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Effect of Luminal and Peritubular HCO- Concentrations

and Pco2 on HCO- Reabsorption in

Rabbit Proximal Convoluted Tubules Perfused In Vitro

SEI SASAKI, CHRISTINE A. BERRY, and FLOYDC. RECTOR, JR., Cardiovascular
Research Institute and Departments of Medicine and Physiology, University
of California, San Francisco, California 94143

A B S T R A C T The effect of luminal and peritubular
HCO3concentrations and Pco2 on HCO- reabsorption
was examined in rabbit proximal convoluted tubules
perfused in vitro. Increasing luminal HCO3 concen-
tration from 25 to 40 mMwithout changing either per-
itubular HCO3 concentration or Pco2, stimulated
HCO- reabsorption by 41%. When luminal HCO3con-
centration was constant at 40 mMand peritubular
HCO3 concentration was increased from 25 to 40 mM
without changing peritubular Pco2, a 45% reduction in
HCO- reabsorption was observed. This inhibitory effect
of increasing peritubular HCO3 concentration was re-
versed when peritubular pH was normalized by increas-
ing Pco2. Passive permeability for HCO- was also mea-
sured and found to be 1.09±0.17 X 10-7 cm2 s-'. Using
this value, the passive flux of HCO- could be calculated.
Only a small portion (<23%) of the observed changes in
net HCO- reabsorption can be explained by the passive
HCO- flux. Weconclude that luminal and peritubular
HCO3 concentrations alter HCO- reabsorption by
changing the active H+ secretion rate. Analysis of these
data suggest that both luminal and peritubular pH are
major determinants of HCO- reabsorption.

INTRODUCTION

Acid-base factors have been shown to influence renal
HCO- reabsorption. In clearance studies, Pitts and Lot-
speich (1) showed that as blood HCO3concentration was
progressively increased by NaHCO3 infusion, renal
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HCO- reabsorption exhibited a tendency towards partial
saturation. The tendency towards partial saturation is
expressed as a threshold in studies where NaHCO3is
infused. The threshold was usually observed even when
extracellular fluid volume expansion was minimized (2-
4) with one exception (5). Two explanations for this ten-
dency towards partial saturation are possible. One is a
true saturation of the HCO- reabsorptive rate when lu-
minal HCO,3- concentration is increased; the other is an
inhibitory effect of increased peritubular HCO3concen-
tration that counteracts the stimulatory effect of increas-
ing luminal HCO3 concentration. The independent ef-
fects of luminal and peritubular HCO3 concentrations
on HCO reabsorption have not been examined in clear-
ance and micropuncture studies because luminal and
peritubular HCO3 concentrations are interdependent.

Beside luminal and peritubular HCO3 concentra-
tion, another potential determinant of HCO- reab-
sorption is CO2tension (Pco2).' An independent effect
of blood Pco2 on HCO- reabsorption has been shown
by some investigators (6-11), but not by others
(12-14).

The main purpose of this study was to examine the
independent role of luminal and peritubular HCO3
concentration, Pco2, and pH in the active and passive
component of HCO- reabsorption in the proximal con-
voluted tubule (PCT). We used the in vitro isolated
tubule perfusion technique because luminal and per-
itubular HCO- concentrations and Pco2 can be changed
independently. Our results show that an increase in
luminal HCO3 concentration leads to an increase in
HCO- reabsorption. Conversely, an increase in peri-
tubular HCO3concentration inhibits HCO- reabsorp-

'Abbreviations used in this paper: Gl, G2, G3, group 1, 2, and
3; JTco,, active TC02 flux; JNco , net total CO2 flux; JPcos, passive
HCO&flux; Jv, volume flux; Pco2, CO2 tension; PCT, proximal
convoluted tubules; PD, potential difference; PHCOS, passive
HCO- permeability; TC02, total CO2.
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tion. Lastly, raising the Pco2 in the lumen and bath
stimulates HCO- reabsorption. Each of these maneu-
vers alters primarily the active component of HCO3
reabsorption. Analysis of the data suggests that the
effects of HCO3concentration and Pco2 are mediated
by changes in luminal and peritubular pH.

METHODS

Isolated segments of the rabbit PCT were dissected and per-
fused as previously described (15-17). Briefly, kidneys from
female New Zealand White rabbits were cut into coronal
slices. The PCTwere dissected in cooled (4°C) rabbit serum
from the midcortex or juxtamedullary cortex. The tubules
identified as late PCT by attachment to proximal straight
tubules were not used. The dissected tubules were trans-
ferred to 1.2-ml temperature-controlled bath. To maintain
bath pH constant, bath fluid was continuously changed at
a perfusion rate of >0.5 ml/min. Bath pH was continuously
monitored during experiments by placing a commercial glass
pH electrode (MI-506, Microelectrodes, Inc., Londonderry,
NH) close to the tubule. Transepithelial potential difference
(PD) was measured using the perfusion pipette as a bridge
into the tubular lumen. The perfusate and bath were con-
nected to their respective calomel electrodes by 0.16 MNaCl
agarose bridges. The measured PD were corrected for the
liquid junction potentials between the NaCl bridge and the
perfusate and the protein-containing bath according to the
Henderson equation as modified by Barry and Diamond (18).

Total C02(TCO2) flux experiments. Tubules were per-
fused at 38°-39°C, at a perfusion rate of 13-15 nl/min. The
bath solution was rabbit serum (Irvine Scientific, Santa Ana,
CA) and the perfusate was an ultrafiltrate of the serum made
by low pressure dialysis through Aminco PM-30 membranes
(American Instrument Co., Silver Spring, MD). TCO2 con-
centrations of the ultrafiltrate and serum were adjusted ei-
ther to 25 or 40 mMby adding an isotonic NaHCO3solution
(155 mMNaHCO3, 5 mMD-glucose, 5 mML-alanine, 290
mosmol/kg H20). The osmolality of the perfusate and bath
solutions was also adjusted to 290 mosmol/kg H20 by adding
water or NaCl salt. To determine the volume flux (Jv) and
the net TCO2 flux UNc), the concentrations of [methoxy-
3H]inulin (added to the perfusate as a volume marker) and
TCO2 were measured in alternating samples of collected
fluid (three collections for each in a given experimental pe-
riod). The bath solution (serum) was preequilibrated with
the desired Pco2 at 38°C, stored in a syringe and pumped
into the bath at a constant rate. By continuous bath fluid
exchange, the monitored bath pH was constant during ex-
periments. The reported bath Pco2 was estimated from the
Henderson-Hasselbalch equation.

Three protocols were performed. Group 1: The effect of
increasing luminal HCO- concentration was examined. Bath
TCO2concentration and Pco2 were maintained constant at
25 mMand 40 mmHg, respectively, and luminal TCO2con-
centration was increased from 25 to 40 mM. Group 2: The
effect of increasing bath HCO- concentration was examined.
Perfusate TCO2concentration and bath Pco2 were kept con-
stant at 40 mMand 40 mmHg, respectively, and bath TCO2
concentration was increased from 25 to 40 mM. Group 3:
The effect of increasing Pco2 was examined. Both luminal
and bath TCO2concentrations were 40 mM, and Pco2 was
changed from 40 to 70 mmHg.

HCOj permeability experiments. In these experiments,
artificial solutions were used for the bath and perfusate. The

composition of the control perfusate was, in mM: NaCl, 100;
NaHCO3, 40; NaHPO4, 1; KCI, 5; MgCl2, 0.7; D-glucose, 8.3;
CaCl2, 1.5. Two bath solutions were used. The control bath
solution was in mM: NaCl, 100; NaHCO3, 40; Na2HPO4, 1;
KCI, 5; MgCl2, 1; D-glucose, 8.3, CaC12, 3; and dialyzed al-
bumin was added at 6 g/dl. To generate a HCO- gradient,
15 mMNaHCO3in the bath solution was replaced by Na
isethionate. The transcellular flux of HCO- and H+/OH-
was inhibited by cooling 20°C (19, 20) and by adding 0.16
mMethoxazolamide to the bath (16, 19).2 Osmolalities of all
artificial solutions were adjusted to 290 mosmol/kg H20. The
perfusion rate was maintained at a slow rate (3-4 nl/min),
to maximize the change in TCO2 concentration of the col-
lected fluid. Tubules were first perfused at 38°C for 20 min,
then the bath temperature was cooled to 20°C gradually. In
the control period, there was no HCOi concentration gra-
dient between lumen and bath. In the experimental period
there was a 15 mMHCO- concentration gradient from lu-
men to bath. The J, and the TCO2concentration difference
between the perfusate and collected fluid were measured in
both periods.

Calculations. J, was calculated as

V= (CIN/CLI - 1),J. L Lc i (1)

where VL is the collection rate of tubular fluid, L is the
length of the tubule as measured by eye piece micrometer,
C[u and CLi are [methoxy-3H]inulin concentrations of the
collected fluid and the initial perfusate, respectively.

JN was calculated as

JN = (CTiC2 - CTIC°)VL/L + (CTL?o)(J ), (2)
where CT'c° and CTLc2 are TCO2concentrations of the initial
perfusate and collected fluid, respectively.

Passive HCO- permeability (PHco) may be obtained as

P _ VL 1CL,COS- CBHCOSVHCOL CIn - CBHPHco~~ln cCs CHC3 (3

where CLHjC°S CLHc° and CHC°S are HCO- concentrations of
the perfusate, collected fluid, and bath fluid, respectively.3
Since all solutions were equilibrated with 5% CO2gas, these
fluids contained the same amount of dissolved CO2. There-
fore, Eq. 3 can be rewritten as

VL 1 CTL- CTBCo2PHCOS LCT-ln - CBCO2 (4)

where Cr'2 is the TCO2 concentration of the bath fluid.

2 It is possible that there was some passive flux of H+/OH-
through the paracellular shunt pathway when PHCO was deter-
mined. This flux would cause an overestimation of
PHcOi. The overestimation would be small because the H+/
0H- flux through the shunt pathway is much smaller than
the HCO- flux due to its smaller chemical concentration
gradient between lumen and bath compared with that of
HCO- (_ I/ 106).

3 In this equation transtubular PDwas assumed to be zero.
In these experiments, the active transport PD was inhibited
by cooling and the biionic diffusion PDwas also close to zero
because isethionate permeability is close to the HCO37 per-
meability (21). Therefore, the transtubular PD was a Donnan
PD of - +1.5 mV. This PD would cause a 3% underestimation
of PHCOi. No correction was done for this small underestimation.
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If PHCOOis determined, the passive HCO- flux (Jico)i can
be estimated according to the equation:

F- ~~~- F CH~l + C.HC11
JHCO PH [(CHm - CHCO) --PDJHCO8 PHCOi

CHC

- RT 2 j'(5)
where CHC°s is the mean luminal HCOi concentration (ar-
ithmetic mean), and F, R, and T have their usual meaning.

Measurement of TCO2 concentrations of the perfusate,
collected fluid, and bath fluid were performed by micro-
calorimetry (22). The tubular fluid was collected under CO2
equilibrated oil to minimize the CO2 loss.

A mean value for J, and JNOO was determined from the
individual collections during each experimental period in
a given tubule. The data are expressed as mean±SEM (n,
number of tubules). The Student's t test for paired or un-
paired data was used to determine statistical significance.

RESULTS

Effect of increasing luminal HCO3 concentration
on JNco2. To determine the effect of increasing
luminal HCO3concentration on JTCOS, tubules were first
perfused with 25 mMHCO- perfusate (control). After
a 30-min equilibration period, samples were collected,
and the perfusate was changed to 40 mMHCO- per-
fusate. After a 20-min equilibration period, samples
were again collected (experimental). During these two
periods (control vs. experimental), bath pH and per-
fusion rate were kept constant (bath pH: 7.42±0.02 vs.
7.41±0.02; perfusion rate: 13.8±0.5 vs. 14.4±0.8 nl/
min). Bath TCO2 concentration was also constant at
25.9±0.2 mMduring the periods. In two tubules the
order of the perfusion was reversed, but the results
were similar; therefore, all data are combined and
shown in Fig. 1 and Table I, group 1 (Gl). When the
perfusate TCO2 concentration was 24.4±0.4 mM, the
collected fluid TCO2concentration was 16.0±1.4 mM,
and JTCO2 was 95.9±12.8 pmol mm-' min-'. When the
perfusate TCO2 concentration was increased to
38.0±0.6 mM, the collected fluid TCO2concentration
was 26.5±1.6 mM, and JNco2 increased to 135.1±14.6
pmol mm-' min-' (P < 0.001). These results show that
when the perfusate TCO2 concentration is increased
by 56%, JTCo2 increases by 41%.

Effect of increasing bath HCO- concentration on
JTC02 In this set of experiments there were three ex-
perimental periods. First, bath TCO2 concentration
was 26.1±0.3 mM(precontrol), then it was increased
to 40.9±0.5 mM(experimental). Finally, bath TCO2
concentration was reduced to the precontrol value
(postcontrol). The TCO2concentration of the perfusate
and the bath Pco2 were kept constant at 39.4±0.5 mM
and 40 mmHg, respectively. These results are sum-
marized in Fig. 2 and Table I (G2). In the control
period, the bath pH was 7.40±0.04, and JNCOa was
138.8±8.7 pmol mm-' min-'. When the bath HCO3
concentration was increased, the bath pH was alkalin-

Borfusate [TCO2](mM) 25 40
|Bath [TC02] (mM) 25 | 25

150 _

N
JTC02

(pmol/mm-min)
100

501_

FIGURE 1 Effect of increasing luminal HCOi concentration
on HCO- reabsorption. Perfusate TCO2 concentration was

selectively increased from 25 to 40 mM, while the bath TCO2
concentration and pH were maintained constant. JTCO, in-
creased from 95.9±12.8 to 135.1±14.6 pmol mm-' min-'.

ized to 7.65±0.03 and JNcoi decreased to 76.3±9.3 pmol
mm-l min-' (P < 0.001). JNcog recovered close to the
precontrol value (118.1±7.9 pmol mm-' min-') in the
postcontrol period.

Effect of increasing bath Pco2. Our observation
that JTCO2 is suppressed by increasing bath HCO3con-
centration may be due to either the high bath HCO-
concentration or to bath alkalinity. To distinguish be-
tween these possibilities, the bath pli was altered by
changing bath Pco2 (Fig. 3 and Table I [G3]). The
TCO2 concentrations of the perfusate and bath were

constant at 39.6±0.6 and 40.6±0.2 mM, respectively.
The bath Pco2 was increased from 39.4±0.4 to 71.3±0.4
mmHg. As a result, the bath pH was reduced from
7.62±0.01 to 7.37±0.02. As shown in Fig. 3, JN in-
creased from 62.7±9.0 to 98.2±11.8 pmol mm-' min-'
(56% increase, P < 0.005) in response to the change
in Pco2.

An additional series of studies were performed to
confirm the effect of bath Pco2 (Table II). The TCO2
concentrations of the perfusate and bath fluid were

constant at 25.2±0.3 and 25.3±0.1 mM, respectively.
The bath Pco2 was increased from 39.1±1.0 to 73.2±0.7
mmHg, and bath pH was reduced from 7.41±0.01 to
7.14±0.01. JNc0 increased from 92.6±6.6 to 104.1±6.3
pmol mm-' min-' (12% increase, P < 0.005) in re-
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TABLE I
Effects of Lumen and Bath HC03- Concentrations and Bath pCO2 on JTco,

TCO concentrations

Condition Bath Perfusate Bath pCo, J;oo

mM mmHg pnol mm-' min'

Gl (n = 10) Control 25.9±0.2 24.4±0.7 39.4±1.8 95.9±12.8
Experimental 25.9±0.2 38.0±0.6 39.7±1.7 135.1±14.6
MPD 39.2±7.6
P <0.001

G2 (n = 10) Control 26.1±0.3 39.4±0.5 42.7±3.9 133.3±7.5
Experimental 40.9±0.5 39.4±0.5 38.6±3.2 76.3±9.5
MPD -56.9±6.7
p <0.001

G3 (n = 7) Control 40.6±0.2 39.6±0.3 39.4±0.4 62.7±9.0
Experimental 40.6±0.2 39.6±0.3 71.3±0.4 98.2±11.8
MPD 35.5±6.5
p <0.005

Values are mean±SEM. MPD, mean paired difference.

sponse to the change in Pco2. This result showed that
the effect of bath Pco2 in acidic range (7.15-7.4) is
smaller than that in alkalotic range (7.4-7.6). This re-
sult is qualitatively in agreement with the results of

Jacobson (11). He perfused PCTwith 25 mMperfusate
and bath fluid and found a 40-60% increase in
HCO- reabsorption by increasing Pco2. His stimula-
tion of HCO- reabsorption is larger than ours. The

Perfusate [TC02](mM) 40 40 40
Both [TCO2] (mM) 25 | 40 | 25

150

N
JTC02

(pmol/mm min)
100

50

FIGURE 2 Effect of increasing bath HCO- concentration on HCO- reabsorption. Bath TCO2
concentration was selectively increased from 25 to 40 mM, while the bath Pco2 and perfusate
TCO2 concentration were maintained constant at 40 mmHgand 40 mM, respectively. JTCO
decreased from 138.8±8.7 to 76.3±9.3 pmol mm-' min-' and recovered to 118.1±7.9 pmol
mm'i min-' when the bath TCO2 concentration was again returned to 25 mM.
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Bath [TCO2 ] (mM) 40 40
Bath PC02 (mmHg) 41 0 70
Bath pH ii iI7.6 LZ 7.4

150 _

N
K'1TTC02

(pmol /mm-min)

100

501-

FIGURE 3 Effect of increasing bath Pco2 on HCO? reab-
sorption. Perfusate and bath TCO2concentration were main-
tained constant at 40 mM. Bath Pco2 was increased from 40
to 70 mmHgand in response to this change, bath pH was
reduced from 7.6 to 7.4. JTcos increased from 62.7±9.0 to
98.2±11.8 pmol mm-' min-'.

reason for this discrepancy is not clear, but could be
related to his higher Pco2. In his study the bath pH
was reduced from 7.4 to 7.08 suggesting Pco2 was in-
creased from 40 to 87 mmHg.

HCO- permeability. Measurements of PHC,0, are
shown in Table III. In these studies the perfusate
HCO3 concentration was 40 mMand the bath HCO3
concentration was 25 mM. The direction of the
HCO3 concentration gradient is similar to that used
to examine the effect of increasing luminal HCO3con-

TABLE II
Effect of Bath pCO2 on JNcos

Bath pCO, Bath pH JTVx

mmHg pmol mm-' min-'

39.1±1.0 7.41±0.01 92.6±6.6
73.2±0.7 7.14±0.01 104.1±6.3

MPD 11.5±1.8
(n = 5) (P < 0.005)

Perfusate and bath TCO2 concentrations were 25.2±0.3 and
25.3±0.1 mM, respectively. MPD, mean paired difference.

centration. To inhibit transcellular transport processes,
the bath temperature was maintained at 20°C and 0.16
mMethoxazolamide was added to the bath. To estab-
lish that transcellular transport was inhibited, we per-
fused the first four tubules shown in Table III with the
40 mMHCO- perfusate and bath solution. Both J, and
the TCO2 concentration difference between the per-
fusate and collected fluid were not different from zero,
-0.05±0.04 nl mm-' min-' and -0.49±0.50 mM, re-
spectively. These results confirm the absence of an
active transport contribution to the measured PHC0O.
When the bath HCOs concentration was reduced to
25 mM, a significant reduction in TCO2concentration
of collected fluid was observed (A TCO2: 3.97±0.62
mM, n = 7). From these results, HCOs permeability
calculated using Eq. 4 was 1.09±0.17 X 10-7 Cm2S-1.
The permeability per surface area was 1.68±0.25
X 10-5 cm s-1. The conversion was calculated on the
basis of the measured mean tubular diameter of
20.1±0.4 gm, n = 7.

This result confirms previous studies (20, 21, 24-27)
that have shown that the PCT is permeable to
HCO-. Our PHC0i value is in good agreement with the
values reported by Holmberg et al. (20), Alpern et al.
(24), and Warnock and Yee (21). On the other hand,
it is about one-tenth of the value reported by Lang et
al. (25) and is about one-fifth of the value of Fromter
(26). The cause of these differences among reported
PHC03 values is not clear. One possibility may be meth-
odological. In the studies where similar PHCo0 values
were reported (20, 24, and this study), microcalo-
rimetry was used to measure the HCO- concentration
of the collected fluid. On the other hand, Lang et al.
(25) used a microadaptation of the Astrup method to
measure the HCO03 concentration of the collected
fluid, and Fromter (26) calculated PHCO3by measuring
the NaCl and NaHCO3dilution PD and the isotopic
permeabilities for Na+ and Cl-.

Calculation of the passive HCO- flux. We have
demonstrated that increasing the luminal HCOsO con-
centration increases JNCO2 (Fig. 1) and that increasing
the peritubular HCO3T concentration decreases JTc02
(Fig. 2). These changes in JN may be caused by a
passive HCO3 flux (J'coi), since PCT are permeable
to HCO3 (20, 21, 24-27 and Table III). JHcO3 can be
estimated using the measured PHCO3, PD, and HCOO3
concentrations according to Eq. 5. Once JHco3 is ob-
tained, HCO3 reabsorption can be viewed as a pump-
leak system, and JNCO2can be corrected for JpHcoi to yield
the active TCO2 flux (JTCO2):

JTCo2 = TC2 JiHCO3 (6)
According to this definition, JACO2 represents the active
transcellular flux of HCO- and is generally believed
to be due to active H+ secretion (28, 29). Therefore,
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TABLE III
Passive Permeability of HC03- in PCT

40 mMHCO- perfusate:40 mMHCO,- bath 40 mMHCO3- perfusate:25 mMHCOs- bath

Tubular Perfusion Collected Perfusion Collected'
length rate J, TCO2 ATCO,t rate j. TCO, ATCO, PHCO,

mm nl min-' nl mm-' min-' mM nl min-' nl mm-' min-' mM 10-7 cm2 s-

1.80 2.91 -0.12 41.03 -0.20 2.83 0.03 35.52 5.31 1.05
1.90 3.57 -0.12 42.44 -1.61 3.52 -0.11 34.43 6.40 1.69
1.90 2.89 0.04 39.21 0.75 3.32 0.09 35.35 4.61 1.14
1.60 3.87 -0.01 39.4 -0.91 2.87 0.09 34.06 4.24 1.21
1.25 5.17 -0.01 35.42 2.99 1.46
1.50 4.38 0.12 37.43 2.28 0.71
2.10 3.84 0.16 39.01 1.95 0.34

Mean 1.72 3.34 -0.05 40.47 -0.49 3.70 0.05 35.89 3.97 1.09
±SEM 0.11 0.26 0.04 0.78 0.50 0.32 0.03 0.66 0.62 0.17

TCO2concentration of collected fluid.
I TCO2concentration difference between perfusate and collected fluid.
Experiments were performed at 20°C and in the presence of 0.16 mMbath ethoxazolamide.

JTCO2 can be regarded as an estimate of active H+ se-
cretion rate.

The results of the calculations of Jicoi and JTCO2 are
summarized in Table IV. In group 1, when the per-
fusate and bath contained 25 mMHCO-, JHco3 was
-2.7 pmol mm-' min-' due to HCO3 entry into the
lumen because the mean luminal HCO3concentration

TABLE IV
Effects of Lumen and Bath HCO3- Concentrations

and Bath pCO2 on JPcos- and JTcoa

Condition' JWoe JTco

pmol mm-' min-'

GI (n = 10) Control -2.7±0.6 98.7±13.2
Experimental 6.3±0.8 128.8±15.1
MPD 9.0±0.8 30.1±7.7
P <0.001 <0.005

G2 (n = 10) Control 6.7±0.3 126.6±7.7
Experimental 0.2±0.7 76.2±9.7
MPD -6.5±0.5 -50.4±6.8
P <0.001 <0.001

G3 (n = 7) Control 1.9±0.8 60.8±9.7
Experimental 0.4±0.8 97.7±12.3
MPD -1.4±0.3 36.9±6.7
P <0.005 <0.005

For experimental condition, see Table I. In Gl, luminal TCO2
concentration was increased; in G2, bath TCO2concentration was
increased; in G3, bath pCO2 was increased. JTCO, was calculated
as J'coa = JNcos - Jco-. J' values are given in Table I.
MPD, mean paired difference.

was less than the bath concentration. When the per-
fusate HCO3 concentration was increased to 40 mM,
the mean luminal HCO3 concentration was higher
than the bath concentration and Jpco- was 6.3 pmol
mm- min-'. As a result, the net change in Jpcoi was
9.0 pmol mm-' min-'. This change accounts for only
23% of the observed change in JTCO2 (39.2 pmol mm-'
min-', Table I). This analysis shows that in group I
most (77%) of the change in JPc02 is due to an increase
in JTCO2. The same analysis was performed in groups
2 and 3, and the contributions of JHco3 were smaller
in these groups than in group 1 (11% in group 2, and
4% in group 3). Therefore, the observed changes in
JTCO2 are due mainly to changes in JTCOu, the active H+
secretion rate.

DISCUSSION

The main purpose of this study was to examine the
direct effect of changing the HCO3 concentrations of
the perfusate and bath on HCO3 reabsorption in the
PCT. For this purpose, the in vitro isolated tubule
perfusion technique is suitable, because the bath and
the perfusate HCO3 concentrations can be changed
independently. Factors encountered in in vivo studies
that affect HCO3 reabsorption, such as the expansion
of extracellular fluid, alteration in plasma K' concen-
tration, changes in peritubular pressures and flows, and
humoral factors, are excluded in this technique. In
addition, bath pH can be monitored directly.

Effect of acid-base factors on HCO- reabsorption.
Weobserved independent effects of luminal and per-
itubular HCO3 concentrations and Pco2 on HCO3
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Perfusate [TCO2](mM) 25 40 40 40
Perfusate pH 7.4 7.6 7.6 7.4
Bath [TCO2] (mM) 25 25 40 40
Bath pH 7.4 7.4 7.6 | 7.4

Bath PCO2(mmHg) 40 40 40 | 70

150 _-

N
JTC02 100 _

(pmol/mmmin)

50 _

(n=10)

21

(n=20)

r19
(n=7)

I
(n=17)

FIGURE 4 Summary of the effect of luminal and peritubular acid-base factors on HCO- reab-
sorption. Column 1: control; both luminal and peritubular pH were 7.4. Column 2: increasing
luminal TCO2 concentration and pH stimulated Jco2. Column 3: increasing bath TCO2 con-
centration and pH markedly reduced JTco. Column 4: correction of bath pH by increasing bath
PCo2-Stimulated JTcog A comparison between columns 1 and 3 shows the combined effect of
increasing luminal and bath TCO2 concentration simultaneously. A comparison between col-
umns 1 and 4 suggests the importance of luminal and bath pH as the determinants of HCO3
reabsorption. JTcog were 95.9±12.8, 134.2±8.0, 70.7±6.7, and 98.2±11.8 pmol mm-' min-' in
columns 1, 2, 3, and 4, respectively.

reabsorption. Our results are summarized in Fig. 4. At
the top of this figure perfusate TCO2 concentration,
perfusate pH, bath TCO2concentration, bath pH, and
bath Pco2 are shown. The perfusate pH was calculated
assuming that the luminal Pco2 was equilibrated with
the bath Pco2 (30).4 The perfusate TCO2concentration
and pH can be regarded as indices of luminal TCO2
concentration and pH.' The first column is the control.
Both luminal and peritubular pH were 7.4. In the sec-
ond column, the luminal pH was increased by increas-

4Taking CO2 permeability (10-4 Cm2 s-1) determined by
Schwartz (30) and perfusion rate of 13 nl min-', Pco2 gra-
dient that exists at the tip of perfusion pipette dissipates to
only 1% of the original value when tubular fluid flows 0.1
mmtubular length.

5 It could be more appropriate to use a mean luminal TCO2
concentration and pH. Mean luminal TCO2 concentrations
were 3-7 mMlower than perfusate TCO2concentrations and
mean luminal pH were 0.1-0.8 less than perfusate pH in
those four groups. Such corrections do not alter the analysis
significantly, thus, we chose to use perfusate TCO2concen-
tration and pH as indices of luminal TCO2 concentrations
and pH.

ing luminal HCO0 concentration, and an increase in
J!coi was observed. In the third column, the bath pH
was increased by increasing peritubular HCO3 con-
centration, and a marked inhibition of JNCO2 was ob-
tained. In the fourth column, the bath pH was reduced
by increasing Pco2, and an increase in JNCO2 was ob-
served.

Our results show a stimulatory effect of increasing
luminal HCO3 concentration on HCO- reabsorption
(compare columns 1 and 2 in Fig. 4). Whenthe luminal
HCO3concentration was increased from 25 to 40 mM
without changing the peritubular HCO3 concentra-
tion, net HCO- reabsorption and H+ secretion were
stimulated (Figs. 1 and 4; Tables I and IV). Other
investigators using the in vivo microperfusion tech-
nique in the rat PCThave found similar results. Malnic
and Mello-Aires (31) have shown that HCO- reab-
sorption does not saturate when the luminal HCO3
concentration is increased up to 60 mMwithout chang-
ing the peritubular HCO3concentration. Alpern et al.
(32) have also observed that HCO- reabsorption in-
creases linearly up to a mean luminal HCO3 concen-
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tration of 45 mM. Our results in the rabbit confirm
these results in the rat and demonstrate that increasing
luminal HCO- concentration stimulates HCO- reab-
sorption. This conclusion contrasts with the observa-
tion of a threshold at a filtered bicarbonate concen-
tration of 20-30 mMin clearance studies (1-4). The
difference between clearance studies and these in vivo
and in vitro perfusion studies may be explained by
alterations in peritubular environment (see below).

Our results also show an independent effect of per-
itubular HCO- concentration on HCO3 reabsorption
(compare columns 2 and 3 in Fig. 4). A selective in-
crease in the bath HCOs concentration from 25 to 40
mMat constant luminal HCO- concentration and bath
Pco2 caused a marked inhibition of HCO- reabsorp-
tion and H+ secretion (Figs. 2 and 4; Tables I and IV).
Two studies in the in vivo perfused rat PCThave sug-
gested an effect of peritubular HCO3 concentration
on HCO- reabsorption. First, Giebisch et al. (33) found
that H+ secretion was reduced when NaHCO3was in-
fused acutely to obtain a plasma HCO- concentration
of 44 mM. Second, Chan and Giebisch (34) observed
that increasing peritubular HCO- concentration from
2 to 40 mMinhibited HCO- reabsorption. However,
the interpretation of these data as indicating an in-
dependent effect of peritubular HCO- concentration
is complicated by the presence of extracellular volume
expansion in the former and by the presence of an
extremely low peritubular Pco2, and thus high pH, in
the latter. More recently, Alpern et al. (35) have shown
that in the in vivo perfused rat PCT, systemic meta-
bolic alkalosis markedly inhibits HCO3 reabsorption
even when the effect of volume expansion is carefully
excluded. Our results in the rabbit PCT excluded any
possible effects of extracellular volume expansion and
maintained peritubular pH in the physiological range
(7.4-7.6). Thus, in both the rabbit and the rat PCT,
HCO3 reabsorption is inhibited by selectively increas-
ing peritubular HCO3concentration. This observation
provides one explanation for the existence of the ten-
dency towards partial saturation in clearance (1-4) and
free-flow micropuncture studies (29). The difference
between clearance and micropuncture studies and
these in vivo and in vitro perfusion studies is due to
the fact that in the former peritubular and filtered
luminal HCO3 concentrations are always equal; in-
creasing one results in an equal increase in the other.
Thus, in clearance and micropuncture studies the in-
hibitory effect of increasing peritubular HCO3 con-
centration is masked by the stimulatory effect of in-
creasing luminal HCO3concentration.

This inhibitory effect of increasing bath HCO3con-
centration can be reversed by raising Pco2 and re-
turning the bath pH to 7.4 (compare columns 3 and
4 in Fig. 4). There has been considerable controversy

regarding the effect of increasing PCO2on bicarbonate
absorption. In early clearance (6-8) and micropunc-
ture (9, 10) studies, a stimulatory effect of respiratory
acidosis (high Pco2) on HCO- reabsorption was dem-
onstrated. Later, Kurtzman (12) pointed out that re-
spiratory acidosis reduces effective plasma volume,
itself a strong stimulus to HCO reabsorption. Reex-
amination of the effect of respiratory acidosis on
HCOj reabsorption in clearance studies (12-14) showed
little effect on HCO- reabsorption if hemodynamic
changes were taken into account. In agreement, Cogan
(36) showed that using free-flow micropuncture in the
rat, increasing systemic Pco2 from 45 to 65 mmHg
caused a very small increase (12%) in proximal
HCOSreabsorption. In contrast to the above clearance
and free-flow micropuncture studies, a direct effect of
Pco2 on HCO- reabsorption has been demonstrated
in the in vivo (37) and the in vitro (11) PCT where
both luminal and peritubular environments are reg-
ulated. One explanation for this discrepancy between
clearance and free-flow micropuncture studies on the
one hand, and microperfusion studies on the other,
may be a difference in the in vivo peritubular Pco2,
since the Pco2 of the renal cortex is higher than sys-
temic Pco2 (38). Therefore, the renal cortical Pco2
examined in clearance and micropuncture studies
might be higher and the peritubular pH more acidic
compared with the in vivo and in vitro perfusion stud-
ies. Fig. 5 shows that our data support this view. In
this figure JTCO2 is plotted against H+ ion concentration.
Only data where lumen and bath pH are identical are
shown. The pH was changed by increasing the bath
Pco2 from 40 to 70 mmHg. Increasing H+ ion con-
centration from 40 to 72 neq liter-' (pH 7.4-7.15) by
increasing Pco2 with 25 mMHCO- in the lumen and
bath stimulates JTCO2 by 12%; whereas, increasing it
from 22 to 40 neq liter-' (pH 7.6-7.4) by increasing
Pco2 with 40 mMHCO- in the lumen and bath stim-
ulates JNCO2 by 40%. Thus, the stimulatory effect of
Pco2 on HCO- reabsorption is larger in the alkalotic
range than in the acidic range. In any case, our results
confirm the results of the in vivo and in vitro perfusion
studies (11, 37) and show that Pco2 is one of the de-
terminants of HCO? reabsorption in the PCT.

Further examination of Fig. 4 permits an evaluation
of the combined effects of luminal and peritubular
acid-base factors on proximal HCO- reabsorption. The
comparison between the first and third columns is anal-
ogous to a comparison between normal acid-base status
and acute metabolic alkalosis. When both luminal and
peritubular TCO2concentrations were 25 mM(column
1), jNco2 was 96 pmol mm-' min-'. When both TCO2
concentrations were increased to 40 mM(column 3),
JTC02 was 71 pmol mm-' min-'. This comparison shows
that when both luminal and peritubular HCO3 con-
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nism in the PCT (39) is that H+ is secreted into the
lumen via a Na+-H+antiporter located in the luminal
membrane. WhenH+ is secreted, OH- is formed inside
the cell that reacts with CO2 to form HCO-. The exact
mechanism by which HCO- exits from the cell is con-
troversial, but one hypothesis is that HCO- diffuses out

A/ of the cell through the basolateral membrane down its
electrochemical gradient. The rate of H+ secretion is
equal to the rate of HCO- diffusion out of the cell.

- / According to this model, HCO3 reabsorption may be
regulated by at least two limiting steps: Na+-H+ ex-
change at the luminal membrane and the HCO- exit

-[HCOc] pC02 step at basolateral membrane. The acid-base factors
__b examined in this study could regulate HCO- reab-

/ 0 25 25 40 sorption at either or both of these two limiting steps.
An increase in luminal HCO3 concentration raises

0 25 25 70 the luminal pH and reduces the H+ concentration gra-
A 40 40 40 dient against which the Na+-H+ antiporter operates.
A 40 40 to Consequently, H+ secretion should increase. Associ-

ated with this, there would be an increase in HCO-
l l l production within the cell and an increase in the driv-

20 40 60 80 ing force for HCO- exit across the basolateral mem-
[HI (neq/Iiter) brane. Our result showing that increasing luminal

NelationshipbetwenJ.aHCO3concentration stimulates HCO- reabsorption isRelationship between JT(O and H' ion concen- 3

umen (1) and bath (b). Only data where lumen in good agreement with this model prediction and sug-
+ ion concentrations were identical are chosen. gests that the H+ concentration gradient between lu-
entration was changed by altering the bath Pco2 men and cell may be an important regulating mech-
70 mmHg. anism of the Na+-H+ antiporter.

In contrast, an increase in peritubular HCO3 con-
s are increased simultaneously at constant centration might reduce the electrochemical driving
;timulatory effect of luminal HC03 concen- force for HCO exit across the basolateral membrane.
ompletely abolished by the inhibitory effect As a consequence, intracellular HCOj concentration
ilar HC03 concentration. This comparison and pH would be increased and the driving force for
Its out that one of the mechanisms for the H+ secretion across the luminal membrane would be
towards partial saturation of HCO reab- reduced. Thus, the overall rate of acidification would
bserved in clearance (1-4) and micropunc- be slowed. Alternatively, it may be possible that per-
tudies appears to be the inhibitory effect of itubular pH affects the HCO- exit step by changing
r alkalinity offsetting the stimulatory effect the basolateral membrane properties (HCO3 perme-
alkalinity. ability or basolateral membrane PD). In this regard,
interesting to compare the first and fourth Biagi et al. (40) have observed recently that peritu-

i Fig. 4. In these two experimental condi- bular pH affects the basolateral membrane PD by
oerfusate and bath HC03 concentrations and changing the basolateral membrane permeability for
,ere different, but the perfusate and the bath K+. Their results show that peritubular alkalinity
he same. Observed Jlco2 was essentially the causes hyperpolarization of the basolateral membrane
is. 98 pmol mm-' min-'). This observation PD. Therefore, when peritubular HCO3concentration
hat the luminal and peritubular pH, not is increased, the electrochemical driving force for
centration or Pco2, are the major determi- HCO diffusion across the basolateral membrane might
iC03 reabsorption. In this regard, Mello- be constant: In other words, the reduction in the chem-
Malnic (37) have suggested that peritubular ical HC03 concentration gradient might be counter-
affects H+ secretion in the rat PCT. They balanced by an increase in the electrical driving force.6

the peritubular capillary with phosphate
varying pH, and observed a higher H se-

6Their result in rabbit PCT showed that the basolaterale at pH 7.4 than at pH 8.5. membrane PD is -51 mV at a peritubular pH of 7.4. It
ism and model of HCOTreabsorption in the hyperpolaralized to -60 mVwhen the peritubular pH was
e current view of the acidification mecha- alkanized to 7.6. (In their study this effect was examined
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If the electrochemical gradient for HCO3 diffusion
across the basolateral membrane is unchanged, then
a reduction in the HCO3 permeability of the peritu-
bular membrane caused by peritubular alkalinity may
be the explanation for the observed decrease in
HCO3 diffusion out of the cell.

The inhibition of HCO3 reabsorption induced by
increasing bath HCO3concentration cannot be attrib-
uted specifically to either peritubular HCO3 concen-
tration or peritubular pH. However, our data suggest
that peritubular pH is more important than peritu-
bular HCO3 concentration. HCO3 reabsorption was
stimulated when peritubular alkalinity was corrected
by increasing Pco2 (Fig. 3). Further analysis of this
effect, shown by a comparison of the first and fourth
columns in Fig. 4, shows that peritubular pH rather
than HCO3concentration is the principal determinant
of HCO3 reabsorption.

The precise mechanism by which a selective in-
crease in Pco2 at constant luminal and peritubular
HCO3 concentrations stimulates HCO3 reabsorption
is not clear. An increase in Pco2 should affect luminal,
intracellular, and peritubular pH (30, 41), and there-
fore precise measurements of the PD across the ba-
solateral membrane and the intracellular pH (or
HCO3concentration) are necessary before it is possible
to locate the effect of Pco2. The Pco2 effect could be
mediated by changes in the appropriate driving forces
for the Na+-H+ antiporter and/or by changes in the
basolateral membrane exit step. Alternatively, Pco2
could have a direct effect on the Na+-H+ anti-
porter and/or the basolateral membrane permeability
for HCO3.

In summary, our data suggest that (a) increasing
luminal HCO3 concentration stimulates HCO3 reab-
sorption by increasing the H+ secretion rate secondary
to a more favorable H+ concentration gradient; (b)
increasing peritubular HCO3 concentration reduces
HCO3reabsorption by decreasing the HCO3exit across
the basolateral membrane; (c) increasing Pco2 stim-
ulates HCO3reabsorption; and (d) peritubular pH may
be regarded phenomenologically as a determinant of
HCO3 reabsorption.

only in the proximal straight tubule, therefore the same re-
sponse in the PCT is assumed.) Intracellular HCO0 concen-
tration may be calculated from the intracellular pH mea-
surement by Struyvenberg et al. (41). Based on their data,
the calculated intracellular HCO3 concentration is 22 and
23 mMwhen peritubular HCO3concentration is 25 mMand
40 mM, respectively. The electrochemical driving force for
HCO3diffusion across the basolateral membrane is -51 mV
+ 60 log 25/22 = -48 mVat a peritubular HCO3 concen-
tration of 25 mM, and is -60 mV+ 60 log 40/23 = -46 mV
at a peritubular HCO3 concentration of 40 mM.
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