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Abstract

Acute PTHadministration enhances final urine acidification in
the rat. HCl was infused during 3 h in rats to determine the
parathyroid and renal responses to acute metabolic acidosis.
Serum immunoreactive PTH (iPTH) concentration signifi-
cantly increased and nephrogenous adenosine 3',5'-cyclic
monophosphate tended to increase during HCOloading in intact
and adrenalectomized (ADX) rats despite significant incre-
ments in plasma ionized calcium. Strong linear relationships
existed between serum iPTH concentration and arterial bicar-
bonate or proton concentration (P < 0.0001). Serum iPTH
concentration and NcAMPremained stable in intact time-con-
trol rats and decreased in CaCl2-infused, nonacidotic animals.
Urinary acidification was markedly reduced in parathyroidec-
tomized (PTX) as compared with intact rats during both basal
and acidosis states; human PTH-(1-34) infusion in PTX rats
restored in a dose-dependent manner the ability of the kidney
to acidify the urine and excrete net acid. Acidosis-induced
increase in urinary net acid excretion was observed in in-
tact, PTX, and ADX, but not in ADX-thyroparathyroidecto-
mized rats.

We conclude that (a) acute metabolic acidosis enhances
circulating PTHactivity, and (b) PTHmarkedly contributes to
the renal response against acute metabolic acidosis by enhanc-
ing urinary acidification. (J. Clin. Invest. 1990. 86:430-443.)
Key words: acidosis * PTH - urinary acid excretion

Introduction

Acute PTH administration was generally considered to in-
crease urinary bicarbonate excretion secondary to inhibition
of bicarbonate reabsorption in the proximal tubule. However,
we have shown in rats (1) that the reported acute bicarbona-
turic effect of PTH is secondary to an early transient increase
in the GFRand thus bicarbonate-filtered load due to the vaso-
dilatory properties of PTH. When this initial hemodynamic
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PTH effect has vanished, i.e., after - 1 h in the rat under the
conditions of our study (1), the PTH-induced inhibition of
bicarbonate and chloride in the proximal convoluted tubule is
counterbalanced by an opposite effect in superficial Henle's
loop so that the early distal delivery as-well as the excretion in
final urine of these anions are unchanged during PTHinfusion
(1). In fact, we (1) and Bank and Aynedjian (2) have found that
PTH administration dramatically enhances urinary acidifica-
tion. PTH infusion in thyroparathyroidectomized (TPTX)'
rats was associated in the steady state with a decrease in uri-
nary pH and an increase in urinary titratable acid,2 ammo-
nium, and thus net acid excretion (1, 2). Wehave established
that proton secretion in collecting ducts is stimulated during
PTH infusion indirectly via the PTH-induced increase in uri-
nary phosphate concentration (1, 3). In agreement with the
acute PTH-induced stimulation of urine acidification just de-
scribed, chronic PTH administration induces sustained meta-
bolic alkalosis, at least in part of renal origin, in human (4),
dog (5-7), and rat (8, and unpublished observations from our
laboratory). Also, results of a recent study conducted. in our
laboratory have demonstrated that chronic neutral phosphate
administration in the rat, such as sodium and potassium salts,
induces renal metabolic alkalosis secondary to sustained in-
creased proton secretion in collecting ducts during up to 7 d
(9). Finally, we have shown (10) that hypercalcemia per se
increases the proximal and thus renal reabsorption of bicar-
bonate relative to chloride, which, if of sufficient magnitude
and/or duration, would induce hyperbicarbonatemia and hy-
pochloremia; this calcium effect on the proximal tubule may
explain the chronic metabolic alkalosis, at least in part of renal
origin, associated with hypercalcemia secondary to hyperpara-
thyroidism or 1,25-dihydroxycholecalciferol administration
(6, 8), or observed in patients with various neoplasms (1 1).

Thus PTH, urinary phosphate, and plasma calcium are
major determinants of urinary acidification, a rise in each of
these three factors being capable of enhancing net acid excre-
tion. The aim of this study, therefore, was to determine
whether acute acid loading acts on the circulating PTH con-
centration and whether PTH contributes to enhancement of
net acid excretion during an acute metabolic acidosis. The
results demonstrate for the first time in the rat that the serum

1. Abbreviations used in this paper: ADX, adrenalectomized; iPTH,
immunoreactive PTH; NcAMP, nephrogenous adenosine 3',5'-cyclic
monophosphate; PTX, parathyroidectomized; TPTX, thyroparathy-
roidectomized.
2. Titratable acid represents the amount of acid that has titrated the
urine buffers from the plasma pH to urine pH. The term "ammonia"
will refer to the sum of free-base ammonia (NH3) and ammonium ion
(NH'). The term "net acid excretion" will refer to the sum of ammo-
nium plus titratable acid minus bicarbonate in the urine.
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immunoreactive PTH (iPTH) concentration rises during HCI
loading, and that PTH contributes to the renal response
against acute metabolic acidosis by enhancing urinary ammo-
nium, phosphate, and titratable acid, and thus net acid excre-
tion.

Methods

Animals
59 male Sprague-Dawley rats weighing 305±4 g (mean±SE) were stud-
ied. They had been fed a standard commercial chow (A 04; UAR,
Villemoisson-sur-Orge, France) containing 5.9 g/kg phosphorus, 6.0
g/kg calcium, and 2,020 IU/kg vitamin D3 for at least 7 d before the
study. Food was withheld 14-16 h before the experiment, but all ani-
mals had free access to water before anesthetization with Inactin (5-
ethyl-5-[ I-methyl-propyl]-2-thiobarbituric acid), 100 mg/kg body wt.
Each rat was studied initially during a 60-min control period while
receiving for 4 h an infusion of a 125-mM NaCl solution at 0.6 Ml/min
per g body wt and then during a 3-h experimental procedure. The
experimental procedure was either an infusion of HCO(50 mMHCl
replacing 50 mMNaCl in the infused solution, 30 nmol H+/min per g
body wt), an infusion of calcium chloride (7 nmol/min per g body wt),
or a time control. Thus, a slightly hypotonic fluid volume expansion
was induced early during the preparatory surgery and maintained
throughout the experiment in each rat to minimize possible variations
in the extracellular fluid volume and circulating antidiuretic hormone
activity, since we have shown that the latter are important determi-
nants of tubule fluid and urine acidification (12, 13). Since the purpose
of this study was to determine the place of PTHduring acute metabolic
acidosis, intact, parathyroidectomized (PTX), TPTX, and adrenalec-
tomized (ADX) rats were studied. ADXrats were also studied because
endogenous aldosterone and glucocorticosteroid secretion may be
stimulated during acid loading (14-18) and because corticosteroid
hormones are known to affect various renal functions, including uri-
nary acidification and renal handling of ammonium, phosphate, and
thus titratable acid. Varying circulating corticosteroid activities during
acid loading could therefore cloud effects that may be due to PTH, as
will be shown below. In addition, various groups of animals were
necessary to study the parathyroid response to acid loading on the one
hand and the renal response on the other hand, because a volume of
blood sufficient for all measurements could not be sampled in the same
animal.

Serum iPTH and nephrogenous adenosine 3',5'-cyclic
monophosphate measurements
Group I: intact HCI-loaded rats. This group was composed of six rats
that were studied twice: first during a 60-min control period after 3 h of
equilibration after surgery, and second during 3 h of HCO loading.
Serum iPTH concentration and nephrogenous adenosine 3',5'-cyclic
monophosphate (NcAMP; excreted minus filtered cAMP) were deter-
mined in these rats.

Group II: ADXHCl-loaded rats. This group was composed of six
rats that were studied as the rats of group I, except that they were ADX
3-4 h before the first control period. Adequacy of adrenalectomy was
insured by an acceptance of the animals for the study only if the GFR
was at least 20% below the normal value, which indicated a low circu-
lating level of glucocorticosteroid hormones.

Group III: CaCb-infused, nonacidotic rats. This group was com-
posed of three intact rats that were studied during a first control period,
and then during 3 h of CaC12 infusion at 7 nmol/min per g body wt.

Group IV: time-control rats. This group was composed of three
intact and three ADXrats in which the 125 mMNaCl solution infu-
sion was maintained for 3 h after the initial control period to assess the
spontaneous evolution with time of serum iPTH concentration,
NcAMP, and urinary phosphate excretion.

Renal response to acid loading
In all the following groups that were designed to study the various
components of urinary net acid excretion in response to acute meta-
bolic acidosis, the animals were studied exactly as those of groups I and
II, i.e., during 3 h of HCl loading after a first 60-min control period.

STUDIES IN ADRENAL-INTACT ANIMALS
Group V, six intact rats.

Group VI: PTX rats. Six rats made up this group: four were PTX
and two in which the parathyroid glands could not be easily localized
were TPTX at least 3-4 h before the first control period. Since there
was no obvious difference in the various measured parameters between
PTXand TPTX Idts, the results were pooled and the group will hereaf-
ter be referred to as the PTX group.

Group VII: PTX rats infused with human PTH-(1-34) [hPTH-(J-
34)]. Eight rats were PTX early during the preparatory surgery and
immediately infused with hPTH-(1-34) at constant rates, i.e., either
5-6 pg/min per g body wt (three rats, group VIa) or 7-9 pg/min per g
body wt (five rats, group VIIb) that produced, respectively, moderately
low and high biological PTHactivity as judged by the values of ionized
calcium and inorganic phosphorus plasma concentration and urinary
fractional excretion of inorganic phosphorus (see Results). Synthetic
hPTH-(1-34) was chosen because rat PTH-( 1-84) is not commercially
available to our knowledge.
STUDIES IN ADX ANIMALS
As already mentioned, ADX rats were studied to assess the renal re-

sponse to acid loading in the absence of varying corticosteroid circu-
lating activities that could cloud effects that are due to PTH.

Group VIII: Six intact rats.

Group IX: Six ADXrats.

Group X: Six ADX-TPTX rats.

Surgical and experimental procedures
After anesthetization the rats were placed on a servo-regulated heated
table that maintained their rectal temperature at 370C. All tissue inci-
sions were made with an electric bistoury, coagulation was carefully
produced with a cautery, and all exposed surfaces were covered with
water-equilibrated paraffin oil. A PE-50 catheter (Biotrol, Paris,
France) was inserted into the left femoral artery for continuous moni-
toring of blood pressure and for blood sampling; all blood samples
were quantitatively replaced by whole blood obtained on the morning
of study from another rat that was intact or TPTX the day before for
PTX and TPTX rats. A solution containing 125 mMNaCl, 3 mM
CaCl2, and 1.5 mMMgSO4was infused through PE-50 catheters into a

femoral vein at 0.6 dl/min per g body wt and into both external jugular
veins at 0.02 Ml/min per g body wt. In the PTX rats of group VII,
hPTH( 1-34) was added to one jugular infusion to achieve hPTH( 1-
34) infusion rates of 5-6 or 7-9 pg/min per g body wt. A tracheostomy
was performed and the rat was attached to a rodent respirator (Bio-
science, Sheemess, Kent, UK) and ventilated for the duration of the
study. The left ureter and the bladder were cannulated with PE-50
tubing through an abdominal approach. At the end of the surgery, an

amount of 1.5% of plasma, obtained from another rat that was intact or

TPTX the day before for PTX and TPTX rats, was administered and
followed by a maintenance infusion of plasma at 0.05 td/min per g
body wt through a jugular vein (plasma repletion) as previously de-
scribed (13). Through the other jugular vein, a priming dose of 12.5
,gCi of [methoxy-3H]inulin (New England Nuclear, Boston, MA)
was given and followed by a sustaining infusion of 0.04 tiCi/h per g
body wt.

After a 3-h equilibration period, a first 60-min control period was

performed. Thereafter, the solution infused through the femoral vein
was replaced with a solution containing 50 mMHCl, 75 mMNaCl, 3
mMCaCI2, and 1.5 mMMgSO4that was infused at the same rate of
0.6 ul/min per g body wt in HCl-loaded rats. In the rats of group III,
CaCl2 was added to the 125 mMNaCl solution to achieve a 7 nmol/
min per g body wt calcium infusion rate. In time-control rats of group

Metabolic Acidosis and Parathyroid Hormone 431



IV the 125 mMNaCI solution infusion was maintained. These experi-
mental procedures lasted 3 h. Each hour two or three timed urine
collections were made under water-equilibrated paraffin oil and blood
samples were obtained. An additional urine sample was collected dur-
ing the last 10 min of each period for determination of urinary cAMP
in some rats.

After the completion of the experiment, the left kidney was excised,
blotted, and weighed.

Analytical procedures
Arterial and urinary pH and Pco2 were measured by a blood gas
analyzer (model BMS3MK2; Radiometer, Copenhagen, Denmark).
Urine total CO2 (dissolved CO2 and HCO) was determined by a
carbon dioxide analyzer (model 965; Corning Glass Works, Corning,
NY); the urinary bicarbonate concentration was calculated as the dif-
ference between the measured total CO2 and dissolved CO2 (0.031
X Pco2) concentrations. Ionized calcium concentration was deter-
mined in whole blood using a calcium ion-selective electrode (ICA 1;
Radiometer). The [methoxy-3H]inulin radioactivity in plasma and
urine was measured by scintillation counting (Betamatic; Kontron,
Trappes, France). Titratable acid and ammonium urinary excretion
rates were determined by automated titration methods. Net acid ex-
cretion rate was calculated as the sum of that of urinary ammonium
and titratable acid minus bicarbonate. Serum iPTH concentration was
measured with an intact NH2-terminal-specific PTHradioimmunoas-
say (Nichols Institute Diagnostics, San Juan Capistrano, CA). The
intact NH2-terminal-specific PTH radioimmunoassay kit contains
chicken anti-PTH serum directed against the 1-34 region of PTH,
hPTH-( 1-34) standards, goat anti-chicken gammaglobulin precipitat-
ing antibody, and 1251I-bovine PTH-( 1-84) as tracer. The use of this kit
for rat PTH measurement has already been validated by others (19).
All measurements were made in duplicate on 300 zI rat serum stored at
-20'C obtained from 600 ;d of blood collected into ice-chilled tubes.
The concentration of cAMPin plasma and urine was measured by a
cAMP1251 assay system kit (Amersham, Les Ulis, France) that is based
on the competition between unlabeled cAMPand 1251-labeled cAMP
for a limited number of binding sites on a cAMP-specific antibody.
Separation of the antibody-bound fraction was effected by magnetic
separation using a second antibody that is bound to magnetizable
polymer particles (Amerlex-M-second antibody reagent). Each mea-
surement was made in duplicate on 40 Ml of urine or plasma stored at
-20°C; plasma samples were obtained after immediate centrifugation
of 200 Al of blood collected into ice-chilled tubes that contained a final
concentration of 10 vol% of 7.5 mMEDTA. Plasma and urine magne-
sium concentrations were measured by colorimetric determination
(Mg-kit; Biomerieux, Paris, France). Urinary osmolality was deter-
mined by an osmometer (Fiske Osmometer, Uxbridge, MA). Other
analytical procedures for determination of sodium, potassium, chlo-
ride, total calciub, inorganic phosphorus, and protein have previously
been described in detail (10, 13).

Calculations
Whole kidney GFRwas estimated from whole kidney [methoxy-3H]-
inulin clearance. Urinary fractional excretion of a solute x was calcu-
lated as (U/UF)x/(U/P)inulin in which U, UF, and P are urine, ultra-
filtrate, and plasma concentrations, respectively. The ultrafiltrate con-
centrations of calcium, inorganic phosphorus, and magnesium were
taken as 0.60, 0.93, and 0.80 times plasma water concentrations (20),
respectively.

Only the results obtained from the left kidney, the ureter of which
was cannulated, are presented. All absolute rates were factored by
kidney weight to compensate for differences caused by animal size.
Kidney weights ranged from 1.00 to 1.69 g with a mean value of
1.27±0.02 g.

Results are expressed as means±SE. Statistical significance of dif-
ferences within and between groups was assessed by one- or two-way
analysis of variance as appropriate and the t test only when the F test
was suitable.

Results

Effects of acid-loading on iPTH and NcAMP(groups I-IV)
The results obtained in groups I-IV are summarized in Table I
and in Figs. 1-3. As shown in Fig. 1, the HCl infusion induced
a metabolic acidosis that was significantly more severe in ADX
than in intact rats. After 3 h of acid loading, the arterial pH
decreased to 7.27±0.02 pH units in intact rats, and to
7.19±0.02 pH units (P < 0.001) in ADXrats; also in the same
time, the plasma bicarbonate concentration decreased to
14.2± 1.1 mMin intact rats, and to 11.2±1.4 mM(P < 0.05) in
ADXrats. Arterial pH and plasma bicarbonate concentration
remained stable in CaCl2-infused rats of group III (Fig. 1).

One of the striking findings of this study was that acute
metabolic acidosis was associated with an increase in the
serum iPTH concentration (Fig. 2) despite an increase in the
arterial ionized calcium- concentration (Fig. 1) in both intact
and ADXanimals. During acid loading, the serum iPTH con-
centration progressively increased from 21.8±3.7 to 30.6±3.5
pg/ml (P < 0.005) at the third hour in intact rats, and from
21.2±2.0 to 39.1±4.4 pg/ml (P < 0.001) in ADX rats. Note
that the final value during acid loading for serum iPTH con-
centration was higher in ADXthan in intact rats (P < 0.05),
possibly because of a more severe metabolic acidosis in the
former rats. Indeed, when serum iPTH concentration was
plotted as a function of plasma bicarbonate or arterial H'
concentration, there was no significant difference in the signif-
icant relationships that were obtained in intact and ADXrats;
the data obtained in both groups of animals were therefore
pooled. As shown in Fig. 3, strong linear relationships existed
between serum iPTH and plasma bicarbonate concentration (r
=-0.63, P < 0.0001) or arterial H' concentration (r = 0.52, P
< 0.0001); note that the correlation coefficient was higher with
bicarbonate than with H' concentration (which was also the
case when data in intact and ADXrats were taken separately).
In the same time, the arterial ionized calcium concentration
increased from 1.32±0.01 to 1.35±0.01 mM(P < 0.005) in
intact rats, and from 1.325±0.006 to 1.38±0.02 (P < 0.01) in
ADXrats. In CaCl2-infused, nonacidotic rats, the arterial ion-
ized calcium concentration similarly increased from
1.32±0.02 to 1.37±0.07 mM(P < 0.05) at the third hour of
infusion, which, as expected, induced a significant decrease in
the serum iPTH concentration from 22.7±0.4 to 14.5±1.5
pg/ml (P < 0.005). In addition, the plasma magnesium con-
centration remained stable in these animals (Fig. 1).

Wedetermined NcAMPas an index of the biological activ-
ity of PTHon the kidney (21, 22). As shown in Fig. 2, NcAMP
tended to increase, although not significantly, in intact and
ADXHCl-loaded rats in which the serum iPTH concentration
increased; conversely, NcAMPtended to decrease in CaCl2-
infused, nonacidotic rats in which the serum iPTH concentra-
tion decreased. Thus, NcAMPwas significantly higher in aci-
dotic rats with high iPTH circulating activities than in CaCl2-
infused rats with low iPTH circulating activities (P < 0.025).

Finally, as shown in Table I, these various parameters were
stable in intact time-control rats. In ADXtime-control rats, an
expected moderate metabolic acidosis extended with time,
which was indeed associated with serum iPTH concentrations
that tended to be higher than those in time-control intact rats.
Note that urinary phosphate absolute and fractional excretion
progressively decreased with time in time-control intact rats.
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Table L Time-control Rats

Control period (h) Time-control (h)

0 1 1 2 3

Pi, mM
Intact 2.4±0.2 2.3±0.2 2.2±0.3 2.1±0.3 2.1±0.3
ADX 2.6±0.1 2.6±0.1 * 2.6±0.1* 2.6±0.1* 2.5±0.1 *

Magnesium, mM
Intact 0.73±0.09 0.72±0.10 0.73±0.15 0.64±0.15 0.68±0.10
ADX 0.63±0.05 0.67±0.03 0.70±0.04 0.68±0.02 0.68±0.02

Ionized calcium, mM
Intact 1.30±0.02 1.29±0.01 1.28±0.02 1.27±0.01 1.27±0.01
ADX 1.30±0.03 '1.28±0.02 1.29±0.01 1.26±0.03 1.29±0.02

Arterial pH
Intact 7.38±0.01 7.44±0.02 7.42±0.02 7.44±0.01 7.41±0.02
ADX 7.39±0.01 7.38±0.01* 7.37±0.02* 7.37±0.01* 7.36±0.02*t

Bicarbonate, mM
Intact 24.3±2.0 23.7±1.2 22.9±1.2 23.0±0.6 22.8±1.0
ADX 19.7±2.0* 19.2±1.9* 18.8±0.9* 16.5±2.0*$ 15.6±2.2*t

iPTH, pg/ml
Intact 26.8±2.5 23.1±3.4 25.7±3.2 24.3±3.9 26.7±2.3
ADX 29.3±7.3 27.0±3.5 28.3±6.0 28.5±4.5 33.5±2.0

GFR, mil/min
Intact 1.16±0.13 1.06±0.15 1.06±0.15 1.04±0.10
ADX 0.89±0.12* 0.77±0.09* 0.6 1±0.06*t 0.57±0.12*t

Urine pH
Intact 6.43±0.02 6.55±0.10 6.62±0.08 6.60±0.10
ADX 5.49±0.08* 5.54±0.20* 5.60±0.30* 5.46±0.20*

(UV)Pi, nmol/min
Intact 496±39 314±69t 251±16t 187±12t
ADX 122±46* 123±50* 135±60 159±74

(FE) Pi
Intact 0.20±0.02 0. 12±0.02$ 0.1 1±0.01t 0.09±0.01 t

ADX 0.06±0.03* 0.07±0.04 0.09±0.04 0.10±0.05
NcAMP, pmol/min

Intact 48±4 44±9 50±12 56±10
ADX 51±16 60±12 45±15 52±16

Values are means ± SE in three intact and three ADXtime-control rats. Pi, inorganic phosphorus; (UV), urinary excretion rate; (FE), urinary
fractional excretion. * P < 0.05 or less vs. same period in intact rats. * P < 0.05 or less vs. control period in the same group.

Thus it is clear that acute metabolic acidosis was associated
with biologically active increments in serum iPTH concentra-
tion independently of the currently known main acute deter-
minants (calcium and magnesium) of endogenous PTHsecre-
tion.

Renal response to acid loading
The renal response to HCO loading was studied in various
groups of rats, which allowed recognizing effects that were due
to PTH.

Studies in adrenal-intact rats (groups V- VII). The arterial
blood composition in these rats is summarized in Table II. As
expected, plasma ionized calcium and magnesium concentra-
tion was lower and that of inorganic phosphorus higher in
PTX rats than in animals that were intact or PTX infused with
hPTH-1-34) during both control and acidosis periods. It is
important to note that during the control period the values of
plasma ionized calcium concentration (Table II) and urinary

phosphate fractional excretion (Fig. 4) produced by infusion in
PTX rats of hPTH-( 1-34) at 5-6 (group VIa) and 7-9 pg/min
per g body wt (group VIIb) were moderately lower and higher,
respectively, than the values in intact rats; thus these two
hPTH-( 1-34) infusion rates produced low-normal and moder-
ately high biological PTH circulating activities. Since
hPTH41-34) and rat PTH- 1-84) do not have the same molar
potency against the antiserum used in the present study (19), it
was impossible to directly compare their circulating concen-
trations.

During HCI loading, PTX rats developed a metabolic aci-
dosis that was significantly more severe than that of intact or
hPTH( 1-34)-infused PTX rats; the arterial pH was lower after
2-3 h of HCOinfusion in PTX than in other rats (Table II), and
the decrease in the plasma bicarbonate concentration was

higher in PTX rats (-9.2±0.4 mmol/liter) than in intact
(-8.3±0.5 mmol/liter, P < 0.05) or PTX rats infused with a
low dose (-8.0±0.2 mmol/liter, P < 0.05) or a high dose
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Figure 1. Arterial pH and concentrations of bicarbonate, ionized cal-
cium, and magnesium during control period (C), 3-h HCl infusion
in intact (n = 6) (-) or ADX(n = 6) rats (o), and 3-h CaCI2 infusion
in intact rats (n = 3) (+). Magnesium was not measured in CaC12-in-
fused rats. Points are means+SE. §, P < 0.05 or less compared with
control period.

(-6.8±0.3 mmol/liter, P < 0.001) of hPTH-(1-34). This was
due, at least in part, to the defect in urinary acidification and
net acid excretion observed in PTX rats, which will be shown
below. Two rats of the latter group, one PTX and one TPTX,
died during the third hour of HCOinfusion of apparent sudden
circulatory failure, probably due to severe acidosis.

During the control period, the GFRwas moderately higher
in PTX than in intact rats (P < 0.05, Table III), probably
because of hypocalcemia and absence of circulating PTH (1,
10); indeed, GFR values were lowered toward controls by
hPTH-(1-34) infusion in PTX rats, apparently in a dose-de-
pendent manner. Note that the GFRdecreased during acid
loading in all rats, and that during the second and third hours
of acidosis there remained no difference in GFRbetween the
various groups (Table III). Also, the filtered load of bicarbon-
ate tended to be higher in PTX than in other rats during the
control period, but significantly only when compared with
PTX infused with a high dose of hPTH-(1-34) (P < 0.01,
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Figure 3. Relationships between serum iPTH concentration and arte-
rial HCO3or H+ concentration in six intact and six adrenalecto-
mized rats during 3-h HCI infusion. Each point represents a single
measurement in one animal.

Table III); any difference in the bicarbonate-filtered load be-
tween the various groups rapidly disappeared during acid
loading.

As compared with intact rats, a marked defect in urinary
acidification and urinary excretion rates of phosphate, titrat-
able acid, ammonium, and net acid was observed in PTX
animals during both control and acidosis periods (Table III,
Figs. 4 and 5). The urinary bicarbonate excretion rate was not
significantly different in PTX and intact rats during the con-
trol period and first hour of HCOinfusion, and then fell to very
low values in both groups during the last two hours of acidosis
(Table III); nevertheless, the urine pH (Table III) remained
significantly higher in PTX than in intact rats (P < 0.01)
throughout the experiments despite more severe acidosis and
less urinary buffer content (see below) in the former animals;
this obviously was secondary to a defect in collecting duct
proton secretion in PTX rats. There was almost no phosphate
in the urine of PTX rats (Fig. 4), and the urinary excretion rate
of titratable acid was low throughout the experiments in these
animals (Fig. 5). As shown in Fig. 5, the urinary ammonium
excretion rate was also lower in PTX than in intact rats during
the control period (P < 0.02); during acidosis, this difference in
ammonium excretion persisted but tended to diminish. As a
result of these various defects, the urinary net acid excretion
rate was lower during control period in PTX than in intact rats
(P < 0.02, Fig. 5), and significantly remained so during aci-
dosis.

The infusion of hPTH-(1-34) in PTX rats corrected the
defects just described in a dose-dependent manner during both
control and acidosis periods. This was true for the urine pH
and urinary bicarbonate excretion rate (Table III), as well as
for the urinary excretion rates of phosphate (Fig. 4), titratable
acid, ammonium, and net acid (Fig. 5). Moreover, from Figs. 4
and 5, it is apparent that the values observed in intact rats for
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Table IL Arterial Blood Composition in Adrenal-intact HCl-loaded Rats (Groups V- VII)

Control period (h) HCI-loading (h)

0 1 1 2 3

Hematocrit, vol%
Intact 44.5±0.8 44.4±0.9 46.6±0.9 45.9±1.2 46.0±1.3
PTX 44.9±1.0 45.4±1.0 47.2±1.4 47.0±1.6 46.6±2.0
PTX + low hPTH-(1-34) 44.8±0.5 45.7±0.6 46.9±0.5 47.1±1.1 46.8±1.9
PTX + high hPTH.(1-34) 43.7±1.2 44.1±0.8 46.1±0.9 45.8±1.0 46.8±0.9

Protein, g/dl
Intact 4.4±0.2 4.5±0.2 4.5±0.2 4.4±0.3 4.3±0.2
PTX 4.5±0.1 4.4±0.1 4.4±0.1 4.3±0.2 4.1±0.2
PTX + low hPTH.(1-34) 4.1±0.3 4.3±0.3 4.2±0.2 4.2±0.2 4.1±0.3
PTX + high hPTH-(1-34) 4.3±0.2 4.2±0.1 4.3±0.1 4.2±0.1 4.3±0.1

Sodium, mM
Intact 147±1 147±1 144±1 141±2* 138±2*
PTX 146±1 145±2 142±2 140±2* 138±3*
PTX + low hPTH.(1-34) 147±3 148±3 145±2 142±3* 138±2*
PTX + high hPTH.(1-34) 146±1 145±1 143±1 140±1* 138±1*

Potassium, mM
Intact 3.9±0.1 3.9±0.1 4.1±0.1 4.2±0.1 4.1±0.1
PTX 3.5±0.1I 3.4±0.1* 3.5±0.1I 3.7±0.1* 3.8±0.3
PTX + low hPTH-(1-34) 3.8±0.1§ 3.7±0.1§ 3.8±0.1§ 4.0±0.1 4.3±0.2
PTX + high hPTH-(1-34) 3.9±0.1§ 3.8±0.1§ 3.8±0.1§ 4.0±0.1 4.1±0.1

Chloride, meqlliter
Intact 112±1 112±2 113±2 113±2 115±2*
PTX 110±1 109±2 110±2 112±2* 112±2*
PTX + low hPTH-(1-34) 115±3 116±3 116±2 115±2 117±3
PTX + high hPTH-(1-34) 112±1 113±1 114±1 114±1 114±1

Pi, mM
Intact 2.20±0.05 2.11±0.06 2.12±0.06 1.95±0.16 2.11±0.08
PTX 2.55±0.11* 2.59±0.10* 2.73±0.11t 2.82±0.12*$ 3.10±0.05*$
PTX + low hPTH-(1-34) 2.20±0.07§ 2.23±0.07§ 2.24±0.04§ 2.25±0.05§ 2.26±0.08§
PTX + high hPTH.(1-34) 1.95±0.07*1 1.86±0.06*11 1.87±0.06*11 1.81±0.08§" 1.85±0.07*11

Magnesium, mM
Intact 0.65±0.01 0.63±0.01 0.65±0.02 0.66±0.03 0.74±0.07
PTX 0.54±0.02* 0.52±0.03* 0.53±0.04* 0.58±0.03 0.62±0.05*
PTX + low hPTH-(1-34) 0.62±0.04§ 0.59±0.04§ 0.58±0.02 0.57±0.04 0.63±0.04
PTX + high hPTH.{1-34) 0.63±0.01§ 0.61±0.02§ 0.60±0.03§ 0.59±0.04 0.63±0.06

Total calcium, mM
Intact 2.15±0.03 2.15±0.04 2.17±0.04 2.17±0.05 2.15±0.05
PTX 1.80±0.03* 1.75±0.07* 1.76±0.04* 1.77±0.05* 1.75+0.05*
PTX + low hPTH-(1-34) 2.06±0.05§ 2.10±0.03§ 2.10±0.02§ 2.09±0.05§ 2.06±0.06§
PTX + high hPTH-(1-34) 2.18±0.05§ 2.24±0.05§11 2.28±0.03§11 2.20±0.055 2.21±0.051

Ionized calcium, mM
Intact 1.29±0.01 1.29±0.01 1.32±0.01 1.32±0.02 1.33±0.02*
PTX 1.08±0.02* 1.05±0.02* 1.05±0.02* 1.09±0.02** 1. 13±0.02**
PTX + low hPTH41-34) 1.25±0.03§ 1.17±0.02§ 1.31±0.02§ 1.32±0.01*§ 1.32±0.01*§
PTX + high hPTH-(1-34) 1.34±0.02*11 1.34±0.01*1l 1.35±0.015 1.36±0.01*§ 1.37±0.02*f

pH
Intact 7.40±0.01 7.40±0.01 7.33±0.02* 7.29±0.02* 7.25±0.02*
PTX 7.40±0.01 7.39±0.01 7.32±0.01* 7.25±0.01** 7.20±0.01**
PTX + low hPTH41-34) 7.39±0.01 7.37±0.01 7.35±0.01* 7.30±0.02*§ 7.23±0.03*
PTX + high hPTH41-34) 7.40±0.01 7.40±0.01 7.36±0.01*1 7.30±0.01*1 7.26±0.01*§

Bicarbonate, mM
Intact 23.5±0.8 23.0±0.7 19.3±0.7* 16.5±0.7* 14.8±0.6*
PTX 23.6±0.4 22.8±0.6 18.7±0.1* 15.7±0.5* 13.4±0.6*
PTX + low hPTH41-34) 22.1±0.9 21.7±1.2 18.9±0.6* 16.1±0.3* 13.7±1.3*
PTX + high hPTH41-34) 21.3±0.5 21.2±0.5 18.9±0.2* 15.5±0.4* 14.4±0.5*

Pco2, mmHg
Intact 38±1 38±2 37±2 35±2 35±1
PTX 39±1 37±1 37±1 36±1 36±1
PTX + low hPTH41-34) 37±1 35±1 35±1 33±1 33±1
PTX + high hPTH4(1-34) 35±1 34±1 34±1 33±1 33±1
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Values are means±SE in six intact rats, six PTX rats, and eight PTX rats infused with hPTH-(1-34) at low (5-6 pg/min per g body wt, n = 3)
and high (7-9 pg/min per g body wt, n = 5) doses. There remained only four PTX rats at the third hour of HCOloading. Pi, inorganic phospho-
rus. *P < 0.05 or less vs. control period in the same group. * P < 0.05 or less vs. intact rats at the same period. § P < 0.05 or less vs. PTX
rats at the same period. "l P < 0.05 or less vs. PTX rats infused with low-dose hPTH4(1-34) at the same period.
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Figure 4. Urinary fractional (F.E.) and absolute (UV) excretion of
inorganic phosphorus (Pi) during control period (C) and 3-h HCOin-
fusion in intact rats (n = 6) (-), PTX rats (n = 6) (+), and PTX rats
infused with low (5-6 pg/min per g body wt, n = 3) (n) and high (o)
(7-9 pg/min per g body wt, n = 5) doses of hPTH-( 1-34). Note that
only four PTX rats remained during the third hour of HC1 infusion.
Points are means+SE. §, P < 0.05 or less compared with control pe-
riod; *, P < 0.05 or less compared with intact rats. t, P < 0.05 or less
compared with PTX rats infused with low hPTH-( 1-34).

urinary phosphate, titratable acid, ammonium, and net acid
excretion rates were intermediate to those obtained with low-
dose and high-dose hPTH-( 1-34) infusion in PTX rats, which
clearly confirms the physiological dose-dependence with re-
spect to PTHof the absolute values of the various components
of urinary net acid excretion. However, for a given level of
absolute excretion, the evolution of the latter parameters of
urinary acidification in response to HCl loading in the various
experimental groups must be considered. Despite the decrease
in the filtered phosphate load during HCl loading, urinary
phosphate fractional and absolute excretion was maintained or
decreased only moderately in intact and hPTH-( 1-34) infused
PTX rats during HCOloading (Fig. 4), whereas it greatly de-
creased in time-control, nonacidotic rats (Table I); due to the
simultaneous decrease in the urine pH during acidosis, the
urinary titratable acid excretion rate increased progressively
and significantly at the third hour of acidosis in intact rats (P
< 0.02 vs. control period) and was maintained in hPTH-(1-
34)-infused PTX rats (Fig. 5); in PTX rats, the urinary excre-
tion rates of phosphate and titratable acid remained very low
during acidosis. The urinary excretion rates of ammonium
and net acid similarly increased in intact, hPTH-(1-34)-in-
fused PTX, as well as in PTX rats, although different absolute
levels due to different circulating PTH biological activities
were evident (Fig. 5). As already mentioned, the presence of an
intact endogenous corticosteroid secretion that may be stimu-
lated during acidosis in the rat (14, 17) could have clouded
possible differences in the renal response to acidosis due to
PTH, particularly as various degrees of acidosis were attained
in these four groups of rats as described above.

Studies in ADXrats (groups VIII-X). As already pointed
out in Methods, this experimental series that included ADX
rats was designed to assess the role of PTHduring acute meta-
bolic acidosis in the absence of varying corticosteroid circulat-
ing activities.

The arterial blood composition in these rats is summarized
in Table IV. It must be pointed out that only two of the six
ADX-TPTX rats that composed group X have been studied
during an entire 3-h period of acidosis because four rats died
during the third hour of HCl infusion of apparent sudden

circulatory failure, probably due to severe acidosis and/or hy-
perkalemia. A seventh ADX-TPTX rat that was not included
in the group even died during the second hour of HC1 infusion
of profound metabolic acidosis. As will be shown below, this
was due at least in part to the absence of a significant increase
in the urinary net acid excretion rate during HCl loading in
ADX-TPTX rats. Also, one PTX and one TPTX rat of group
II died during the third hour of HCl infusion, as already men-
tioned, which suggests that extrarenal factors may also have
contributed to the poor endurance to acid loading of PTX
animals. A high rate of mortality had previously been observed
by others during acute acid loading in nephrectomized TPTX
animals (23, 24).

During both control and acidosis periods, the GFRwas
significantly lower in ADX and ADX-TPTX than in intact
rats (Table V), presumably because of low circulating levels of
glucocorticosteroids in the former animals. However, high uri-
nary sodium chloride excretion rates were observed in all rats,
which was probably due to the fluid volume expansion and
attendant suppression of endogenous aldosterone secretion in
adrenal-intact rats secondary to our experimental protol, as
mentioned in Methods, which minimized possible differences
in body fluid volumes between ADXand adrenal-intact ani-
mals. In keeping with the above, there was no significant dif-
ference between the various groups of this study in the hemat-
ocrit and plasma protein concentration (Tables II and IV). At
any rate, ADXand ADX-TPTX rats can be readily compared
and did not differ during the control period with respect to
GFRand urinary excretion rates of water, sodium, chloride,
and potassium.

As shown in Table V, the urinary bicarbonate excretion
rate significantly decreased in all groups during HCl infusion;
the urinary pH also tended to decrease in all groups, but only
significantly at the third hour of HCl loading in intact rats.
Also, note that the urinary pH tended to be higher in ADX-
TPTX than in ADXrats throughout the study despite a more
severe metabolic acidosis in the former animals, probably due
to the defect in collecting duct proton secretion in PTX ani-
mals described above. The other components of the renal re-
sponse to HCl loading markedly differed between intact and
ADXrats on the one hand, and ADX-TPTX rats on the other
hand, whereas acute metabolic acidosis was associated with a
decrease in GFRof similar magnitude (20-25%) in all animals
(Table V). As shown in Fig. 6, the urinary fractional excretion
rate of phosphate increased during HC1 loading in intact and
ADXrats, particularly in ADXrats in which it was low during
the control period. As a result, the absolute excretion rates of
phosphate (Fig. 6) and titratable acid (Fig. 7) were maintained
in intact and increased in ADX rats despite the fall in GFR
and phosphate-filtered load during HC1 loading. Note that,
conversely, in time-control animals the absolute and fractional
urinary excretion of phosphate progressively decreased with
time in intact rats or did not vary significantly in ADXrats in
the absence of HCl infusion (Table I). Also, as shown in Fig. 7,
significant increases in the urinary excretion rates of ammo-
nium and net acid rapidly occurred in intact and ADX rats.
Particularly, it is worth pointing out that the urinary ammo-
nium excretion rate significantly increased in ADX rats very
rapidly during the first hour of HC1 infusion (P < 0.01; Fig. 7).
Net acid excretion increased 43% in intact and 56% in ADX
rats after 3 h of acid loading (P < 0.001 for each). Onthe other
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Table III. GFRand Urinary Excretion Rates in Adrenal-intact HCl-loaded Rats (Groups V- VII)

HOloading (min)

Control period 0-60 60-120 120-180

GFR, ml/min
Intact
PTX
PTX + low hPTH41-34)
PTX + high hPTH{(1-34)

Urine flow rate, ud/min
Intact
PTX
PTX + low hPTH41-34)
PTX + high hPTH{1-34)

Urine osmolality, mosmol/kg H20
Intact
PTX
PTX + low hPTH41-34)
PTX + high hPTH-(1-34)

Filtered bicarbonate, nmol/min
Intact
PTX
PTX + low hPTH4{1-34)
PTX + high hPTH4(1-34)

Urine pH
Intact
PTX
PTX + low hPTH{1-34)
PTX + high hPTH41-34)

(UV)HCO3, nmol/min
Intact
PTX
PTX + low hPTH41-34)
PTX + high hPTH41-34)

(UV)Na, nmol/min
Intact
PTX
PTX + low hPTH41-34)
PTX + high hPTH41-34)

(UV)CI, nmol/min
Intact
PTX
PTX + low hPTH-(1-34)
PTX + high hPTH41-34)

(UV)K, nmol/min
Intact
PTX
PTX + low hPTH{1-34)
PTX + high hPHTH41-34)

(UV)Ca, nmol/min
Intact
PTX
PTX + low hPTH-(1-34)
PTX + high hPTH{1-34)

(UV)Mg, nmol/min
Intact
PTX
PTX + low hPTH{(1-34)
PTX + high hPTH41-34)

1.24±0.06
1.39±0.08*
1.31±0.02
1.22±0.05§

67±9
60±8
62±6
62±5

389±43
407±52
304±49
341±32

31,637±1,611
35,597±2,041
31,369+1,144
28,353± 1,464§

6.37±0.14
6.81±0.05*
6.35±0.27§
6.16±0.07§

200±61
235±17
109±69§
59±1 1I

8,818±1,062
8,069±671
6,462±685
6,945±428

9,725±996
9,749±794
7,704±764
8,251±421

1,022±71
878±95
669±82
839±98

82±12
113±19
72±15
63±15

169±10
162±10
152±14
125±16

1.06±0.07
1.26±0.06$
1.16±0.02
1.13±0.04

57±12
54±9
49±9
49±3

457±99
447±74
336±83
358±54

24,296±1,889*
28,634±1,105*t
25,885±1,685*
24,953±994*f

6.18±0.15
6.66±0.08*
6.03±0.30§
6.00±0.07§

130±50
179±43
46±33§
31±6$§

6,260±903
6,642±1,242
4,668±255
6,039±903

6,815±1,144
8,220±1,331
5,822±460
7,597±551

831±58
731±90
609±98
839±82

79± 14
88±12
74±21
67±9

137±12
142±11
128±15
110±24

0.94±0.10*
1.06±0.13
1.04±0.07
1.10±0.05

46±16
40±13
33±10
31±6

559±124
296±30
487±155
503±81

18,634±1,864*
20,109±2,584*
19,839±1,348*
20,768±1,084*

5.78±0.06*
6.10±0.15*t
5.75±0.27*§
5.81±0.05*§

18±8*
34±15*
13±10*
9±2*

4,777+1,315*
3,684±1,153*
3,463±872*
3,314±480*

6,320±1,336
5,531±1,372*
5,227±1,091*
5,227±497*

947± 127
738±169
685±89
792±29

61±19
64±20
49±9
37±7

124±18
121±18
110±7
86±19

0.94±0.09*
1.04±0.05*
0.92±0.06*
1.00±0.05*

39±10
26±9
22±9
45±511

517±60
471±117
752±148
400±55

16,045±1,516*
16,712±1,134*
15,105±1,755*
16,052±1,464*

5.54±0.07*
5.87±0.1 1*$
5.62±0.06*§
5.69±0.05*

7±3*
10±4*
4±1*

10±3*

4,560±806*
2,947±1,270*
3,284±1,337*
4,131±806*

6,557±927
4,950±1,485*
5,241±1,584*
6,593±927

1,179±130
796±254

1,082±83
1,179±130

61±19
71±17
61±10
61±19

128±10
138±26
88±5

107±20

Values are means±SE. See Table II for definitions of groups and comparisons. (UV), urinary excretion rate.
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hand, in ADX-TPTX rats urinary excretion of phosphate, ti-
tratable acid, and ammonium did not rise during HCI infu-
sion. Thus net acid excretion did not increase significantly in
two ADX-TPTX rats after 3 h or in six ADX-TPTX rats after
1 and 2 h of HCI loading, i.e., at times when it was significantly
enhanced in intact or ADXrats. Thus the renal response to
acute metabolic acidosis was greatly blunted in ADX-TPTX
rats as compared with intact, PTX, and ADXanimals.

Discussion

The findings in the present study demonstrate in rats for the
first time that an acute HCl-induced metabolic acidosis results
in a rapid and progressive increase in the circulating iPTH
activity, and that PTH contributes to the renal response
against acute metabolic acidosis by enhancing urinary phos-
phate, titratable acid, ammonium, and thus net acid excretion.
The acidosis-induced increase in the circulating iPTH activity
occurred in both intact and ADX rats, and was observed de-
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Figure 6. Urinary fractional (FE.) and absolute (UV) excretion of
inorganic phosphorus (Pi) during control period (C) and 3-h HC1 in-
fusion in intact (n = 6) (-), ADX(n = 6) (o), and ADX-TPTX (n
= 6) rats (+). Note that there remained only two ADX-TPTX rats
during the third hour of HCOinfusion. Points are means±SE. §, P
< 0.02 or less compared with control period.

spite an increase in the plasma ionized calcium concentration
and no change in the plasma magnesium concentration. Thus
a possible stimulation of endogenous PTH secretion was due
to factors other than plasma calcium, magnesium, and adrenal
hormones. Also, the rapid time-course of PTH stimulation
ruled out a change in 1,25-dihydroxyvitamin D as a possible
mediator of the acidosis effect. Strong linear relationships were
observed between circulating iPTH levels and plasma bicar-
bonate or hydrogen ion concentration.

Normally the kidneys respond to acute and chronic acid
loading by reducing the urinarygpH and bicarbonate excretion
rate, at least temporarily, and by enhancing the urinary excre-
tion rates of phosphate and titratable acid and particularly of
ammonium so that net acid excretion is augmented until the
entire acid load is excreted out of the body. The factors that are
responsible for the renal adaptation to metabolic acidosis are
at present incompletely settled. In recent reviews (25-27) it is
generally accepted that acidosis itself exerts major effects on
proximal and distal parts of the nephron to increase proton
secretion and bicarbonate absorption, ammonia production
and excretion, and phosphate and titratable acid excretion.
However, the control of this important kidney function by
hormonal factors must be considered. A role for corticosteroid
hormones in the renal regulation of acid-base balance has been
proposed in previous studies, in which acute and chronic acid
loading were shown to increase the plasma aldosterone con-
centration in humans, rats, and dogs (15-18) and the plasma
glucocorticosteroid concentration in dogs and rats ( 14, 16) but
not in humans (15, 18). Although aldosterone is known to
stimulate proton secretion in collecting ducts (reviewed in ref-
erence 28), to what extent the acidosis-induced increment in
the circulating aldosterone level contributes to the renal re-
sponse against acidosis remains to be established. The presence
of circulating glucocorticosteroids has been shown to be neces-
sary for a normal adaptive increase in renal ammonia and
phosphate excretion in response to acute and chronic meta-
bolic acidosis in the rat (17, 29-32). Results in the present
study also support the hypothesis of a role for adrenal hor-
mones in the renal response to acute metabolic acidosis inas-
much as absolute values of urinary excretion rates of phos-
phate, ammonium, and thus net acid were lower in ADXthan
in intact rats during both control and acidosis periods. Never-
theless, net acid excretion did increase 56% after 3-h HCI
loading in ADXanimals, as compared with an increase of 43%
in intact rats in the same experimental series (Fig. 7). This
observation is in agreement with results obtained in previous
studies (17, 29) in which urinary net acid excretion increased
in chronically ADXrats, although at rates that were lower than
those in intact rats, during the first few hours after ammonium
chloride loading. A role for PTH in this adaptive renal re-
sponse to acute metabolic acidosis in intact and ADXanimals
is demonstrated in the present work.

In this study acute HCl-induced metabolic acidosis in in-
tact and ADX rats resulted in significant increases in iPTH
activities that occurred despite significant increases in the
plasma ionized calcium concentration. Serum iPTH was mea-
sured using an antiserum directed against the NH2-terminal
bioactive region of PTH. Wefound that the basal serum iPTH
concentration was 20-25 pg/ml in rats under our experimental
conditions, which is in good agreement with values of 10-15
pg/ml obtained by others in the rat with the same radioimmu-
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Table IV. Arterial Blood Composition in ADXHCI-loaded Rats (Groups VIII-X)

Control period (h) HCI loading (h)

0 1 1 2 3

Hematacwnt vnln

Intact
ADX
ADX-TPTX

Protein, g/dl
Intact
ADX
ADX-TPTX

Sodium, mM
Intact
ADX
ADX-TPTX

Potassium, mM
Intact
ADX
ADX-TPTX

Chloride, meqiliter
Intact
ADX
ADX-TPTX

Pi, mM
Intact
ADX
ADX-TPTX

Magnesium, mM
Intact
ADX
ADX-TPTX

Total calcium, mM
Intact
ADX
ADX-TPTX

Ionized calcium, mM
Intact
ADX
ADX-TPTX

pH
Intact
ADX
ADX-TPTX

Bicarbonate, mM
Intact
ADX
ADX-TPTX

PCo2, mmHg
Intact
ADX
ADX-TPTX

43.0±0.7
42.9±1.4
43.1±0.8

4.0±0.2
3.6±0.1
3.6±0.2

143±2
145±2
141±3

3.7±0.3
4.0±0.2
3.8±0.1

115±1
114±1
112±1

2.6±0.2
2.9±0.3
3.2±0.1*

0.67±0.02
0.68±0.03
0.66±0.04

2.06±0.05
2.13±0.06
1.87±0.07

1.30±0.01
1.30±0.02
1.27±0.03

7.37±0.01
7.41±0.01
7.38±0.02

21.6±0.3
20.6±0.3
20.8±0.5

39±1
33±1
36±1

43.3±0.7
42.0± 1.2
43.7±0.6

3.9±0.2
3.3±0.2
3.2±0.2

145±2
145±2
141±4

3.7±0.2
3.9±0.1
3.9±0.1

114±1
114±2
113±1

2.5±0.1
2.9±0.2
3.4±0.1*

0.66±0.03
0.67±0.03
0.64±0.03

2.08±0.05
1.98±0.04
1.92±0.06

1.28±0.01
1.28±0.01
1.25±0.03

7.37±0.01
7.40±0.02
7.38±0.02

22.2±0.5
20.4±0.4
20.5±0.6

39±1
34±2
35±1

45.1±0.9
42.5±0.8
44.2±0.6

3.8±0.2
3.3±0.2
3.1±0.2

144±2
143±2
143±3

3.6±0.2
4. 1±0.3
4.1±0.2

117±2
115±1
115±2

2.4±0.2
2.9±0.2
3.5±0.1t

0.63±0.02
0.70±0.04
0.65±0.02

2.04±0.06
1.98±0.03
1.95±0.05

1.30±0.0.1
1.30±0.01
1.36±0.05*

7.3 1±0.01*
7.30±0.03*
7.28±0.03*

18.5±0.8*
16.6±0.8*
16.0±0.9*t

38±1
35±2
36±2

45.7±0.8
42.4±0.8
44.1±0.4

3.8±0.2
3.2±0.2
3.0±0.2

142±2
139±1*
137±3

3.8±0.2
4.4±0.3*
4.8±0.3*t

118±3*
117±1*
1 18±2*

2.3±0.1
2.8±0.2
3.7±0.3*§

0.63±0.02
0.67±0.05
0.65±0.01

2.02±0.05
1.97±0.04
1.97±0.06

1.32±0.02
1.34±0.02*
1.39±0.07*

7.25±0.03*
7.24±0.03*
7.18±0.05*t

16.4±0.9*
13.9±1.0*
13.1 1.2*t

37±1
35±2
36±2

45.5±0.8
42.6±0.8
43.8±1.0

3.6±0.2
3.2±0.1
3.0±0.2

140±2*
137±3*
134±4*

4.0±0.2
4.4±0.6*
5.0±0.5**§

117±1*
119±2*
1 17±3*

2.1±0.2
2.9±0.6t
3.7±0.6t§

0.63±0.03
0.68±0.05
0.64±0.05

2.02±0.04
1.99±0.02
1.96±0.10

1.33±0.02*
1.33±0.03*
1.35±0.08*

7.19±0.02*
7.18±0.02*
7.13±0.06*$

14.0±1.2*
12.6±1.2*
1 1.0± 1.9*4

37±2
34±1
33±2

Values are means±SE in six intact rats, six ADXrats, and six ADX-TPTX rats, except at the third hour of HOloading, at which there re-
mained only two ADX-TPTX rats. Pi, inorganic phosphorus. *P < 0.05 or less vs. control period in the same group. * P < 0.05 or less vs.
intact rats at the same period. § P < 0.05 or less vs. ADXrats at the same period.

noassay (19). Also, values ranging from 1.0 to 15.5 pg/ml for
circulating PTHconcentration were found in normal humans
using a sensitive cytochemical bioassay (33). Thus the normal

circulating PTH level in humans and rats is in the 10-12_10-11
M range. In addition, significant decreases in serum iPTH
concentration after calcium infusion were detected in the pres-
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Table V. GFRand Urinary Excretion Rates in ADXHCl-loaded Rats (Groups VIII-X)

HOloading (min)

Control period 0-60 60-120 120-180

GFR, ml/min
Intact
ADX
ADX-TPTX

Urine flow rate, li/min
Intact
ADX
ADX-TPTX

Urine osmolality, mosmol/kg H20
Intact
ADX
ADX-TPTX

Urine pH
Intact
ADX
ADX-TPTX

(UV)HCO3, nmol/min
Intact
ADX
ADX-TPTX

(UV)Na, nmol/min
Intact
ADX
ADX-TPTX

(UV)C1, nmol/min
Intact
ADX
ADX-TPTX

(UV)K, nmol/min
Intact
ADX
ADX-TPTX

(UV)Ca, nmol/min
Intact
ADX
ADX-TPTX

(UV)Mg, nmol/min
Intact
ADX
ADX-TPTX

1.04±0.04
0.67±0.03*
0.71±0.06*

56±8
35±4*
42±8

370±46
359± 13
376±46

5.98±0.11
5.64±0.17
5.82±0.30

48±18
17±9
38±23

6,003±1,191
4,365±631
4,892±631

7,243± 1,035
5,341±573
5,863±702

1,174±67
480±56$
484±53*

29±5
6±2*

34±12§

158±22
88±8$

120±8

0.93±0.03*
0.61±0.04*t
0.60±0.06*$

48±11
37±4
30±6

382±65
389±14
404±38

6.03±0.13
5.51±0.15*
5.77±0.20

45±17
8±3*

17±9

4,534±881
4,449±543
3,304±422*

5,753±810
5,636±630
4,333±426*

922±35
538±71$
496±96$

31±5
10±2
31±16

151±13
86±8*
91±10$

0.81±0.03*
0.52±0.05**
0.52±0.07**

0.82±0.04*
0.53±0.01**
0.53±0.01**

37±9
36±2
27±5

41±10
50±5
19±2§

505±133
388±12
409±63

5.88±0.16
5.39±0.18*
5.67±0.20

406±55
327±22
532±67

5.72±0.16*
5.41±0.13
5.60±0.20

27±12*
7±4*

11±6*

3,773±889*
4,429±231
2,778±390*

5,263±930
5,881±269
3,784±274*

959±99
747±102
593±131$

35±6
15±5
43±19§

124±24
91±10
91±15

21±14*
8±6*
3±1*

4,437±909*
4,905±217
2,227±420*

5,983±1,101
6,287±232
3,945±101*

1,275±193
1,017±167*

528±37*§

37±8
21±12*
77±9*t§

136±31
95±15

100±6

Values are means±SE. See Table IV for definitions of groups and comparisons.

ent work. Moreover, high and low serum iPTH concentrations
in acidotic and calcium-infused rats, respectively, were asso-
ciated with high and low NcAMPvalues. Thus acute meta-
bolic acidosis increased the level of circulating biologically ac-
tive PTH in rats in this study. From the data obtained in
experiments designed to analyze the renal response to acute
acid loading, it is apparent that PTH contributed to augmen-
tation of urinary net acid excretion. First, PTX as compared
with intact rats had a marked defect in urinary acidification
and net acid excretion during both control and acidosis pe-
riods. Second, the reduced various components of urinary net
acid excretion in PTX rats were restored in a dose-dependent

manner by infusion of hPTH-( 1-34) in these animals (Figs. 4
and 5). Although different absolute values of urinary net acid
excretion were obviously dependent on different levels of cir-
culating PTH activity, a major difference in the evolution of
the various components of urinary net acid excretion in re-
sponse to HCO loading could not be demonstrated between
PTX rats, intact rats in which circulating PTH increased, and
PTX rats infused with hPTH-1-34) at constant rates; this
could have been due at least in part to the presence of different
and varying adrenal hormone circulating levels in the latter
various groups of rats that had different degrees of acidosis.
Indeed, third, acidosis-induced significant increases in urinary
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phosphate (and thus titratable acid) fractional excretion, and
in urinary ammonium and net acid excretion occurred in
ADX but not in ADX-TPTX rats after 3 h of acid loading
(Figs. 6 and 7). These observations strongly suggest that the
acidosis-induced increase in the circulating PTHactivity acted
on the kidney to increase urinary net acid excretion.

An increase in circulating PTH concentration is expected
to enhance urinary phosphate excretion due to inhibition of
phosphate absorption by the proximal tubule. Indeed, urinary
phosphate excretion was almost zero in PTX rats and was
restored in a dose-dependent manner by hPTH-(1-34) infu-
sion in these animals during both basal and acidosis states. In
addition, an acidosis-induced increase in urinary phosphate
fractional excretion was observed in intact and ADX, but not
in PTX and ADX-TPTX rats. It is important to emphasize
that an increased delivery of phosphate to distal parts of the
nephron serves not only to enhance per se titratable acid ex-
cretion, but also to strongly stimulate the rate of proton secre-
tion in collecting ducts, as has been previously demonstrated
in our laboratory (1, 3). The latter event acts to decrease the
urinary pH despite an increase in the urinary buffer content,
which enhances titratable acid excretion all the more and
favors ammonium excretion. It must be pointed out that the
urinary pH was significantly higher in PTX than in intact or
hPTH-(1-34)-infused PTX rats (Table III) and tended to be
higher in ADX-TPTX than in ADX rats in the present study
(Table V) despite a more profound degree of acidosis and a
lesser urinary buffer content in the former animals. This must
have resulted from a defect in collecting duct proton secretion
in PTX and ADX-TPTX rats. Based on our previous observa-
tions (1, 3, 9), we believe that PTX rats have a rate defect in
collecting duct proton secretion because of the near complete
absence of phosphate within the distal tubular fluid in these
animals; note, however, that the localization and the cellular
mechanism of the effect of luminal phosphate on proton se-
cretion at collecting duct sites need to be established by further
direct evaluation. Thus the metabolic acidosis-induced phos-
phaturia results, at least in part, from augmented PTH activ-
ity. In agreement with our results, an acute metabolic acidosis

of 3-h duration in TPTX rats was found to be associated with
no decrease in the sodium-dependent phosphate uptake by
renal brush-border membrane vesicles (34). Also, acute meta-
bolic acidosis after a 90-min infusion of either HC1 or ammo-
nium chloride in acutely TPTX rats did not modify urinary
phosphate excretion or phosphate absorption by the proximal
convoluted tubule microperfused in vivo (35). However, in
another study in chronically PTX rats, a 3-h infusion of am-
monium chloride resulted in a significant increase in the uri-
nary phosphate fractional excretion, which was attributed to
acidemia-related undefined factors other than PTH (36).

A PTH-induced increase in the proximal ammonia pro-
duction may seem less expected, but is possible for the follow-
ing reasons. Wehave previously observed that PTH adminis-
tration in TPTX rats enhances urinary ammonium excretion
in every animal (1). In the present work, the urinary ammo-
nium excretion rate was significantly reduced in PTX rats and
restored in a dose-dependent manner by hPTH-(1-34) infu-
sion in these animals (Fig. 5), which could hardly be explained
only by differences in the urinary pH (see Table III). Also, an
acidosis-induced significant increase in urinary ammonium
excretion occurred in ADX rats as rapidly as during the first
hour of HCl infusion, but not in ADX-TPTX animals despite
similar decreases in the urinary pH. Among the known proxi-
mal cellular responses to PTH is the stimulation of gluconeo-
genesis, which may be metabolically associated with stimula-
tion of ammoniagenesis (37); in fact, PTH has recently been
shown to stimulate the cellular ammonia production in sus-
pensions of canine proximal tubular fragments (38). Thus we
suggest that PTHalso acts to increase renal ammonia produc-
tion and excretion in response to metabolic acidosis. The latter
contention is also supported by the fact that Good and Burg
(39) have observed that renal ammonia production, which
occurs in all portions of the nephron, increases after metabolic
acidosis only in the SI and S2 proximal segments, i.e., in PTH
target sites. It is worth pointing out that acute metabolic aci-
dosis per se exerted little net homeostatical renal effects in the
absence of parathyroid and adrenal glands in this study. The
urinary pH and bicarbonate excretion rate did decrease during
acidosis in ADX-TPTX rats, but this was of little importance
in enhancing net acid excretion in the absence of hormone-
mediated phosphate and ammonium renal response. Never-
theless, it must be recognized that further work is needed to
directly demonstrate whether PTH actually increases the se-
cretion of ammonia within the proximal tubular fluid.

In.addition to exerting renal effects, PTHmay also contrib-
ute to the defense against metabolic acidosis by exerting extra-
renal actions. A high rate of mortality after acid loading was
observed in PTX animals in this and previous (23, 24) studies.
Wachman and Bernstein (40) have reported in normal
humans that chronic ammonium chloride loading was asso-
ciated with negative calcium balance, together with a rise in
urinary hydroxyproline levels, phosphate renal clearance, and
excretion rate; also, plasma iPTH levels were elevated in two of
four cases during metabolic acidosis (40). These observations
led the authors (40) to hypothesize that increased PTHactivity
during metabolic acidosis may increase bone resorption to
provide additional amount of buffer base in the extracellular
medium and may increase renal phosphate clearance to aug-
ment urinary buffering capacity and acid excretion. A similar
hypothesis has also been expressed by Wills (41). Consistent

Metabolic Acidosis and Parathyroid Hormdne 441



with the latter hypothesis, several studies (23, 24, 42), although
not all (43), have shown that PTH is necessary for the optimal
body buffering of acute acid loads in nephrectomized rats and
dogs, probably by increasing bone buffering. Also, in some
experimental models of chronic PTH administration in dogs,
an extrarenal alkali input into the extracellular fluid compart-
ment, probably from bone, was shown to contribute to the
PTH-induced metabolic alkalosis (6, 7).

Thus circulating PTHactivity is enhanced by an acute acid
load and PTH in turn acts on kidney as described above, and
possibly on bone, to contribute to the defense against meta-
bolic acidosis, which may constitute a homeostatic response of
the parathyroid glands to acute metabolic acidosis. Elevated
circulating iPTH activities during acute metabolic acidosis had
previously been observed in only one study in humans (45).
Whether chronic metabolic acidosis is associated with sus-
tained increased PTH activity is uncertain because either ele-
vated (40, 45) or unchanged (40, 44, 46) serum iPTH concen-
trations were reported during chronic metabolic acidosis in
humans. As already discussed above, we therefore suggest that
both PTH, at least during acute metabolic acidosis, and adre-
nal hormones, perhaps particularly in a chronic setting, medi-
ate at least in part the renal responses against metabolic aci-
dosis and thus appear to coordinately regulate the various
components of urine acidification in proximal and distal parts
of the nephron, which leads to the concept of a pluri-hormonal
control of acid-base balance (47). It is worth noting that PTH
was recently shown to stimulate corticosteroid secretion by
adrenal glomerulosa cells in vitro (48, 49). The mechanism by
which acute metabolic acidosis may stimulate endogenous
PTH secretion is unknown. In a previous study on dispersed
bovine parathyroid cells, lowering the pH of the ambient me-

dium decreased the release of PTH that was previously maxi-
mally stimulated by a low extracellular calcium concentration,
but possible effects of extracellular pH or bicarbonate concen-
tration on basal PTH secretion were not tested (50). More
recently, PTH secretion by parathyroid cells in vitro has been
shown to be modulated by cAMP- and protein kinase C-me-
diated cell activation by various secretagogues (reviewed in
reference 5 1).
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