a reproducible measure of extracellular space.
Although a small amount of chloride is located intra-
cellularly, changes in its distribution reflect changes
in extracellular space (15). Whatever substance is used,
the results obtained must be reproducible. The re-
producibility of the chloride spaces in the present ex-
periments is shown in Table III. At the end of the
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TABLE III
Chloride Spaces in the Four Groups of Dogs*

Percent increase
over entire

Group Body weight Period It Period 2§ Period 3"1 experiment

kg ml ml ml %

Intact control 15.7+0.3 5,239±611 5,435±730 5,663±727 8.1
Intact + acid 14.9± 1.0 4,757±648 5,465±457 5,614±839 18.0
TPTX + acid 15.1±1.7 4,802±596 5,660±624
TPTX + PTH

+ acid 17.6±0.9 5,673+1,050 6,564±482 6,672±1,058 17.6

* Values are given as the mean±SEM.
t Values were obtained at the end of the 2-h control period and are the mean of two determinations
in each dog.
§ Values were obtained after acid infusion in the last three groups and are the mean of two determinations
in each dog.
1"Values were obtained at the completion of the recovery period in the second and fourth groups of dogs.
They are the mean of three determinations in each dog.

control period, chloride spaces were 33, 33, 32, and
32%of body wt, indicating identity among groups. Dur-
ing the next 90 min, intact control dogs received a
maintenance 5% dextrose infusion while the other
three groups received hydrochloric acid. Extracellular
space increased 4% in the intact controls and 15% in
each of the three acid-infused groups. Throughout the
recovery period, the three surviving groups of dogs
received a 5% dextrose infusion, and chloride space
increased 4.2, 2.7, and 1.7% in these groups.

The buffering distributions shown in Table IV were
calculated from the measured chloride spaces. Intact
control animals, although receiving no acid, demon-
strated some buffering. Presumably, this was a result of
endogenous acid production in a catabolic postopera-
tive dog, although penetration of chloride into cells
cannot be completely ruled out. The small change in

total extracellular bicarbonate suggests that this latter
effect, if present, was small. Calculated endogenous
acid production rate was _3.5 meq/kg body wt.
Buffering in each acid-infused group exceeded the
amount of acid administered. Differences between
calculated buffering and administered acid in the two
groups surviving acid infusion were less than the
buffering shown by intact control animals and
presumably represent endogenous acid production.
The greater excess in the TPTX plus acid animals is
explained by leakage of sodium from the erythrocytes
of dying animals (16). This conclusion is supported by
the observation that the excess in total buffering was
completely accounted for by increased extracellular
sodium as changes in extracellular potassium were
equal in the three acid-infused groups (P > 0.4). Dog
erythrocytes are high in sodium and low in potassium

TABLE IV
Distribution of Buffering in the Four Groups of Dogs*

End of acid infusion period End of recovery period

Range of Range of
Amount of administered administered

acid Extracellular Total acid buffered Extracellular Total acid buffered
administered buffering buffering extracellularly buffering buffering extracellularly

meq meq meq % meq meq %

Intact control (n = 4)t 0.0 7.6+3.3 32.6+21.8 16.1±2.4 53.8± 18.1
Intact + acid (n = 6) 117.2+7.5 59.1±3.4 131.2+13.6 (28.2-58.1) 45.9±6.8 141.5±13.0 (21.8-52.5)
TPTX + acid (n = 4) 111.0± 19.6 85.3+ 14.2 184.6+29.9 (58.5-87.7)
TPTX + PTH + acid

(n = 6) 128.3±11.1 68.7+17.0 153.3±14.8 (30.7-71.4) 57.6+11.5 184.4+13.3 (13.0-61.3)

* All values are given as the mean+SEM.
I No acid infusion.
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(17), whereas all other cells have a high potassium
content, so erythrocytes must have released sodium
into the extracellular fluid. The amount of acid
administered toTPTX plus acid dogs was less than in
the other two groups because all dogs died before
completion of the acid infusion. Table IV shows that
during the recovery period total extracellular bicarbon-
ate decreased by 8.5 meq in the intact controls but rose
13.2 and 11.1 meq in the intact plus acid and the TPTX
plus PTH plus acid groups, demonstrating cellular
bicarbonate generation.

Extracellular buffering differed markedly among
groups. The percent of administered acid buffered
extracellularly exceeded 50% in all four TPTX plus
acid dogs but in only one dog in each of the other
two acid-infused groups. Fig. 4 shows that -50% of
administered acid in the intact and PTH-replaced
groups was buffered extracellularly compared with
nearly 80% in the TPTX plus acid group (P < 0.001).
This difference is not just a premortem phenomenon,
as Fig. 3 demonstrates that the extracellular bicarbon-
ate concentration at the midpoinit of the infusion period
in the TPTX plus acid group was already significantly
lower than in the other two acid-infused groups
(P < 0.001). Chloride space changes were similar in
the three groups, so the greater f'all in blood bicarbonate
in the TPTX group reflects increased extracellular
buffering. Thus, extracellular buffering was elevated,
and cellular buffering diminished in TPTX plus acid
dogs. Fig. 4 and Table IV also show that by the end
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of the recovery period extracellular buffering ac-
counted for <50%of the administered acid in the intact
plus acid and TPTX plus PTH plus acid groups.

The data shown in Table V suggest that the cellular
site of PTH-mediated cellular buffering is not liver,
heart, or skeletal muscle. Despite a significant drop in
blood pH in intact plus acid and TPTX plus PTH plus
acid groups, liver cell pH in these groups did not
differ significantly from intact controls (P > 0.3). Heart
muscle pH did fall significantly in the intact plus acid
group but not in the TPTX plus PTH plus acid dogs.
Skeletal muscle pH decreased significantly in the two
acid-infused groups, but the decrease in the PTH-re-
placed group was only 0.06 pH units (P < 0.05). It
seems unlikely that such small changes are responsible
for the calculated cellular buffering of 6.4 and 7.3
meq/kg body wt (Table V) that occurred in the intact
plus acid and the TPTX plus PTH plus acid groups.

DISCUSSION

Daily net acid balance (18) may be upset either by a
reduction in renal hydrogen ion secretory capacity, as
in patients with chronic renal disease (19), or by the
sudden presentation of large acid loads exceeding the
kidney's ability to sufficiently increase acid excretion.
In the latter situation, the body buffers the excess acid.
Early experiments suggested that skeletal muscle, and
presumably other tissue membranes, were imperme-
able to extracellular hydrogen and(or) hydroxyl ions
(20). Subsequent work, however, demonstrated that the
internal pH of muscle was responsive to changes in
external hydrogen ion activity (11). Indeed, after acute
acid administration >50% of the administered acid is
buffered intracellularly (3, 4). Also, during intermittent
acid infusion, although extracellular bicarbonate is the
major buffer, cellular buffers restore extracellular bi-
carbonate concentration in the interinfusion periods
(21). Yoshimura et al. (22) showed that in the first 24 h
after a large acid infusion, dogs excreted only 25% of

TABLE V
Cell pH int the Surviving Three Groups of Dogs*

Skeletal Heart
muscle muscle

Group (n value) Liver pHi pH, pH,

Intact control
(n = 4) 7.03+0.06 6.98+0.02t 6.92±0.034

Intact + acid
(n = 6) 7.00±0.03 6.82±0.03 6.84±0.02

TPTX + PTH
+ acid (n = 6) 7.06+0.02 6.92±0.03t 6.89+0.04

* Results are expressed as the mean±SEM.
I Significantly different from intact plus acid (P < 0.05).
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the administered acid. Nevertheless, after 24 h, the
blood bicarbonate concentration had returned to its
control value. Over the next 6 d the remaining acid was
excreted, suggesting slow release of the acid from in-
tracellular buffer sites.

Although these studies demonstrate the extent of
cellular buffering, they do not define its location or
regulation. Burnell (23) found decreased bone carbon-
ate in dogs with metabolic acidosis, whereas Bergstrom
(6) noted reduced bone sodium, calcium, and carbonate
concentrations in metabolic acidosis, suggesting titra-
tion of bone buffers by acid. Studies in normal and
uremic human volunteers (5) also support the concept
that bone is a major tisssue buffer. PTH as a major
regulator of bone metabolism (24) might, therefore, be
involved in bone buffering. Indeed, parathyroid glands
appeared late in evolution, almost 200,000,000 yr after
the appearance of fish with a calcium skeleton. Wills (7)
and Wachmanand Bernstein (25), noting that vitamin
D and calcitonin efficiently regulate calcium balance
in bony fish, questioned the sudden appearance of
parathyroid glands in amphibia. As amphibia were no
longer able to efficiently transfer hydrogen ions into
the surrounding sea, despite the continued necessity
to dispose of metabolic acid, they proposed that the
primary evolutionary function of PTH was to mobilize
bone phosphate and carbonate, thereby providing the
body with a reserve of phosphate ions and buffer. PTH
also has many renal actions that affect net acid ex-
cretion and acid base balance (26-28), and one study
even suggests circulating PTH levels are increased in
acidosis (29). Finally, bone resorption after PTH ad-
ministration may be mediated through changes in local
acidity. Acetazolamide blockade of carbonic anhydrase,
an enzyme present in rat osteoclasts, prevents PTH-
stimulated bone resorption in rats (30). The hyper-
calcemic response of rats to dibutyryl cyclic 3'5'-AMP
is also blocked by acetazolamide, suggesting that the
final mediator of PTH-stimulated bone resorption is the
local pH environment (31). In addition, recent ex-
periments by Martin et al. (32) have demonstrated that
both the uptake and biological effect of PTH in an
isolated, perfused canine-bone preparation is enhanced
by acidosis.

These experiments support the hypothesis that PTH
is important for tissue buffering after acute acid ad-
ministration. All 16 TPTX rats and dogs given acid
died, whereas the 35 animals with intact parathyroids
given the same acid dose survived. Reduction of extra-
cellular bicarbonate was significantly greater in TPTX
animals even after reception of only one-half of the acid
load. Differences might have been larger if TPTX ani-
mals had received all the acid, but 14 animals died
before completion of the infusion. Each animal was
nephrectomized, so changes in acid excretion cannot

explain this observation. There are two possible ex-
planations. First, endogenous lactic acid production
might have increased in TPTX animals. Although this
possibility cannot be totally excluded, it seems un-
likely. Oxygen tension in the TPTX animals remained
constant, CO2retention did not develop, and the anion
gap was identical in all groups. Additionally, blood
pressure measurements every 15 min were relatively
constant, and hypotension developed only near death
long after bicarbonate had fallen more sharply in the
TPTX rats and dogs. The alternative explanation is
that cellular buffering differed in the two groups. The
calculation of extracellular and cellular buffering
depicted in Figs. 2 and 4 supports this conclusion. Re-
duced tissue buffering in TPTX animals presumably
resulted in depletion of extracellular buffer stores,
acidosis, and death. Acid distribution was not precisely
measured in the TPTX plus acid rats as extracellular
space, and transcellular shifts of sodium and potassium
were not determined. However, such measurements
were made in the dogs. Cellular buffering is calculated
from the difference between total buffering and extra-
cellular buffering (3), and determination of the latter
requires a reproducible measure of changes in extra-
cellular space. The chloride space values found in the
present experiments (Table IV) are higher than those
previously reported by other investigators (33), a vari-
ance for which we have no explanation. This difference
is unimportant, however, as it is the change in extra-
cellular space, not the absolute space, that determines
extracellular buffering. Control period chloride spaces
were high but equivalent in each of the four groups
studied, so reducing the control chloride space from
33 to 20% did not significantly affect the extent of cal-
culated extracellular buffering. In addition, the changes
in chloride space measured after acid administration
were virtually identical to those reported by other
investigators using inulin, radiosulfate, or chloride
spaces (3, 21, 22), and the percentage of administered
acid buffered extracellularly in the intact dogs was the
same as that reported in other studies (3, 21, 22).

The reduced cellular buffering induced by thyro-
parathyroidectomy could be the result of reduced tissue
buffer capacity, altered plasma calcium concentration,
thyroid hormone deficiency, or PTH deficiency. The
effect of thyroparathyroidectomy on tissue electrolytes
and intracellular pH is not known. In this study thryo-
parathyroidectomy performed 24 h earlier in control
rats did not significantly alter the cell pH or electrolyte
content of skeletal muscle, cardiac muscle, or liver.
Bone pH is not yet measurable (34) so the effect of
thyroparathyroidectomy on bone buffering capacity
was not determined. Given the enormous buffer capac-
ity of bone (35), it is unlikely that a change in this
quantity could explain the observed results. Reduced
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tissue buffering capacity, therefore, cannot account for
diminished cellular buffering in TPTXanimals. Plasma
calcium was low in TPTX animals, and calcium ions
are involved in a host of biochemical reactions that
might affect cellular buffering (36). Calcium, for ex-
ample, increases the permeability of sea urchin eggs
to sodium, increases hydrogen ion efflux, and raises the
intracellular pH of the eggs (37). The lowered plasma
calcium level, however, did not appear responsible for
the reduced cell buffering because exogenous PTH
restored cellular buffering in TPTX animals without
significantly altering plasma calcium. For the same rea-
son, it is unlikely that thyroid hormone deficiency re-
duced tissue buffering. Also, hypothyroidism is unas-
sociated with significant abnormalities in acid base
balance. The most likely explanation is that PTH is
necessary for optimal tissue buffering of acutely ad-
ministered acid, as TPTX animals given exogenous
PTH buffered the infused acid in a manner similar to
intact animals. Although other factors not examined
might be involved in the reduced cellular buffering
seen after thyroparathyroidectomy, it seems that PTH
is a prime mediator in the buffering of a large, acute
acid load.

At least two factors determine the extent of cellular
buffering. The first is the time elapsed after acid in-
fusion. Schwartz et al. (21) and Yoshimura et al. (22)
showed that the percentage of administered acid buf-
fered intracellularly increased progressively with time.
The cellular generation of bicarbonate during the re-
covery period exemplifies this relationship. Inasmuch
as blood bicarbonate fell more rapidly in TPTX than in
intact dogs (Fig. 3), it seems cell buffers did not become
increasingly available in TPTX dogs during the in-
fusion period. A second factor that regulates cell buffer-
ing is extracellular buffering capacity. The greater the
severity of the metabolic acidosis, the more the buffer
requirement for correction of the acidosis exceeds the
value predicted from the fall in blood bicarbonate con-
centration (38). This is a result of increased cell buf-
fering. In addition, the bicarbonate distribution space
increases when extracellular buffering capacity is
lowered by inducing either a metabolic acidosis (39,40)
or a respiratory alkalosis (41). Reducing extracellular
buffering capacity, therefore, increases the percentage
of cell buffering, and if cell buffering mechanisms are
intact, relative cellular buffering will increase as extra-
cellular bicarbonate falls. To examine this relationship
in the present experiments, the minimum blood bi-
carbonate concentration reached after acid infusion in
the individual animals is plotted as a function of the
percent of administered acid buffered extracellularly.
The data are shown in Fig. 5. The horizontal line at
the 50% level was drawn to indicate the usual degree
of extracellular buffering of an acute acid load (3).
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FIGURE 5 The percent of administered acid buffered extra-
cellularly vs. the minimum blood bicarbonate concentration
achieved in the three groups of dogs ancl three groups of rats
which received acid infusions.

Points falling below this line indicate increased cellu-
lar buffering, whereas those above it suggest reduced
cellular buffering. The vertical line drawn at a bicar-
bonate concentration of 10 meq/liter is equal to one-half
the control period value of all the dogs studied. Values
to the left of this line indicate more severe reductions
in extracellular buffering capacity. Despite the greater
lowering of blood bicarbonate in the TPTX animals,
relative extracellular buffering was increased. Of the
17 points in the upper left quadrant, representing ani-
mals with the greatest reductions in both blood bicar-
bonate and cellular buffering, 14 are non-PTH-replaced
TPTXanimals. Only two TPTXanimals do not fall into
this quadrant. In contrast, only 3 of 59 intact or PTH-
replaced animals are represented in this group.
Furthermore, each of the 11 animals whose extracellu-
lar buffering exceeded 75%of the acid load were TPTX
animals. As control blood bicarbonate levels are higher
in rats than in dogs, we examined the relationship of
cell buffering to the percent reduction in control bi-
carbonate. Although not shown, these data are virtually
identical to those shown in Fig. 5. Thus, cell buffering
is reduced in both TPTX rats and dogs despite the
greater decrease in extracellular buffering capacity.
The large variations between animals probably reflect
individual differences in extracellular and cellular
buffering capacity, body mass, respiratory compensa-
tion, penetration of hydrogen ions into cells, or other
factors.

The data suggest that bone is the target tissue for the
cellular buffering action of PTH. All tissues participate
in buffering (42) but either because of size or metabolic
function the major tissue buffers are muscle, liver, and
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bone. The in vitro rat-diaphragm data suggest that PTH
does not directly affect skeletal muscle cell pH,
although it is recognized that small amounts of
hydrogen ion could be buffered without a measurable
change in cell pH. The conclusion that PTH does not
affect skeletal muscle cell pH is further supported by
the in vivo data showing that skeletal muscle pH was
only minimally reduced and that heart muscle pH did
not differ between the intact and TPTXplus PTH-acid-
infused rats or dogs. Liver pH in dogs also did not differ
between the same groups. Liver cell pH was
significantly elevated in the TPTXplus PTH plus acid
rats compared with intact plus acid rats (Table I). As
thyroparathyroidectomy per se did not alter liver cell
pH, the rise in liver cell pH despite a lower
extracellular blood pH suggests that PTH administra-
tion influenced liver cell buffering. Cohen et al. (43)
have shown that when circulating lactate is taken up
and metabolized by the liver, liver cell pH is raised. It is
possible that PTH increased the liver uptake of lactate
and prevented the development of lactic acidosis (44).
Although such an action of PTH could be important, it
does not explain the reduction in cellular buffering
induced by thyroparathyroidectomy. Constancy of cell
pH does not rule out buffering by these tissues because
a fall in carbon dioxide tension might maintain cell pH
constant despite a drop in tissue bicarbonate (45).
Quantitatively, however, this possibility can be
excluded. Cell water is -35% of body wt (45), most of
which is in skeletal muscle. Skeletal muscle bicarbonate
concentration in the control dogs, calculated from the
Pco2 of 32 mmHg and the intracellular pH (pHi) of 6.98,
was 7.2 meq/liter at the conclusion of the experiment.
By the end of the acid infusion, the PTH-replaced dogs,
with a calculated cell water of 6 liters, had buffered 71
meq of administered acid intracellularly. Even if the
assumption is made that 50% of tissue buffering is by
nonbicarbonate buffers (3) then 35 meqof administered
acid in the TPTXplus PTHplus acid dogs would have
titrated cellular bicarbonate and lowered its concentra-
tion to 1 meq/liter. The actual value, however,
calculated from the measured Pco2 of 21 mmHg and
pHi of 6.92 was 4.5 meq/liter. These calculations
underestimate the amount of tissue buffering because
they neglect endogenous acid production. When this is
included, the theoretical intracellular bicarbonate
concentration approaches zero. In addition, decreased
Pco2 lowers tissue bicarbonate concentration (41), and
the fall in Pco2 from 32 to 20 mmHgaccounts for at least
part of the drop in the muscle bicarbonate concentra-
tion after acid infusion. The observed change in muscle
cell bicarbonate is less than that predicted from
previous estimates of muscle buffering capacity (14).
Roos (46) estimated soft tissue buffering capacity at
3.6-4.2 meq/kg body wt. By using this value and the

arterial Pco2 levels in our dogs, it can be calculated that
only 27-37% of the observed cellular buffering is
accounted for by soft tissue buffering. Although
changes in metabolic disposal of acid cannot be ruled
out, the data are most consistent with the conclusion
that another tissue, presumably bone, was responsible
for most of the PTH-induced buffering. Exogenous
PTH was administered only 2 h before the acid
infusion; but in bone (47), PTH-stimulated cyclic AMP
generation occurs well within this time period. As cell
pH in the three tissues studied was higher in PTH-
replaced dogs than in intact dogs at the end of the
recovery period, despite an equivalent degree of cell
buffering, it appears that exogenous PTH increased
bone buffer availability. Whether larger amounts of
PTHwould further enhance tissue buffering cannot be
predicted from the present work. Some studies of the
action of PTH on proximal tubular bicarbonate reab-
sorption suggest, for example, that only a minimum
amount of hormone needs to be present and that in-
creasing amounts have little further effect (48).

PTH-regulated tissue buffering may be important
clinically. Thus, patients with chronic renal failure are
often in positive acid balance (19) and exhibit bone
pathology (5). It has been proposed that in these pa-
tients the bone is titrated by the retained acid. Because
PTH levels are elevated in chronic renal failure (49),
increased PTH could increase bone buffering as it did
in the present studies. However, the present work only
examined acute metabolic acidosis, and the results
cannot be extrapolated to the chronic state. Also, as
mentioned earlier, no data have been obtained showing
whether PTH-mediated buffering is dose related. Stud-
ies must still be done to determine whether PTH
regulates tissue buffering in chronic as well as acute
metabolic acidosis. The results, however, indicate that
PTH is an important component of the body's defense
against life-threatening, acute metabolic acidosis.
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