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ABSTRACT. Studies were undertaken to determine the 
effect of elevated plasma bicarbonate concentration 
(PHC03) with and without volume expansion on segmental 
nephron HC03  reabsorption in newborn and adult dogs 
using the technique of distal blockade. Reabsorption of 
bicarbonate per mL glomerular filtrate (RHC03lGFR) in 
the proximal nephron was more suppressed in euvolemic 
newborns than euvolemic adults as PHC03 was increased 
from baseline to 50-70 mM. Inasmuch as total nephron 
reabsorption has been shown to be essentially complete 
under these conditions in both newborns and adults, distal 
nephron HC03  delivery and the fraction of the distal HC03  
load reabsorbed must have been greater in euvolemic new- 
borns than adults when PHC03  was elevated. Total neph- 
ron RHC03/GFR was less suppressed by NaHC03 volume 
expansion in the newborn than it was in the adult. However, 
proximal nephron RHC03/GFR was similarly suppressed 
by NaHC03 volume expansion in newborns and adults. 
Thus, the NaHC03-expanded newborn must have reab- 
sorbed a greater proportion of the increased distal HC03 
load than did the NaHC03-expanded adult. Proximal 
nephron HC03  reabsorption is a balance between reab- 
sorption effected by active proton secretion and passive 
HC03  back leak. Euvolemic increase in peritubular HCO3 
concentration has been shown to suppress proximal tubular 
proton secretion; volume expansion increases proximal 
tubule HC03  permeability and back leak. Thus, we inter- 
pret these results to indicate that: 1 )  the limited capacity 
of the immature proximal tubule for proton secretion is 
most likely responsible for the greater suppression of 
proximal RHC03/GFR by increased PHC03 in euvolemic 
newborn dogs compared with adults; 2) the increase in 
HC03  permeability of the immature proximal nephron 
with volume expansion is no greater than that which occurs 
in the mature proximal nephron with volume expansion; 
and 3) the immature distal nephron displays a greater 
propensity for HCO3 reabsorption as PHC03 is increased 
than does the mature distal nephron, with or without 
volume expansion. (Pediatv Res 27: 604-611, 1990) 

Abbreviations 

FRHC03, fractional reabsorption of the filtered bicarbon- 
ate load 

GFR, glomerular filtration rate 
PHC03, plasma bicarbonate concentration 
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RHC03/@FR, reabsorption of bicarbonate per mL glomer- 
ular filtrate 

U:PNa, urine sodium to plasma sodium ratio 
U:POsm, urine osmol to plasma osmol ratio 
(U-P)Pco2, difference in Pcoz between urine and plasma 

For many years it had been claimed that newborn infants had 
a lower plasma threshold for bicarbonate excretion than did 
adults (1-3). However, the infusion of bicarbonate in these 
studies probably expanded extracellular volume. When PHC03 
was progressively elevated in newborn dogs without producing 
volume expansion by exchange transfusion with high PHC03 
and low plasma chloride concentration whole blood, there was 
no tubular maximum for bicarbonate and renal tubular bicar- 
bonate reabsorption was essentially complete over a range of 
PHC03 from 10 to 50 mM (4). Thus, it seems that suppression 
of bicarbonate reabsorption by extracellular volume expansion, 
rather than a limited resorptive capacity, may well have ac- 
counted for the lower plasma threshold observed in newborn 
infants. On the other hand, volume expansion natriuresis is 
attenuated in the newborn compared with the adult (5-8). This 
attenuated natriuresis is due to enhanced fractional reabsorption 
of sodium by the immature distal nephron (5, 7, 9, 10). Volume 
expansion actually suppresses fractional sodium reabsorption by 
the proximal nephron more in the newborn than in the adult 
(7). 

In our study, the effect of elevated PHC03 without volume 
expansion on proximal nephron bicarbonate reabsorption and 
the effect of elevated PHC03 with volume expansion on segmen- 
tal bicarbonate reabsorption were investigated in the newborn 
and adult dog using the technique of distal nephron blockade. 
The purpose was to compare how volume expansion modifies 
the segmental response of the immature and mature nephrons 
to an increased filtered load of bicarbonate. 

MATERIALS AND METHODS 

Studies were performed on newborn (4-22 d) and adult mon- 
grel dogs of either sex. The protocol conformed to the NIH Guide 
for the Care and Use of Laboratory Animals (I 1) and was 
approved by the Laboratory Animal Users Committee of the 
State University of New York at Stony Brook. 

Animals were anesthetized with 20-30 mg/kg of i.v. pentobar- 
bital. Additional pentobarbital was given as necessary during 
surgery to maintain an adequate level of anesthesia. Rectal 
temperature was maintained at 36.9"C in the newborn dogs (12) 
on a warmed operating table with a servo-controlled heat lamp. 
Rectal temperature was maintained between 38 and 40°C in 
adult dogs (1 3) with an overhead radiant warmer. After cannu- 
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lation of the trachea, all animals were routinely placed on appro- 
priate size volume-controlled ventilators (Harvard Apparatus 
Co., Inc., S. Natick, MA) with supplemental oxygen. Polyethyl- 
ene catheters were placed in a femoral vein for infusion of 3H- 
inulin in a maintenance solution with or without diuretics; in an 
external jugular vein for infusion of the urine replacement solu- 
tion; in one or both femoral arteries for blood sampling and 
heart rate and blood pressure monitoring; and in each ureter for 
timed urine collection. In addition. the second femoral vein was 
catheterized in animals undergoing volume expansion for infu- 
sion of isotonic sodium bicarbonate solution. All incisions were 
surgically closed. After surgery, a priming injection of 3H-inulin 
was given followed by constant infusion of labeled inulin in a 
glucose, multielectrolyte maintenance solution at a rate of 0.067 
mLmin- ' .  kg-'. The respirator was adjusted so that the partial 
pressure of carbon dioxide in arterial blood was 35-45 mm Hg. 
After a 1-h recovery and equilization period, the experimental 
protocol was begun. 

Protocol I. Euvolemic hyperbicarbonemia with distal blockade. 
The purpose of this protocol was to compare the effect of elevated 
PHC03 on proximal nephron bicarbonate reabsorption in the 
newborn and the adult in the absence of volume expansion. 
After the I-h recovery and equilibration period, a priming injec- 
tion of 2.5 mg/kg of ethacrynic acid and 2.0 mg/kg amiloride 
was given, followed by a constant infusion of these diuretics in 
the inulinlmaintenance solution at rates of 1 mg. h-' . kg-' and 
2.4 mg. h-' . kg-', respectively. As diuresis began, urine output 
was replaced volume for volume with a low bicarbonate solution 
(140 mM NaCl + 5 mM KHCO,). When U:POsm was 0.95 to 
1.05, a control renal clearance of 30 to 120 s was obtained. 
During this and all subsequent clearance periods, arterial blood 
was sampled for total plasma protein concentration, plasma 
sodium concentration, plasma potassium concentration, arterial 
pH, and Pco2. All blood sampled was replaced volume for 
volume with whole blood. Immediately after obtaining this con- 
trol clearance, a high bicarbonate replacement solution ( 1  50 mM 
NaHC03 + 5 mM KHC03) was substituted for the low bicar- 
bonate replacement solution. The respirator was subsequently 
adjusted to prevent a rapid rate of rise in Pco~. AS PHCO, rose, 
four to seven additional clearances were obtained until PHC03 
reached 60 to 70 mM, at which point the experiment was ended. 
Data were included in the analysis only from clearance periods 
during which the urine to plasma sodium concentration ratio 
(U:PNa), as well as the U:POsm, was confirmed to be 0.95 to 
1.05. 

Protocol II. NaHC03 volume expansion followed by distal 
blockade. The purpose of this protocol was to compare the effects 
of volume expansion on the relationships between PHC03 and 
segmental bicarbonate reabsorption in the newborn and the 
adult. After surgery, protocol I1 animals were paralyzed with 
pancuronium bromide and the respirator adjusted so that arterial 
Pco2 was 35 to 45 mm Hg. Paralysis was maintained throughout 
the experiment and no subsequent respirator adjustments were 
made. No further surgery was performed after the administration 
of pancuronium bromide. After a 1-h period for recovery and 
equilibration, a control clearance of 30 to 60 min duration was 
obtained. An arterial blood sample was obtained at the midpoint 
of this and subsequent clearance periods for determination of 
total plasma protein concentration, plasma sodium concentra- 
tion, plasma potassium concentration, pH, and Pco~. All blood 
sampled was replaced volume for volume with whole blood. 
After this initial control clearance, isotonic NaHC03 (1 50 mM) 
was infused at 2.0 mL.min-' .kg-' for 15 min and then at 0.5 
m L  min-' .kg-' for the remainder of the experiment. After 45 
min at the slower infusion rate, two consecutive clearances (of 
30 min duration in the newborn and 15 min duration in the 
adult) were obtained. After these clearance collections, priming 
injections of 1.25 mg/kg of ethacrynic acid and 1.0 mglkg 
amiloride were given, followed by the constant infusion of the 
diuretics in the inulinlrnaintenance solution at I mg. h-' , kg-' 

and 2.4 mg.h-'.kg-', respectively. Urine output during the 
diuretic infusion was replaced isovolumetrically with a solution 
containing 140 mM sodium, 5 mM potassium, 140 mM chloride, 
and 5 mM bicarbonate. After 1 h, three 5- to 15-min consecutive 
clearances were obtained. Only clearance periods with U:POsm 
and U:PNa ratios of 0.95 to 1.05 during distal blockade were 
used. 

Sample Analysis. The tritium activity of plasma and urine 
samples was determined by liquid scintillation counting. Bicar- 
bonate concentrations were calculated from the pH and Pcoz of 
arterial blood and urine samples obtained with a commercial 
blood gas analyzer using the Henderson-Hasselbalch equation. 
A pK' (negative logarithm of the apparent dissociation constant) 
of 6.1 was used for the calculation of PHC03. Urine bicarbonate 
concentration was calculated using a pK' estimated from the 
equation 6.33 - 0.5b, where b is the sum of sodium and 
potassium concentrations in the urine in mol/L, to account for 
ionic strength (14). Plasma and urine sodium concentrations 
were determined by flame emission spectrophotometry. Plasma 
and urine potassium concentrations were determined by atomic 
absorption spectrophotometry. Osmolarity was determined by 
vapor pressure osmometry. Plasma protein concentration was 
measured by refractometry. 

Calculations. GFR was equated with inulin clearance. Bicar- 
bonate reabsorption was calculated as the difference between 
filtered bicarbonate load (GFR x PHC03) and bicarbonate ex- 
cretion (urine flow rate x urine bicarbonate concentration). 
FRHC03 was calculated as 1 - (bicarbonate clearance/GFR x 
100) and it thus expressed as a percent. 

Renal tubular bicarbonate reabsorption is expressed as pmol 
of bicarbonate reabsorbed per mL of glomerular filtrate to correct 
for differences in filtered bicarbonate load due to differences in 
GFR between the newborn and the adult. RHC03/GFR before 
infusion of ethacrynic acid and amiloride represents total neph- 
ron RHCOdGFR. Bicarbonate reabsorption during diuretic in- 
fusion (all clearances in protocol I and the last set of clearances 
in protocol 11) represents proximal nephron reabsorption. In 
protocol 11, bicarbonate delivery to and reabsorption in the distal 
segment of the nephron (loop of Henle, distal convoluted tubule, 
and collecting duct) during NaHC03 expansion could be calcu- 
lated. Distal bicarbonate load was calculated as the difference 
between filtered bicarbonate load during NaHC03 expansion 
without diuretics and proximal nephron RHCO,. Distal RHC03/ 
GFR was calculated as the difference between RHC03/GFR 
during NaHC03 expansion without diuretics and proximal 
RHCOJGFR. In both of these calculations, proximal RHC03/ 
GFR was calculated as the product of the filtered bicarbonate 
load during NaHC03 expansion without diuretics and FRHC03 
during NaHC03 expansion with diuretics. The fraction of the 
distal bicarbonate load that was reabsorbed in the distal nephron 
segments was calculated as the quotient of distal nephron bicar- 
bonate reabsorption and distal bicarbonate load, multiplied by 
100. 

The percentage increase in extracellular volume during Na- 
HC03 expansion in protocol I1 was calculated as [(plasma protein 
concentration during the control clearance/plasma protein con- 
centration during volume expansion) - I] x 100. This calcula- 
tion assumes that total intravascular protein content remains 
constant during the experiment. 

Data Analysis. All data are presented as mean 5 SEM. 
Comparisons of single measure data between newborn and 

adults within each protocol were made using the unpaired t test 
if the data were normally distributed or the Wilcoxon rank sum 
test if they were not. When single-measure data was normally 
distributed, but the F test for equality of variances indicated that 
group variances were significantly different, the unequal variance 
t test (15) was used to make statistical comparisons between 
newborns and adults. 

In protocol I, both the observed PHC03 values and the number 
of clearance periods varied within and between the age groups as 
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a result of the nature of the experimental design. Therefore, filtered), p = 0.04 for interaction effect. FRHCO, by the imma- 
linear regression analysis was used to obtain an equation that ture proximal nephron tended to be lower than that reabsorbed 
best related the PHC03 and the corresponding RHCO JGFR by the mature proximal nephron under both control conditions 
actually observed in each animal. The unpaired t test was then (90.9 + 0.04 versus 95.6 + 0.9%) and at the highest PHCO, 
used to test whether the slopes of these regression equations were observed (73.4 ? 4.1 versus 85.1 f 2.4%), p = 0.07 for main 
different between age groups. Composite regression equations effect of age). 
were obtained for each group by calculating the mean + SEM of Proximal nephron RHC03/GFR was linearly related to 
RHC03/GFR values predicted by the individual regression equa- PHCO, in six of seven newborn ( r  = 0.73-0.99, p = 0.08-0.000 1 )  
tion at each of several PHC03 ranging from 20 to 60 mM. A and six of six adult dogs ( r  = 0.97-1.0, p = 0.0003-0.0001). The 
composite regression line and 95% confidence interval was then individual regression lines for all animals are shown in Figure 1. 
generated for each age group describing the effect of raising There was no correlation of the regression line slopes with age in 
PHCO, without volume expansion on RHC03/GFR. In addi- the newborn group ( r  = 0.05, p = 0.92). The composite regression 
tion, between- and within-age groups comparisons of the ob- line and 95% confidence intervals are shown in Figure 2 for the 
served data under control conditions and at the highest PHC03 newborn group (left panel) and for the adult group (right panel). 
were made using two-factor analysis of variance with repeated The equation for these composite regression lines are RHC0,/ 
measures of one factor. GFR = 0.58 1 PHCO, + 7.1 1 in the newborn and RHC03/GFR 

Between- and within-age groups comparisons under control = 0.802 PHC03 + 2.62 in the adults. The slope of the adult 
and NaHCO, volume-expanded conditions were made using composite regression line is significantly steeper than that of the 
two-factor analysis of variance with repeated measures of one newborn, p = 0.05 by unpaired t test. 
factor. When the F value for interaction effect exceeded the Protocol II. Studies were performed in seven newborn (mean 
critical F at the 0.05 level of significance, further comparisons age 8 ? 2 d, range 4-1 9 d) and six adult dogs. Arterial blood gas 
were made using the least significant difference test. Comparisons and plasma and urine electrolyte data for control and NaHC03 
of proximal and distal nephron function between age groups expansion clearance periods in protocol I1 are presented in Table 
were made using the unpaired t test. 2. Control PHC03 were similar in newborn and adults and 

similar to those in the protocol I animals. 

RESULTS Renal clearance data under control- and NaHC0,-expanded 
conditions in the absence of distal blockade is shown in Figure 

Protocol I. Studies were performed in seven newborn (mean 3. As expected, reabsorption of the filtered load under control 
age 15 f 2 d, range 4-2 1 d) and six adult dogs. Arterial blood conditions was essentially complete at control PHC03 values in 
gas and plasma and urine electrolyte data for the control clear- the absence of volume expansion in both groups. FRHC03 was 
ance period and the clearance period with the highest PHCO, in 99.9 + 0.0% in newborns and 99.8 + 0.1 % in adults. 
protocol I are presented in Table 1. PHC03 was similar in Isotonic NaHC03 infusion increased PHC03 and the filtered 
newborns and adults under control conditions. PHCO, was load of bicarbonate per GFR (to 34.0 + 2.5 and 31.8 f 2.2 
raised to similar values in both groups by replacing urine output pmol/mL filtered) and extracellular volume (by 24 k 2 and 21 
with the high bicarbonate solution. These increases in PHCO, + 4%) similarly in the newborn and adult. Inhibition of bicar- 
were not accompanied by extracellular volume expansion in bonate reabsorption was significantly greater in the adult than in 
either age group. the newborn under these conditions. FRHC03 in the volume- 

Proximal nephron RHCO,/GFR was similar in newborns and expanded state was 94.4 ? 1.9% in newborns and only 77.0 f 
adults under control conditions. Proximal nephron RHC03/ 1.9% in adults ( p  = 0.0001). 
GFR increased with PHCO, in both groups ( p  < 0.00 I), but not Segmental renal function during NaHC0, volume expansion 
as much in the newborn (from 22.2 + 1.1 to 40 ? 3.9 pmol/mL is shown in Figure 4. Bicarbonate reabsorption in the presence 
filtered) as in the adult (19.4 + 4.3 to 47.0 + 4.5 pmol/mL of distal nephron transport blockade with ethacrynic acid and 

Table 1. Arterial blood gas and plasma and urine electrolyte data for control clearance period and clearance period with highest 
PHCO, in arotocol I * - 

Control Highest PHCO? 

Newborn Adult Newborn Adult 

PH t 
Pco~, mmHgt,S 
PHCO,, m M t  

POsm, mMt,§ 
UOsm, mMt,§ 
U:POsm 

PNa, mM§ 
UNa, mM§ 
U:PNat 

PK, mMt,§ 
UK, mM 

TP. ddL6  -, " 

* POsm, plasma osmolarity; UOsm, urine osmolarity; PNa, plasma sodium concentration; UNa, urine sodium concentration; PK, plasma 
potassium concentration; UK, urine potassium concentration; and TP, total plasma protein concentration. 

t p 5 0.05 for bicarbonate effect (control vs highest PHCO,) by analysis of variance. 
8 p 5 0.05 for interaction effect by analysis of variance. 
5 p 5 0.05 for age effect by analysis of variance. 
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PROXIMAL RHC03 VS. PHC03 IN EUVOLEMIC DOGS (PROTOCOL 1 )  

EFFECT OF VOLUME EXPANSION ON PROXIMAL RHC03 
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Fig. 1. Proximal RHCO,/GFR vs PHCO, in euvolemic dogs (protocol I). Individual best-fit lines of regression of proximal nephron RHCO,/ 
GFR on PHC03 in seven euvolemic newborn dogs (leff panel) and in six euvolemic adult dogs (right panel). 
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Fig. 2. Effect of volume expansion on proximal RHC03/GFR. Left panel: Proximal nephron RHCO,/GFR vs PHCO, for each of the NaHCO, 
volume-expanded newborn dogs (protocol 11) are depicted by open circles. The open circle with SEM bars depicts the mean for these seven animals. 
The composite regression line (solid line) and 95% confidence interval (dashed lines) relating RHCO,/GFR to PHC03 in euvolemic (protocol I) 
newborn dogs is shown for comparison. Right panel: Proximal nephron RHCO,/GFR vs PHC03 for each of the NaHC0, volume-expanded adult 
dogs (protocol 11) are depicted by filled circles. The filled circles with SEA4 bars depicts the mean for these six animals. The composite regression 
line (solid line) and 95% confidence interval (dashed line) relating RHC03/GFR to PHC03 in euvolemic (protocol I) adults is shown for comparison. 
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Table 2. Arterial blood gas and plasma and urine electrolyte data for control and NaHC03-expanded clearance periods in protocol 
IT* - - 

Control NaHC0,-expanded 

Newborn Adult Newborn Adult 

PH t 7.40 + 0.03 7.38 + 0.02 7.52 + 0.04 7.53 k 0.02 
Pco~, mmHg 41 + 2  40 + 4 43 + 2 39 + 2 
PHCO,, m M t  24.7 + 2.1 22.2 + 14 34.0 + 2.5 31.8 rt 2.2 

POsm, mMt  294 + 4 294 rt 4 283 + 3 286 rt 2 
UOsm, mMt,$,§ 856 + 65 1579 t 91 376 + 87 494 k 67 

PNa, mM§ 
UNa, mMQ: 

PK, mMt,§ 
UK, mMt  

TP, g/dLt,§ 4.4 & 0.2 6.0 + 0.4 3.5 + 0.1 5.0 + 0.4 

* POsm, plasma osmolarity; UOsm, urine osmolarity; PNa, plasma sodium concentration; UNa, urine sodium concentration; PK, plasma 
potassium concentration; UK, urine potassium concentration; and TP, total plasma protein concentration 

t p 5 0.05 for bicarbonate effect (control vs NaHC0,-expanded) by analysis of variance. 
$ p 5 0.05 for interaction effect by analysis of variance. 
5 p 5 0.05 for age effect by analysis of variance. 

amiloride is shown on the left of each panel of bar graphs. This 
is proximal nephron bicarbonate reabsorption. Distal nephron 
bicarbonate reabsorption during volume expansion is shown on 
the right of each panel in Figure 4. U:POsm and U:PNa during 
distal blockade were 1 .OO + 0.02 and 1 .OO k 0.01, respectively, 
in the newborn and 0.99 + 0.1 and 1 .OO f 0.01 in the adult. 
There was no significant difference in proximal nephron 
RHCOJGFR between the newborn and the adult at PHC03 
values of 32.3 + 2.8 and 27.4 k 2.0. However, proximal nephron 
RHC03/GFR for three of the seven newborns was within the 
95% confidence interval of the line describing the relationship 
of PHC03 and proximal RHC03/GFR without volume expan- 
sion and the group's mean proximal RHC03/GFR was at the 
lower limit of the 95% confidence interval (Fig. 2, left panel). 
On the other hand, none of the adults had a proximal nephron 
RHCOJGFR that fell within the 95% confidence interval of the 
line in adults without volume expansion and thus neither did 
mean proximal RHC03/GFR for the adult group (Fig. 2, right 
panel). 

Because there was no difference in filtered bicarbonate load 
per GFR or proximal RHC03/GFR between the newborn and 
the adult, distal bicarbonate delivery per GFR was similar (top 
right panel, Fig. 4). However, distal RHC03/GFR was greater in 
the newborn than the adult (8.5 f 1.3 versus 3.8 + 1.8 pmol/ 
mL filtered, p = 0.06) and, therefore, so was the percent of the 
distal load that was reabsorbed (83 + 6% versus 28 + lo%, p < 
0.001). 

DISCUSSION 

The newborn kidney is frequently characterized as bicarbonate 
wasting. There was no evidence of this in a previous study from 
this laboratory in which PHCO, was progressively elevated in 
newborn dogs without accompanying volume expansion. Tu- 
bular reabsorption of filtered loads as high as 50 pmol/mL of 
glomerular filtrate was essentially complete (4). This study dem- 
onstrates that tubular bicarbonate reabsorption was suppressed 
in the newborn and the adult when the increase in filtered load 
was accompanied by extracellular volume expansion. However, 
the newborn reabsorbed a significantly greater fraction of the 
filtered load than did the adult. Thus, the immature kidney 
conserves bicarbonate when filtered bicarbonate is increased 
whether or not there is an accompanying increase in extracellular 
volume. 

Discussion of protocol I results and of the segmental loci of 
bicarbonate reabsorption when extracellular volume is expanded 
and/or PHC03 elevated is dependent upon the validity of the 
distal blockade technique. This technique is based on the ration- 
ale that urine excreted during the administration of ethacrynic 
acid and amiloride at appropriate dose rates resembles tubular 
fluid at the end of the proximal straight tubules. Two assump- 
tions must be met for this to be the case. 

First, ethacrynic acid and amiloride must have no effect on 
the proximal tubule electrolyte reabsorption. In the doses used 
in this study and in the absence of secondary contraction of 
extracellular volume, this is likely the case (16-20). The high 
concentration of amiloride required to block Na+-H' exchange 
in the proximal tubule makes it unlikely that this action is 
physiologically relevant (2  1). 

Second, distal electrolyte reabsorption and secretion must be 
completely blocked. To assure this, clearances during distal 
blockade were included in the data only if urine to plasma 
sodium concentration and osmolarity ratios were 0.95-1.05. The 
mean urine to plasma chloride concentration ratio decreased 
from 1.26 + 1.0 1 to 1.04 + 0.05 in adults in protocol I as PHC03 
rose and proximal bicarbonate reabsorption decreased, and was 
1.20 during NaHC03 volume expansion in protocol 11. These 
are the ratios expected if distal blockade is complete and urine 
resembles fluid at the end of the proximal tubule (22-25). 
However, continued isotonic reabsorption during distal blockade 
is not excluded by these ratios. The dose of amiloride used in 
this study abolishes nearly all potassium secretion (17, 26-28) 
and inhibits bicarbonate reabsorption in the collecting tubule 
(29,30). Moreover, proximal fractional bicarbonate reabsorption 
in protocol I under control conditions in the adult dog (95.6%) 
was very close to the FRHC03 of 94% before the distal tubule 
in hydropenic dogs by micropuncture (3 1 ) .  Thus, urine flow rate 
and composition during ethacrynic acid and amiloride admin- 
istration reasonably approximates tubular fluid flow rate and 
composition at the end of the proximal straight tubule. 

The calculation of distal nephron transport from sequential 
clearances without and with diuretics in protocol I1 requires a 
third assumption: that the change in transport after diuretic 
administration and reequilibration can be principally attributed 
to inhibition of distal nephron function and not due to an effect 
of time. This assumption is supported by previously reported 
results of NaHC03 expansion in time control experiments (32). 

RHC03/GFR by the proximal nephron was linearly sup- 
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Fig. 3. Total nephron bicarbonate handling under control conditions 
and during NaHC03 expansion (protocol 11). Right panel: Filtered HCO3 
load per GFR, total nephron RHCO,/GFR and FRHC03 under control 
conditions (left) and during NaHCO3 volume expansion (right) in new- 
born (open bars) and adult (solid bars) dogs. Bar heights depict age 
group means and error bars depict SEM. 

pressed in both the newborn and adult as PHC03 was progres- 
sively elevated from control values to 60-70 mM when extracel- 
lular volume was maintained constant. Although RHC03/GFR 
was similar at PHC03 near control values, suppression of prox- 
imal nephron RHC03/GFR was more pronounced in the new- 
born than in the adult as PHC03 rose. Volume expansion with 
isotonic NaHC03 significantly suppressed proximal RHC03/ 
GFR more than elevation of PHC03 alone in both age groups at 
comparable PHC03. In contrast to hyperbicarbonemia alone, 
however, there was no difference between the age groups in the 
degree of suppression produced by hyperbicarbonemic volume 
expansion. If anything, the decrement in proximal nephron 
RHC03/GFR with volume expansion over that with comparable 
elevation of PHCO, alone was less in the newborn than the adult 
(Figs. 2 and 3). We have observed the same tendency with NaCl 
loading (32). Furthermore, this is opposite of the effect that 
volume expansion has on proximal nephron sodium reabsorp- 
tion ( 5 ,  7, 10, 32). The former suggests that the decrement in 

NEWBORN ADULT 

Fig. 4. Segmental nephron RHCO,/GFR during NaHC03 expansion 
(protocol 11). Proximal (left) and distal (right) nephron bicarbonate loads 
per GFR, RHCO,/GFR, and FRHCO, in NaHC03 volume-expanded 
newborn and adult dogs. Proximal values are those obtained during 
volume expansion with ethacrynic acid and amiloride blockade of distal 
nephron function. Distal values are calculated from values obtained 
during volume expansion with and without distal blockade. There was a 
main effect of age on proximal nephron RHC03 (F = 4.57, p = 0.05). 

proximal FRHC03/GFR seen in protocol I1 over that in protocol 
I is the result of volume expansion per se; the latter suggests that 
suppression of proximal nephron RHC03 by volume expansion 
is not directly linked to an effect on proximal sodium reabsorp- 
tion. 

Alpern et al. (33) have demonstrated that bicarbonate absorp- 
tion in the proximal nephron can be described by two parallel 
components, both sensitive to luminal bicarbonate concentra- 
tion: I )  saturable proton secretion, and 2) a passive bicarbonate 
leak. Active proton secretion is suppressed by increases in PHC03 
but is unaffected by volume expansion. Passive bicarbonate leak 
is determined by the proximal tubule bicarbonate permeability, 
which increases with volume expansion, and the transtubular 
concentration gradient (34). The more pronounced suppression 
of proximal RHC03/GFR observed in the newborn by euvo- 
lemic hyperbicarbonemia, then, could be the result of a lesser 
capacity for proton secretion or a greater back leak of bicarbonate 
in the late proximal tubule as luminal bicarbonate concentration 
falls along the tubule. However, the similar (or perhaps less 
pronounced) suppression of proximal RHC03/GFR by volume 
expansion in newborns at comparable PHCO, suggests that the 
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increase in HC03 permeability with volume expansion is similar 
(or perhaps even less) in the newborn than the adult. Therefore, 
the limited capacity of the immature proximal nephron for 
proton secretion seems to be the most likely explanation for the 
differences in RHC03/GFR observed between the age groups in 
protocol I. 

Calculation of distal nephron (which by this method includes 
the loop of Henle, the distal convoluted tubule, and the collecting 
tubule) load and reabsorption in protocol I1 revealed greater 
RHC03/GFR of a similar HC03 load/GFR in the newborn 
versus the adult. The design of protocol I did not allow total 
nephron reabsorption to be determined in these animals. How- 
ever, previous studies performed in our laboratory have shown 
that bicarbonate reabsorption is essentially complete in newborn 
and adult dogs up to PHC03 of 50 mM in the euvolemic state 
(4). Thus, reabsorption of bicarbonate in the distal nephron must 
increase commensurately with the delivered load, so that it is 
essentially complete over the range of PHC03 observed in pro- 
tocol I. Moreover, the fraction of the filtered load that must be 
reabsorbed distally increases more in the euvolemic newborn 
than in the euvolemic adult as PHC03 rises. As PHCO3 rises 
from control values to the values observed during NaHC03 
expansion to 60 mM, the fraction of the filtered load reabsorbed 
distally increases from 9 to 19 to 30% in the euvolemic newborn 
and 7 to 10 to 15% in the euvolemic adult. Thus, the immature 
distal nephron displays a greater propensity for bicarbonate 
reabsorption than does the mature distal nephron with elevation 
of PHC03 whether or not there is concomitant volume expan- 
sion. 

As discussed above, these conclusions require the assumption 
that distal reabsorption of bicarbonate is completely (or at least 
similarly) inhibited in the newborn and adult kidney by eth- 
acrynic acid and amiloride. If diuretic administration inhibited 
distal nephron bicarbonate reabsorption less completely in the 
adult than it did in the newborn, then distal bicarbonate delivery 
and reabsorption would actually be greater in the adult than 
what we concluded them to be. If this were the case, then delivery 
of bicarbonate per GFR to the distal nephron and distal nephron 
RHC03/GFR could actually be similar in the newborn and the 
adult as PHC03 is elevated. To investigate this possibility, we 
examined the (U-P)Pcoz (35). The (U-P)Pco2 is due largely 
to proton secretion in the presence of tubular bicarbonate in the 
distal nephron. Increased delivery of bicarbonate to the distal 
nephron also increases (U-P)Pco2. The (U-P)Pco2 was greater 
in the newborn than in the adult during diuretic administration 
in both protocol 1 (31 + 6 versus 8 ? 7 mm Hg, p = 0.03) and 
protocol I1 (13 + 3 versus 2 + 4 mm Hg, p = 0.03). Thus, these 
data are inconsistent both with greater distal bicarbonate delivery 
per GFR and with greater distal RHC03/GFR in the adult than 
the newborn. Although (U-P)Pco2 also varies with medullary 
countercurrent trapping of C02 (35 ) ,  it is unlikely that this factor 
accounts for these differences in (U-P)Pco2. Shorter loops of 
Henle (36) and relatively greater medullary blood flow (37) in 
the immature kidney would tend to decrease medullary C02 
trapping and the (U-P)Pco2 in the newborn. If anything, then, 
these (U-P)Pcoz data suggest that inhibition of distal nephron 
bicarbonate reabsorption may have been more, not less, complete 
in the adult than in the newborn. In this case, segmental nephron 
differences in renal tubular bicarbonate reabsorption per GFR 
between the newborn and the adult would be even greater than 
we have estimated them to be. 

This greater avidity of the distal nephron when distal delivery 
is increased is also observed when distal sodium and chloride 
delivery are increased (7, 32) and thus is probably common to 
more than one segment of the distal nephron. The factors re- 
sponsible for this greater propensity for electrolyte reabsorption 
when delivery is increased cannot be determined from these 
studies. It is difficult to identify a single factor that could effect 
the reabsorption of these electrolytes in different segments. It 
should be noted that reabsorption of sodium, chloride, and 

bicarbonate per g kidney are much lower in the newborn than 
in the adult under all of these experimental conditions, even 
though the fractions of the distal loads reabsorbed are higher, 
because the distal loads are much lower as a result of a lower 
GFR per g kidney in the newborn (7, 32). Thus, even if the 
reabsorptive capacities per g kidney of these segments of the 
immature distal nephron were less than those ofthe mature distal 
nephron, it is possible that these capacities might be exceeded in 
the adult but not in the newborn. Enhanced electrolyte reabsorp- 
tion by the immature distal nephron when delivery is increased 
could, then, be the result of the lower GFR and the resultingly 
lower distal electrolyte delivery per g kidney in the newborn. 

In summary, as PHC03 and filtered HC03 load increase there 
is less suppression of RHC03/GFR in the newborn than in the 
adult dog whether or not these increases are accompanied by 
extracellular volume expansion. Suppression of proximal neph- 
ron RHC03/GFR is more pronounced in the euvolemic new- 
born than in the euvolemic adult. Volume expansion, on the 
other hand, produces no greater inhibition of proximal RHC03 
in the newborn than it does in the adult. We conclude that the 
immature proximal tubule has a lower capacity for active proton 
secretion, but similar increase in bicarbonate permeability in 
response to volume expansion, than the mature proximal tubule. 
The greater RHCO3/GFR by the whole nephron observed in the 
newborn compared with the adult as PHC03 rises with or without 
volume expansion, then, is the result of greater RHC03/GFR by 
the immature than mature distal nephron as distal bicarbonate 
delivery is increased. The same phenomenon is observed when 
distal delivery of sodium and chloride are increased, suggesting 
that the avidity of the immature distal nephron for electrolytes 
when delivery is increased is not localized to one segment, but 
probably shared at least by the thick ascending limb of the loop 
of Henle and the collecting duct. 
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