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Abstract

Mineralocorticoid plays a role in urinary acidification and
acid-base balance, but the response of the inner medulla to
aldosterone has not been elucidated. A model of selective aldo-
sterone deficiency (SAD) with hyperkalemia and hyperchlore-
mic metabolic acidosis was employed to assess segmental acid-
ification by measuring in situ pH, titratable acidity (TA) and
total ammonia (Am). Hydrogen ion secretion was also exam-
ined as a function of the increment in in situ PCO; in the col-
lecting duct during bicarbonate loading. SAD rats were com-
pared to ADX controls that received adrenalectomy and
chronic replacement of gluco- and mineralocorticoid and to rats
with chronic metabolic acidosis induced by oral NH,Cl
(CMA). Both fractional and absolute delivery of Am to the
loop of Henle was lower in SAD vs. CMA rats (1.34 to 3.63
mM, P < 0.01). Delivery of Am to the base and tip collecting
duct (BCD and TCD) was also markedly lower in SAD (1.50
vs. 0.52 and 1.77 vs. 0.47 mM, respectively, P < 0.01). Net
addition of Am and net acid between BCD and TCD, observed
in CMA rats, was not observed in SAD despite equivalent
degrees of systemic metabolic acidosis. Similarly, the concen-
tration gradient favoring transfer of NH; between loop of
Henle and CD was reduced in SAD. During bicarbonate load-
ing the increment in Pco, at BCD, TCD and in final urine was
significantly lower in SAD rats than in adrenal intact bicar-
bonate-loaded rats. Therefore, the acidification defect in this
model of SAD appears to be a result of a decrease in ammonia
production and delivery to the loop of Henle, impaired transfer
from loop to collecting duct and reduction in the rate of H*
secretion by the collecting duct.

Introduction

Numerous studies in adrenalectomized (ADX)' animals and
human subjects have provided evidence that urinary acidifica-
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tion, and systemic acid-base balance is influenced by miner-
alocorticoid elaboration by the adrenal cortex (1-4). The se-
lective withdrawal of mineralocorticoid in this setting results
in the development of metabolic acidosis concomitant with a
reduction in urinary ammonium excretion (1, 3). These, and
other studies, both in vivo and in vitro, have advanced the
view that mineralocorticoid deficiency is an important cause
of metabolic acidosis and impaired acidification even in the
absence of renal disease or glucocorticoid deficiency.

Since the cortical collecting tubule is responsible for reab-
sorption of a portion of the filtered load of sodium by an
aldosterone-dependent process, which increases transepithelial
voltage favoring secretion of K* and H* (5, 6), it is of no
surprise that aldosterone deficiency may cause hyperkalemia
and metabolic acidosis. The outer medullary collecting duct
has also been demonstrated to respond to aldosterone by in-
creasing net hydrogen secretory capacity independent of so-
dium transport (electrogenic proton translocating ATPase) (7).

Less well defined, however, is the role of mineralocorticoid
in acidification by the inner medullary collecting duct. Micro-
puncture studies have demonstrated that the rat papillary col-
lecting duct is capable of bicarbonate reabsorption (8, 9). Re-
cent studies of intracellular pH in rabbit papillary collecting
duct cells in vitro suggest that active H* secretion is accom-
plished by a primary electrogenic H* pump (10). A Na*/H*
antiport has also been demonstrated recently (11) but the role
of this transporter in transepithelial acidification has not been
defined. Based on the observation of a diminution in the acid
pH profile along the papillary collecting duct during acute acid
loading in adrenalectomized rats with selective mineralocorti-
coid deficiency, the view that mineralocorticoid influences H*
secretion in this segment has been advanced (12). However,
measurement of tubule fluid pH alone, without knowledge of
urinary buffer excretion calls such an interpretation into ques-
tion. Moreover, the possible impact of aldosterone deficiency
on acidification parameters in the deep loop of Henle has not
been studied previously.

The present study was designed, therefore, to investigate
the role of aldosterone in acidification by accessible nephron
segments of the rat inner medulla. Acidification was assessed
by measurement of in situ pH, titratable acidity, and total
ammonia delivery during chronic metabolic acidosis, as well
as by determination of papillary Pco, during bicarbonate
loading. (The terms ammonia and total ammonia indicate the
sum of NH; and NHZ. NH; indicates free base ammonia; NHZ
indicates ammonium ion.)

1. Abbreviations used in this paper: ADX, adrenalectomy; Am, total
ammonia; BCD, base papillary collecting duct; CMA, chronic meta-
bolic acidosis; SAD, selective aldosterone deficiency; TA, titratable
acidity; TCD, tip papillary collecting duct; TF/P, tubule to arterial
plasma concentration ratio.



Methods

Mutant Munich-Wistar rats weighing 85-155 g (mean, 132.7+0.02 g)
received commercial rat chow (Ralston Purina Co., St. Louis, MO) up
to the time of micropuncture. To replace surgical fluid losses either
0.9% NaCl or saline-bicarbonate (120 mM NaCl, 25 mM NaHCO;,
and 4 mM KCl) equal to 2% of body weight was infused over 15 min.
An appropriate maintenance solution (as designated below) containing
methoxy{*Hlinulin was infused at 150 xCi/h and adjusted to deliver a
volume equal to 1% of body wt/h (groups I-III). Five experimental
groups of rats were studied.

Group I. Adrenalectomy controls (CON) (n = 25), were subjected
to bilateral adrenalectomy (ADX) during pentobarbital anesthesia (5.0
mg/100 g body wt i.p.) 4-6 d before micropuncture. An osmotic mini-
pump (Alzet 2001; Alza Co., Palo Alto, CA) was implanted subcutane-
ously in the midscapular region at the time of ADX for delivery of both
dexamethasone (5.0 ug- 100 g body wt™'-d~') and aldosterone (0.8
ug- 100 g body wt™!-d™") (12, 13). Animals in this group received tap
water to drink until micropuncture commenced. Surgical fluid losses
were replaced with a saline-bicarbonate solution containing both dexa-
methasone (0.3 ug - 100 g body wt™' - h™') and aldosterone (0.5 ug - 100
g body wt™!-h7").

Group II. Chronic metabolic acidosis (CMA) rats (n = 11) with
intact adrenal function were subjected to a sham operation 5 d before
micropuncture and received 0.30 M NH,CI to drink. Isotonic saline
was employed to replace surgical fluid losses and as a maintenance
infusion during micropuncture.

Group III. Selective aldosterone deficiency (SAD) (n = 17) rats
were subjected to ADX as in group I but only dexamethasone (5.0
ug- 100 g body wt™! - d™!) was infused via the osmotic minipump (13).
Drinking water was 0.9% NaCl containing 1.2% dextrose. After recov-
ery from surgery consumption of food and drinking water was a pre-
requisite for micropuncture. Rats that did not gain weight as compared
to groups I and II were rejected. Premicropuncture surgical losses were
replaced with 0.9% NaCl to which dexamethasone (0.3 ug - 100 g body
wt™!.h™!) was added. Five additional mineralocorticoid-deficient rats
were studied in which higher delivery of titratable acid to the base of
the collecting duct was accomplished (III-B, SAD-HP). Rats in this
group were slightly larger (13010 vs. 114%5 g) than the 17 rats in
group III, and consumed a larger mean daily weight of food. Findings
in this group allow evaluation of the effect of non-Am buffer delivery
on net acidification in the inner medullary collecting duct during aldo-
sterone deficiency.

Group IV. Control-bicarbonate loaded rats (CON-HCO;) (n = 25)
were adrenal intact normal controls that received a hypertonic sodium
bicarbonate solution (300 mM NaHCO;, 25 mM K(l) at a rate equal
to 1.8% body wt/h for 2.0 h before micropuncture or until stability of
urine pH and Pco, was assured as described previously (14). Rats in
this group were subjected to papillary micropuncture and were em-
ployed to determine urinary and papillary PCO, as described pre-
viously (14).

Group V. Selective aldosterone deficiency/bicarbonate-loaded rats
(SAD-HCO:;) (n = 10) were subjected to adrenalectomy and received a
chronic maintenance infusion of dexamethasone by osmotic mini-
pump exactly as in group III. 2 h before micropuncture, sodium bicar-
bonate was infused as in group IV. Since tubule fluid was not collected,
a volume marker was not employed in this or the preceding group (IV).
Stability of urine pH and Pco, was assured as in group IV.

All rats were anesthetized for micropuncture by intraperitoneal
injection of 100 mg- kg body wt™! Inactin (BYK-Gulden, Konstanz,
Federal Republic of Germany) and placed on a thermostatically con-
trolled (37°C) micropuncture table. Surgical exposure of the extrarenal
papilla and papillary micropuncture was accomplished exactly as de-
scribed previously (9, 14). Arterial blood acid-base status was carefully
monitored and maintained as described previously (9).

Whole kidney excretion was assessed by collection of bladder urine
(right, untouched kidney) for determination of glomerular filtration
rate, pH, Pco,, titratable acidity, and total ammonia. Arterial blood

gases were monitored and maintained as described previously (9, 14).
Tubule fluid samples from the bend of Henle’s loop (ascending and
descending limbs) and from the base and tip of the papillary collecting
duct were collected as described previously (15). The length of exposed
papilla between base and tip collecting duct sites was measured with an
ocular micrometer and averaged 2.50+0.4 mm in all groups and did
not differ between groups (P > 0.05).

Analysis. Arterial pH, Pco, and bicarbonate concentration and
urine pH were determined using a blood gas analyzer (model 165-2;
Corning Medical, Corning Glass Works, Medfield, MA). Urine vol-
ume was determined by weighing. Methoxy[*H]inulin activity in
plasma, urine, and tubule fluid was determined in a liquid scintillation
counter (Rackbeta 1211; LKB/Wallac, Turku, Finland) using a gel
suspension made with Ready-Solv MP (Beckman Instruments, Inc.,
Fullerton, CA). Radioactivity in micropuncture samiples were deter-
mined on a portion of each sample (5-20 nl) measured in a constant
bore capillary. The remainder of each sample was used for measure-
ment of titratable acidity and total ammonia. Urine samples (0.1 ml)
were diluted in equal volumes of 0.1 HCI, in order to dissipate HCO3
as CO,, and were then pipetteted into a vial containing 1.8 ml of H,O.
The sample was then titrated with 0.1 N NaOH to a pH equal to
systemic arterial blood pH with a standard macrotitrator (Radiometer
model ETS 811; London Co., West Lake, OH) (16, 17). Formaldehyde
(37% solution) was then added (0.1 ml) to liberate H* and the sample
was backtitrated to blood pH to estimate the total ammonia concen-
tration [Am] (17).

In situ pH in tubule fluid of inner medullary nephron segments was
measured using single-barreled glass membrane microelectrodes as
described previously (9). The electrodes were always calibrated before
and after use in vivo in standard buffers of pH 7.40 and 6.00 at 37°C.
Transepithelial voltage of the inner medullary collecting duct and loop
of Henle has a negligible effect on potential recorded by single-barreled
pH microelectrodes (9). Pco, was measured with Pco, microelec-
trodes of 15-20 um tip diameter as routinely manufactured in our
laboratory and described in detail previously (14). Calibration in three
analytically balanced gases was performed as described previously (14)
before and after each set of data collections (# = 4-6) by direct punc-
ture of the base papillary collecting duct or by insertion into the open-
ing of the tip of the papillary collecting duct.

Titratable acidity [TA] and total ammonium [Am)] in tubule fluid
was determined by microtitration as modified by our laboratory from
the method described by Karlmark (18). Specifically, a computer-
based titration system (Picolab-2; Idea Computers, Richmond, TX)
was used. Tubule fluid (2-10 nl), diluted 1:20 with deionized distilled
water, was deposited under oil on a siliconized glass slide. Initial pH
was determined by a double-barreled glass membrane pH microelec-
trode manufactured in our laboratory (15-20 um tip diam). This input
was provided to the computer as a start point for titration of the
sample. Constant current (0.500 mamps) was then pulsed intermit-
tently (from 0.002 to 2 s) by the computer-controlled circuit through
an antimony (Sb) electrode (referenced by a separate Ling-Gerard
electrode) to liberate OH™ into the droplet as follows: Sb,0O; + 3H,O
+ 6e — 2Sb + 60H".

Current pulsed intermittently obviates the need for a stirring mech-
anism. The current utilized in the titration process was measured auto-
matically and the amount of current required to titrate the sample to
the desired endpoint (rat arterial blood pH) is proportional to the [TA)
as defined by a series of standards. When performed in this manner,
titrations determined with the microtitrator are identical to values
obtained with known standards as well as to urine as measured by
standard macrotitration (Fig. 1 4). Formaldehyde (37%) was then
added to the sample droplet (10-15% of droplet volume) to liberate
additional H*. The sample was then retitrated to the same pH end
point. Values for total ammonium concentration [Am] determined in
this manner compare favorably to standard macrotitration (Fig. 1 B).

Calculations. Net acid excretion (NAE) of tubule fluid (and urine)
was calculated as: NAE = TA + Am — HCOj5, where TA is titratable
acid, Am is total ammonia, and HCOj3 is any bicarbonate in the
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Figure 1. Comparison of titratable acid (4) and ammonium concen-
trations (B) as determined by microtitration technique (described in
Methods) vs. macrotechnique in known standard solutions (closed

circles) and rat urine (closed squares). For A: r = 0.99, P < 0.001,
and for B: r = 0.98, P < 0.001.

sample. Bicarbonate concentration was calculated from in situ pH and
Pco,. Acid indices for titratable acid, ammonia, and net acid were
calculated from the respective concentrations in tubule fluid [TF,],
factored by the ratio of tubule fluid to plasma inulin: [TF,]/[TF/Py,]

Absolute delivery of ammonia, titratable acid, and net acid to the
loop of Henle were calculated from single nephron flow rates (V) and
the respective [TF,] at the loop as described previously (15). Absolute
deliveries to base and tip collecting duct were estimated from right
whole kidney glomerular filtration rate (GFR) as follows: Abs. Del.,
= (GFR/(TF/P),) [TF,]. Where [TF,] = total ammonia, TA, or net
acid concentration in tubule fluid.

Concentrations of free base ammonia [NH;] in loop of Henle, base
and tip collecting duct were calculated from the measured total ammo-
nia concentration and in situ pH employing the Henderson-Hassel-
balch equation from the pK; corrected for ionic strength as described
in detail previously (15).

Data are expressed as mean values, and differences between means
were analyzed using the Student’s ¢ test for paired or unpaired data as
appropriate. P < 0.05 were considered significant.

Results

The parameters mean body weight, arterial blood pressure,
hematocrit, the number of days between initial surgery and
papillary micropuncture, and length of exposed papilla were
similar in all groups. Systemic arterial blood gas and electro-
lyte values are displayed in Table I for groups I-III. Group II
rats received NH,Cl to induce metabolic acidosis of similar
magnitude to that observed spontaneously with selective aldo-
sterone deficiency (SAD-III). pH and total CO, concentrations
were significantly and equally reduced in groups II and III as
compared to adrenalectomized-dexamethasone and aldoste-
rone replete controls (group I-CON). Furthermore, the plasma
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Table I. Systemic Acid Base and Electrolyte Data

Group pH Paco, tCO, Na* K*
mmHg meq/liter meq/liter meq/liter
ICON  7.31+0.28 41+1.7 21.1+0.8 141+1.3 4.9+0.3

IICMA 7.19+0.01*
III SAD  7.20+0.01*

43+1.3
40+1.5

17.1+0.5*
18.0+0.5*

146+0.7 4.6+0.1
143+1.3  5.8+0.3%

Data displayed as mean values+SEM.
* P < 0.01 vs. controls; ¥ P < 0.01 group II vs. group III.

[K*] was significantly higher in SAD rats (5.8 meq/liter) (P
<0.01).

Right whole kidney data are displayed in Table II. Urine
pH was significantly lower in SAD rats (5.42+0.08, P < 0.01)
but glomerular filtration rates were indistinguishable in all
three groups. Titratable acid excretion did not increase in
CMA rats as compared to controls but was reduced signifi-
cantly in SAD rats. As expected, chronic metabolic acidosis
resulted in a marked increase in urinary ammonium excretion
475+52 to 1,219+70 neq/min, P < 0.01), but not in rats with
selective aldosterone deficiency (group III: 359+34 neq/min, P
< 0.01) despite a similar degree of acidemia. Thus net acid
excretion (not shown in table) was equal to 811+81 neq/min
in group I, 15324112 neq/min in group II, and 561+57 neq/
min in group 1L

Micropuncture findings

Collecting duct. Micropuncture data for the base and tip of the
collecting duct (BCD and TCD) are summarized in Table III.
pH declined significantly from base to tip collecting duct in
CMA rats (group II) (6.38+0.06 to 6.24+0.05 U) as well as in
group III (6.35+0.08 to 6.11+0.06 U) and III, B (6.27+0.17 to
5.70%0.05), but not in group I. The total ammonia concentra-
tion at both base and tip was higher during chronic metabolic
acidosis (group II) than in either control (group I) or SAD rats
(group III), while titratable acid concentration was lower in
SAD rats at both BCD and TCD. In group III, B, however, the
concentration of titratable acid, but not total ammonia was
higher than in group III but similar to groups I and II at both
base and tip.

To assess net transport of TA, Am, and net acid (NA) along
the collecting duct, changes in concentration were factored for
net water movement by dividing tubule fluid concentrations
by TF/P inulin values. The resulting ratio is a measure of the
relative amount of TA, Am, or NA present at the base and tip
micropuncture sites (15). Acid indices for TA, Am, and NA
did not change from base to tip in control rats. During chronic

Table II. Right Whole Kidney Data

Group  Urine pH GFR [TA] [Am] UmV UanV

U ul/min  meq/liter megq/liter neq/min  neq/min
ICON 5.76+0.05 647+49 60.8+5.2 91.2+7.5 336+38 475+52
IICMA 5.66+0.11 761+45 48.2+7.6* 176.6+11.9* 312+54 1219+70

Il SAD 5.42+0.08* 60550 29.5+3.9% 58.1+5.4* 202+42% 359+34%

Data displayed as mean values+SEM, * P < 0.01 vs. controls; ¥ P < 0.01 group
1I vs. group II1.
UV, urine flow rate; and GFR, glomerular filtration rate.
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III B SAD-HP
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P (group Il vs. II)
P (group I vs. III)

metabolic acidosis (group II) the ammonia index increased
significantly, indicating net addition of ammonia from base to
tip (1.50+0.09 to 1.77+0.10 mM, P < 0.01) (Fig. 2). In con-
trast, values were lower in SAD rats at both sites when com-
pared to group II (0.52+0.05 to 0.47+0.05, P < 0.01). More-
over, there was no detectable net acid transport along the ter-
minal portion of the collecting duct in SAD rats (P > 0.05)
while net addition of net acid was apparent in group II
(1.71£0.12 to 2.04+0.18) (Table III and Fig. 2). Values for
absolute delivery, estimated from whole kidney GFR values as
described in Methods, corroborated the fractional data (Fig. 3).
Absolute delivery of ammonia was dramatically higher at the
BCD during chronic metabolic acidosis when compared to
either group I or 111, and increased further along the length of
the duct (1,174+84 to 1,335+89 neq/min, P < 0.01). These
values were markedly lower in SAD rats and net addition was
not observed (314+32 to 287+29 neq/min).

Loop of Henle. Micropuncture data for the loop of Henle
are summarized in Table IV. Loop pH was significantly more
acid in group II but equal in groups I and III (7.27+0.04, vs.
7.35+0.06, and 7.31+0.04). Ammonium concentration in-
creased during metabolic acidosis (8.0+0.9 to 17.3+3.3 mM)
but declined in SAD rats (9.8+1.6, P < 0.01). Tubule flow rate
(V) was greater and TF/P;, lower during chronic metabolic
acidosis (group II). The amount of ammonia delivered to the
loop of Henle (indicated by [Am]/(TF/P,,)) was greater in
group II but declined by 40% (3.63%0.68 to 1.34+0.29 mM)
with selective aldosterone deficiency (group III) and to
1.65+0.39 in group III, B (P < 0.01). The titratable acid frac-
tion was similar in groups I-III but higher in group III, B.
Values for [TA] in the loop of Henle during chronic metabolic
acidosis were identical to values reported by Buerkert (19) in
adrenal intact acid-loaded rats. Values for total ammonia con-
centration and the ammonium index at the loop of Henle were
(Fig. 2) slightly higher than that reported from our laboratory,
in adrenal intact control rats (15) and slightly less than that
reported by others (19) in the same physiologic condition.
Nevertheless, the net acid index and absolute net acid delivery
(Fig. 3) were similar in our group I rats and adrenal intact
controls reported by others (19).

NH; concentration gradients in inner medulla. Calculated
NH; concentration values for all groups at each site are sum-
marized in Table V. Ammonia concentration increased at the
base collecting duct after chronic metabolic acidosis in adrenal
intact and aldosterone-deficient rats (groups II and III vs.
group I), but remained significantly higher at the tip collecting
duct only in CMA rats (group I: 83+8 vs. group II: 186+32 vs.
group III. 125422 uM). The ammonia concentration at the
loop of Henle was higher in group II rats (265+41 uM) than in
either group I (122+11 uM) or group III (192+29, P < 0.01).
In each group the NHj3 concentration in the loop of Henle was
significantly higher than the average concentration in the col-
lecting duct but the magnitude of this difference was dramati-
cally lower in SAD (49+20 uM) as compared to CMA rats
(10528 uM) (P < 0.01).

Pco; data. During acute bicarbonate loading urine pH was
equally alkaline in adrenal intact controls and in aldosterone-
deficient rats (Table VI). Urine Pco, and the U-B Pco, differ-
ence was significantly lower in rats with selective aldosterone
deficiency (118 vs. 84 mmHg and 70 vs. 41 mmHg, respec-
tively, P < 0.01). Values for PCO, in the micropuncture papil-
lary collecting duct of adrenal intact bicarbonate loaded rats
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were significantly above arterial blood levels, as has been ob-
served previously in our laboratory (14). Moreover, PCo; in-
creased from base to tip collecting duct (82+5 to 118+3
mmHg, P < 0.01). In contrast, the PCo, at both base and tip
collecting duct in SAD-NaHCOs-loaded rats, was significantly
less than the values observed in controls (642 to 80+3
mmHg, (P < 0.01) (Table VI and Fig. 4). A reduction in Pco,
at the base and tip of the papillary collecting duct during bi-
carbonate loading has been demonstrated previously to be a
reliable index of impaired H* secretion (14).

Discussion

The effect of aldosterone deficiency on renal acidification has
been examined previously in adrenalectomized dogs by care-
fully executed balance techniques during chronic postopera-
tive replacement of glucocorticoid and mineralocorticoid hor-
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Figure 3. Absolute delivery of TA, NH{, and NA to each micro-
puncture site. Notation same as Fig. 2.

mones (1, 2, 4). Selective discontinuation of mineralocorticoid
was associated with a decline in net acid excretion and the
development of a hyperchloremic-hyperkalemic metabolic
acidosis (1). The reduction in net acid excretion was attributed
to a marked decline in ammonium excretion. Moreover, am-
monium excretion (and presumably production) could be
modulated in response to plasma potassium levels since am-
monium excretion was diminished to a lesser extent when
hyperkalemia was prevented. Segmental ammonium transport
has not been examined previously in an experimental model of
selective aldosterone deficiency by micropuncture techniques
so that changes in ammonium transport, as opposed simply to
a decrease ammonia production, as would be expected with
hyperkalemia (1, 20, 21), have not been considered.

Studies in adrenalectomized dogs (4) and man (3) have
suggested that aldosterone deficiency impairs the rate at which
hydrogen secretion proceeds in the collecting duct, while the
ability to maintain a normal pH gradient between urine (col-
lecting duct) and blood is unimpaired. Such a view is based on
the observation that urine pH in dogs with aldosterone defi-
ciency is low during periods of reduced buffer excretion but
increases above that observed in mineralocorticoid replete
dogs when buffer excretion is increased (1, 4, 22). Neverthe-
less, a segmental analysis of acidification in selective aldoste-
rone deficiency has not been reported previously.



Table IV. Micropuncture Data: Loop of Henle

[TA] [Am]
Group pH [TA) [Am] TF/Pp v TF/Py, TF/Pp
U mM mM nl/m mM mM
1 CON 7.35+£0.06 0.71+0.23 8.0+0.9 6.92+0.55 5.91+£0.62 0.11+0.04 0.96+0.12
@) (27) (27) @31) 37 (26) (23)
11 CMA 7.27+0.04* 0.41+0.25 17.3+£3.3* 4.81+0.66* 9.87+1.20* 0.07+0.03 3.63+0.68*
(10) (14) (13) (15) (17) (14) (14)
II1 SAD 7.31+0.04% 1.18+0.58% 9.8+1.6% 7.79+0.78% 4.78+0.52% 0.28+0.18 1.34+0.29%
@) (26) (23) (25) 27 (23) (23)
III B SAD-HP 7.34+0.04* 1.84+0.63% 11.4+2.3% 8.18+0.9% 4.26+0.49 0.48+0.12* 1.65+0.39%

(5) (12) (12)

(12) (12) (12) (12)

* P <0.01 vs. group I, ¥ P < 0.01 vs. group II.  V indicates tubule flow rate; [Am] total ammonia concentration, and [TA] titratable acid con-

centration.

The present study was designed to investigate acidification
parameters in nephron segments of the inner medulla during
selective aldosterone deficiency in two physiologic settings
employing two techniques. First, titratable acid and total am-
monia delivery was measured during the chronic metabolic
acidosis that accompanied selective aldosterone deficiency.
Second, papillary Pco, was measured directly with a Pco,
microelectrode during bicarbonate infusion as an index of ter-
minal nephron H* secretion. Several new findings emerge
from these studies: (a) Delivery of total ammonia to the loop
of Henle, as well as to the base and tip collecting duct, was
markedly reduced after selective aldosterone deficiency. (b) In
the face of a comparable degree of systemic metabolic acidosis,
net addition of ammonium between the base and tip of the
papillary collecting duct, as observed in chronic metabolic aci-
dosis, was obliterated in selective aldosterone deficiency. (¢)
Accompanying the absence of ammonium addition to the col-
lecting duct during aldosterone deficiency, the concentration
gradient for free-base NH; was less favorable for diffusive
transfer from loop of Henle to collecting duct. (d) Both papil-
lary Pco, measured in situ, and urinary Pco, did not increase
in aldosterone deficiency to the same magnitude as observed
in adrenal intact controls during bicarbonate loading. These
results taken together indicate, therefore, that the “acidifica-
tion defect” that exists in selective aldosterone deficiency is
complex. In addition, an important role for aldosterone in the

Table V. Papillary Ammonia Concentration (uM)

Group BCD TCD Loop (@)} A[NH;]
I CON 59+8 83+8  122+11 7148 67x15
I1 CMA 135+£30 186+32 265+41 160+31 105+28
III SAD 171£36 125422 192429 143429  49+20
P (group Il vs. I) <0.05 <0.01 <0.01 <0.05 <0.01
P (group III vs. II) NS <0.05 <0.01 NS <0.01

regulation of acidification by nephron segments of the inner
medulla is documented.

Effects of CMA
As reported previously by our laboratory (15) in control rats
with intact adrenal glands, significant net transport of ammo-
nia was not observed along the terminal collecting duct in
nonacidotic ADX rats receiving chronic replacement of gluco-
and mineralocorticoids (Table III, group I). In this same group,
the titratable acid index did not change between base and tip
collecting duct, a finding in agreement with results reported
previously by Buerkert and associates (19, 23). In comparison
with these studies, however, the increase in TF/P;, between
base and tip was greater in the present study, so that acid
indices for both ammonia and titratable acid were quantita-
tively lower. This difference is most likely a result of the longer
length of exposed papilla in our study (2.54 vs. 0.8 mm).
After development of chronic metabolic acidosis, net addi-
tion of ammonia between base and tip collecting duct was
observed (group II-CMA, Table III, P < 0.01). This finding is
in agreement with results reported previously by our labora-
tory in adrenal intact acid-loaded rats (15). In addition, we
now show the addition of net acid to this segment during this
condition as well. The total ammonia concentration (8.0+0.9
to 17.3+3.3 mM, P < 0.01) and the amount of ammonia
delivered to the loop of Henle (0.96 to 3.63 mM, Table IV and

Table VI. Pco, Data: Bicarbonate-loaded Rats

Papillary
Urine collecting duct
Group pH Pco, U-BPco, BCD TCD
mmHg mmHg mmHg

IV. NaHCOs-Loaded Controls 7.80+0.02 118+4 70+4  82+5 1183
V. SAD-NaHCO;-Loaded 7.90+0.03 84+4 41+4  64+2 80+3
P NS <0.01 <0.01 <001 <0.01

Values are means+SE for pooled data. C_D, mean collecting duct
NH; concentration (average of base and tip), A[NH3], difference be-
tween loop and CD ammonia concentrations.

Data expressed as mean values+SE. “Urine” from right whole kid-
ney by macroelectrode. U-B PCO,, urine minus arterial blood PCo,.

P compares groups IV and V.
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Figure 4. PCO, data in

. bicarbonate-loaded con-
trols (clear bars) and bi-
carbonate-loaded SAD
rats (solid bars) for base
and tip papillary col-
lecting duct, and final

urine  urine. *P < 0.01 for
SAD vs. BL~controls.

PCO. (mmHg)

il

BCD TCD  Urine BCD TCD
Control-NaHCO3 SAD-NaHCO3

Fig. 2, P < 0.01) increased dramatically with metabolic aci-
dosis. If the observed increase in ammonia delivery to the loop
of Henle may be taken as a reflection of increased delivery out
of the proximal tubule, then, this finding suggests that meta-
bolic acidosis was associated with an increase in ammonia
production and secretion in this segment, a finding compatible
with a previous report from this (24) and other (25, 26) labora-
tories. Finally, the concentration of ammonia [NH;] at the
loop of Henle increased after metabolic acidosis. Similarly,
[NH;] also increased at base and tip papilla.

Effect of selective aldosterone deficiency

In mineralocorticoid deplete, glucocorticoid replete rats a de-
fect in acidification was clearly evident for several reasons. The
most striking finding was the reduction in delivery of both
titratable acid and ammonia to the base of the collecting duct
as compared to adrenal intact rats with a comparable degree of
metabolic acidosis (Tables III and IV, and Fig. 2). Moreover,
net addition of ammonia was no longer observed along the
papillary collecting duct (Fig. 2). Thus, total ammonia and
titratable acid excretion decreased significantly with SAD
(Table II). Since net acid excretion was reduced as a result of
reduction in both total ammonia and titratable acid excretion
in aldosterone deficiency, and since titratable acidity consists
predominantly of phosphate, the possibility that mineralocor-
ticoid deficient rats were phosphate depleted could be raised.
This is unlikely in view of the observation that delivery of
titratable acid delivery to the loop of Henle was actually higher

in SAD rats than in ADX controls or CMA rats (Table IV). To
the extent that loop delivery is a reflection of delivery out of

the proximal tubule, phosphate depletion is unlikely. Since it is
conceivable that inner medullary collecting duct acidification
could be dependent on adequate delivery of nonammonia
buffer for titration, we examined additionally, mineralocorti-
coid-deficient rats with base collecting duct delivery of titrat-
able acid similar to controls (group III, B, Table III). Despite
the increase in delivery of titratable acid addition of either total
ammonia or net acid was not observed in this group. This
finding contrasts with the results in acid-loaded rats. More-
over, a correlation between net addition or reabsorption of
ammonia and titratable acid delivery was not evident in any of
the groups examined (data not shown). Interestingly, in associ-
ation with the reduction in total ammonia addition to the
collecting duct in SAD rats, the gradient for passive diffusion
of NHj; from loop of Henle to collecting duct was lower than
that observed in acid-loaded rats (Table V). In addition to the
defect in ammonia addition, urinary and papillary Pco, dur-
ing an alkaline diuresis was lower than in adrenal intact con-
trol rats (Table VI) indicating a reduction in hydrogen secre-
tion in this segment. The magnitude of the reduction in papil-
lary and urinary Pco, is compatible with the reduction in Pco,
observed in other experimental models of distal renal tubular
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acidosis reported by our laboratory (27). Thus, total net acid
excretion was reduced as a result of diminished ammonia de-
livery, which would allow a more rapid approach to the limit-
ing pH gradient in the terminal nephron, but also as a result of
diminished hydrogen secretion in the medullary collecting
duct per se.

Micropuncture of the loop of Henle also demonstrated a
reduction in the amount of total ammonia delivered in SAD
rats as compared with acid-loaded adrenal intact animals
(3.63-1.34 mM, Table IV and Fig. 3). To the extent that the
amount of ammonia delivered to the loop reflects delivery out
of the proximal tubule (24), this finding suggests that ammo-
niagenesis was decreased in SAD rats to levels incompatible
with the degree of systemic metabolic acidosis present in these
animals. Several explanations for this finding can be offered.
First, rats in this group had mild but significant hyperkalemia
(5.8 meq/liter, Table I) which has been reported to decrease
ammoniagenesis by an as yet undefined but direct pathway
(20). In both dogs (1) and human subjects (28) with mineralo-
corticoid deficiency renal ammonium excretion does not de-
crease when hyperkalemia is prevented. In this setting the re-
duction in net acid excretion can be accounted for as a result of
a reduction in titratable acid excretion entirely. To investigate
the role of potassium further, it would be necessary to prevent
hyperkalemia in SAD rats and repeat the micropuncture stud-
ies. Such studies are planned as future areas of investigation by
our laboratory. Recent in vitro microperfusion studies from
our laboratory have demonstrated that an acute increase in
bath and perfusate potassium concentration reduces net trans-
port of total ammonia by the medullary thick ascending limbs
of Henle perfused in vitro (29). When these findings are con-
sidered in light of the present results, it is interesting to hy-
pothesize that hyperkalemia may have played a significant role
in reducing NH,* transport by this segment. Decreased thick
ascending limb reabsorption would serve to impair medullary
trapping and thus excretion of NH,*. However, until reab-
sorption of ammonia by the thick ascending limb of rats with
SAD can be examined as a function of bath potassium con-
centration, such a view must be considered speculative. In
addition to the possible effects of hyperkalemia on transport
and production of ammonia, aldosterone deficiency per se
could mitigate the appropriate increment in ammoniagenesis
which would be anticipated with metabolic acidosis, a view
compatible with the in vitro data of Welbourne and Fran-
coeur (30).

In summary, data obtained during aldosterone deficiency
indicate a reduction in the amount of ammonia delivered to
the loop of Henle appropriate for the degree of systemic aci-
dosis. Concentration gradients for ammonia from loop of
Henle to collecting duct were reduced quantitatively in con-
junction with obliteration of ammonium addition between
base and tip collecting duct. Finally, papillary Pco, during
bicarbonate loading, employed as a reliable and sensitive index
of hydrogen secretory rate in this segment (14) was reduced
significantly. Such data taken together are compatible with
impaired hydrogen secretion in the papillary collecting duct.

Two mechanisms for defective papillary collecting tubule
proton secretion have been suggested to exist in aldosterone
deficiency. A direct reduction in the rate of proton secretion
(“rate” defect) (31), or a decrease in proton secretion due to a
reduction in sodium transport-dependent lumen negative volt-
age (“voltage™ defect) (32-34). The latter defect would appear



to reside exclusively in the cortical, not the medullary collect-
ing tubule. In turtle urinary bladder aldosterone has been
shown to increase the rate of H* secretion when the transepi-
thelial H* concentration gradient is not limiting, but does not
affect the protonmotive force of the pump (as defined by the
transepithelial proton gradient required to nullify net H* se-
cretion) (31). A “rate” defect, therefore, would be associated
with preservation of the ability to achieve a normal minimal
urine pH with systemic acidosis but low rates of proton secre-
tion would be observed at higher luminal pH (35). Such ap-
pears to be the case in aldosterone deficiency as observed clin-
ically (22, 35) and in experimental animal models (1, 4). Since
deficiency of aldosterone should slow the rate of proton secre-
tion, it follows that the urinary Pco, during an alkaline diure-
sis (14) might be reduced. The findings in the present study
(Table VI, Fig. 4) are consistent with this view. In contradis-
tinction to this finding, a previous study (36) reported an in-
crease in urinary PCO, in response to bicarbonate infusion in
rats with selective aldosterone deficiency which was indistin-
guishable from that observed in controls. While we are unable
to explain these differences, several points should be made.
First, adrenalectomized rats in the previous study (36) received
daily intraperitoneal dexamethasone in large doses (10 ug - 100
g body wt™!-d™"), while in the present study half this amount
of glucocorticoid was administered by way of an osmotic
minipump, a method shown previously to provide constant
blood levels of the hormone (13). Second, in the latter study
(36) systemic respiratory alkalosis (Paco, = 27 mmHg) was
present. Third, urinary PCcoO,, even in sham controls receiving
bicarbonate, was much lower in the previous study (53
mmHg) than that routinely observed in bicarbonate loaded
control rats in our laboratory (100-120 mmHg) (14) (27).
Compatible with our data, however, Robson et al. (37) have
reported that mineralocorticoid (9-afluorohydrocortisone) ad-
ministration to adrenal intact rabbits increased the U-B Pco,
relative to controls undergoing a similar bicarbonate diuresis.

A reduction in papillary Pco, relative to controls during
bicarbonate loading has also been observed after chronic ad-
ministration of either amiloride or lithium, and after unilateral
ureteral obstruction (27). In these latter experimental models
of defective acidification in the “distal” nephron, disequilib-
rium pH (a direct measure of H* secretion) was also shown to
be reduced in the papillary collecting duct (27). Based on these
previous findings we would predict that disequilibrium pH
would also be reduced or obliterated in rats with aldosterone
deficiency, although, such data are not available at present. In
the defects associated with the postobstructed kidney and am-
iloride, a minimal urine pH cannot be achieved either with an
acute acid load alone, or after superimposed sodium sulfate
infusion (27). Since a normal minimal urine pH can be
achieved in SAD in association with low buffer excretion, this
finding in conjunction with the findings in the present study
implies that a direct effect of aldosterone on H* secretion may
be quantitatively more important than indirect effects me-
diated through voltage changes. In this regard, the recent pre-
liminary findings of Hizon and Batlle (38) are of interest. By
employing pharmacologic blockade of sodium-dependent
acidification, these workers suggested that the sodium-inde-
pendent effect of aldosterone on renal acidification is quantita-
tively more significant.

Thus, in summary, SAD in the rat is demonstrated in the
present study to be associated with a multifactorial compro-

mise in urinary acidification. First, presumably as a result of
impaired ammonia production, ammonia delivery to the loop
of Henle is reduced. Thus, the concentration gradient which
would favor ammonia transfer to the inner medullary collect-
ing duct is lower. Concomitantly, ammonia addition to the
collecting duct between the base and tip of the papilla is not
observed. A direct role for hyperkalemia in the reduction in
delivery and medullary accumulation of ammonium, while
possible, has not yet been established. Finally, urinary Pco,,
and thus the rate of H* secretion in the medullary collecting
tubule, is reduced, perhaps as a result of a decrease in pump
activity as a direct effect of mineralocorticoid deficiency.
Moreover, these data, taken together, emphasize that renal
acidification by the inner medullary collecting tubule is under
the influence of mineralocorticoid. The potential for systemic
metabolic acidosis as a result of these defects in the setting of
adrenal insufficiency could be amplified, theoretically, in the
presence of renal insufficiency, a combination of events ob-
served commonly in the clinical setting.
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