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Abstract. Developmental changes in glutamine uptake, CO, and NH3 production was 
studied in kidney slices isolated from 12-, 18-, and 65-day-old rats under normal and acidotic 
conditions. The kidney slices from 12- and 18-day-old animals showed lower uptake of 
glutamine, CO, and NH3 production compared to 65-day-old animals. Chronic acidosis 
increased the ability of kidneys from postnatal rats to accumulate and metabolize glutamine 
but this increment was lower than the adults. Acute acidosis of newborn animals failed to 
show any significant changes in glutamine uptake and metabolism even though the degree of 
acidosis reached was the same between chronic and acute acidotic groups. Newborns failed 
to show an optimal pH for glutamine uptake and metabolism under normal and acidotic 
conditions. Along with other factors, the inability of newborn kidneys to increase transport 
of glutamine during an acid challenge can also explain the lowered ammonia production of 
newborn rats. 

Newborn mammals are unable to appro- 
priately increase production of ammonia, 
the chief urinary buffer that accepts hydro- 
gen ions and facilitates the excretion of acid 
from the blood (1-4). In contrast to new- 
borns, adult animals are able to increase 
production and excretion of ammonia in re- 
sponse to acid loading (5-8). In develop- 
ment, certain abrupt changes occur during 
the so-called "critical period" and changes 
in ammonia excretion have been reported 
to occur around 15 days postnatally (2). 
Renal production of ammonia in rats is 
primarily due to cellular metabolism of 
glutamine (5, 9, 12) and the glutamine may 
enter the kidney cells from both the luminal 
and antiluminal borders (13, 14). 

Recently, it was found that the uptake of 
glutamine in kidney slices isolated from 
adult rats that were on a control diet and 
those fed ammonium chloride to induce 
acidosis shows dependence upon the pH 
and temperature of incubation (15). Uptake 
of glutamine by kidney slices from normal 
rats showed a pH optimum of 7.5 at 25" and 
7.3 at 37". In slices from acidotic rats, 
greatest uptake was at pH 6.8 at 25" and 6.6 
at 37". In spite of these changes, glutamine 
uptake in slices from normal and acidotic 
rats was optimal at a constant OH/H ratio 
of 10 and 0.4, respectively (15). One could 
assume that some kind of cell membrane 

changes underlies the shift in OH/H ratio 
noticed in acidotic condition. Moreover, 
the increased uptake of glutamine and am- 
monia production seen in acidosis may be 
due to changes in the pH-dependent char- 
acteristics of glutamine uptake and/or al- 
tered cellular metabolism of glutamine. 

The present studies were performed to 
examine the effects of acid-base changes 
and medium pH on uptake and metabolism 
of glutamine by kidney slices from newborn 
rats. Our studies show that glutamine up- 
take and ammonia production are lower in 
newborns compared to adults and they are 
unable to appropriately increase am- 
moniagenesis during an acid challenge. In 
addition, pH optimum and the dependence 
of a fixed OWH ratio for glutamine uptake 
were not seen in newborn rats. 

Methods. Adult male and pregnant 
female Wistar rats were obtained from 
Simonsen Breeding Laboratories (Califor- 
nia). Pups were born in our laboratory and 
they were kept with their mothers until the 
time of the experiment, 12 or 18 days of age. 

Induction of short-term (acute) and 
long-term (chronic) acidosis in newborn 
animals were achieved by feeding 5 mmol 
NH,CVkg through a stomach tube in a vol- 
ume of water equal to 2.5% of their body 
weight for 5 and 48 hr, respectively. 
Chronic acidosis was induced in adult 
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animals (65-day-old) by adding 0.28 M 
NH4Cl to their drinking water for one week 
prior to the experiment. Acute acidosis was 
not studied in adult animals. The degree of 
acidosis in animals was judged by measur- 
ing their blood and urine pH. Blood was 
obtained from both adults and newborns by 
direct cardiac puncture under e ther  
anesthesia. Urine from adult animals was 
obtained using metabolism cages. Since the 
newborns may not urinate spontaneously, 
application of slight suprapubic pressure or 
a touch in perianal area were found useful 
in collecting urine from newborns. The pH 
measurements were made on pH meter 27 
(Radiometer, Copenhagen, Denmark) adapt- 
ed with a micro pH electrode. 

Preparation and incubation of kidney 
slices, measurement of glutamine uptake, 
CO, and NH3 production were described in 
detail previously (15, 16). In short, four to 
six slices of kidney cortex, approximately 
0.4-0.5 mm thickness, were cut from each 
kidney and placed in Warburg incubation 
flasks equipped with two side arms and a 
central well. The incubation medium was 15 
mM phosphate buffer (12 mM Na,HP04 
and 3 mM NaH,PO,) containing 110 mM 
NaCl, 5.0 mM KCl, 12 mM MgS04, 1.0 mM 
CaCl,, and 5.0 mM sodium acetate. The 
reaction chamber of Warburg flasks con- 
tained 3.0 ml incubation medium and 0.1 ml 
[3H]inulin (New England Nuclear) and one 
of the side arms contained 0.1 ml L-[U- 
14C]glutamine (AmershadSearle) and 0.1 
ml stock L-glutamine (Sigma Chemicals). 
The concentration of glutamine in the 
medium was 1 mM. At the start of the incu- 
bation period, the medium contained 
[3H]inulin and [14C]glutamine to give spe- 
cific activities of approximately 0.1 and 
0.01 pCilml medium, respectively. Small 
pieces of accordion-type, folded filter paper 
moistened with 0.2 ml of 20% KOH were 
placed in the central well of the flasks to 
trap the evolved 14C0,. The flasks were at- 
tached to manometers and equilibrated at 
25" in the water bath of a Warburg ap- 
paratus. At time zero, glutamine was tipped 
into the reaction chamber to begin the ex- 
periment and the kidney slices were incu- 
bated for 30 min at 25". After incubation, 

slices were removed from the medium, 
rinsed in glutamine-free medium for about 2 
sec, and blotted on filter paper. A small 
portion of the slices was removed, weighed, 
and dried overnight at loo", to determine 
the total water content of the slices. The 
remainder of the slices was transferred to 
small test tubes containing distilled water 
and kept overnight to leach [3H]inulin and 
[14C]glutamine from the tissue. The filter 
paper and the remaining KOH from the 
central well of the flasks were transferred to 
counting vials and the activity due to the 
liberated 14C02 was determined. This de- 
termination of evolved CO, is only a partial 
measurement of glutamine metabolism 
since all permeating glutamine may not be 
completely oxidized to CO,. Radioactivity 
of the incubation medium and the superna- 
tant fluid from test tubes containing the 
leached tissues were determined. Since the 
only source of 14C was the added glutamine, 
the radioactivity in the intracellular fluid 
plus that trapped as CO, approximated the 
uptake of glutamine. Accordingly, gluta- 
mine taken up and left in the cells was 
calculated by multiplying the cell-to- 
medium ratio ( c p d m l  intracellular fluid: 
c p d m l  medium) by the concentration of 
glutamine in the medium. The fraction of 
glutamine metabolized to CO, was added to 
the equivalent amount remaining in the 
cells to obtain total uptake. 

For ammonia measurements, slices were 
placed in 25-ml Erlenmeyer flasks contain- 
ing 6.4 ml incubation medium and 0.2 ml of 
glutamine. The final concentration of 
glutamine in the medium was 1 mM. The 
incubations were carried out for 30 min at 
25". Ammonia in the medium was deter- 
mined using an ammonia electrode (Orion 
Research Inc.) after the samples were al- 
kalanized by adding saturated NaOH. 

A two-sample, two-tailed, student's t test 
was used to test significance levels and P 
values less than 0.05 were regarded as indi- 
cating significance. 

Results. Table I shows the measure- 
ments of blood and urine pH in 12-, 18-, 
and 65-day-old animals. In all age groups, 
chronic acidosis lowered pH of blood and 
urine significantly (P < 0.05). In neonates, 
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TABLE I. MEASUREMENTS OF BLOOD AND URINE pH IN NEWBORNS AND ADULTS 

12 day old animals 18 day old animals 

Blood pH Urine pH Blood pH Urine pH Blood pH Urine pH 

65 day old animals 

Controls, 
nontreated 
(8) 7.40 f 0.02 7.0 f 0.02 7.38 f 0.02 6.7 f 0.01 7.39 f 0.01 6.8 f 0.01 

NH4C1-treated, 
acute acidosis 
(7) 

chronic acidosis 
(6) 7.29 f 0.05* 5.45 f 0.02* 7.25 f 0.03* 5.54 f 0.01* 7.20 f 0.03* 5.5 f 0.09* 

7.35 & 0.03 5.6 f 0.03* 7.31 f 0.04 5.7 f 0.01* - - 
NH4C1-treated, 

Note. Values are means f SE. The number of animals used in each group are given in parentheses. The data for the 65-day- 

* Significantly different from nontreated controls (P < 0.05). 
old animals for Tables I, 11, and 111 are taken from a previous publication (15). 

even though acute acidosis decreased urine 
pH significantly (P < 0.05), blood pH was 
lower but not statistically different from 
their nontreated controls. Acute acidosis 
was not studied in adult animals. 

Total glutamine uptake in kidney slices 
isolated from newborns and adults as a 
function of varying medium pH is shown in 
Table 11. The general pattern is clear in that 
the ability of kidney slices to accumulate 
glutamine increases with the age of the 
animal. Acute acidosis failed to increase 
glutamine uptake in newborns and is not 
different from the nontreated group. In 12- 
day-old animals, chronic acidosis increased 
glutamine uptake significantly (P < 0.001) 
and is maximum around a pH of 7.2. In 18- 
day-old animals, chronic acidosis increased 
glutamine uptake significantly at pH 7.2 (P 

< 0.05), but no significant change was ob- 
served at pH 6.8 and 7.6. In adults, chronic 
acidosis increased their ability to transport 
glutamine at a lower incubation medium 
pH, but we did not find any change at high 
pH values. 

Glutamine metabolized as CO, expressed 
in micromoles per kilogram wet tissue per 
minute for different groups under control 
and acidotic conditions is shown in Table 
111. The ability of newborn kidney slices to 
metabolize glutamine to CO, was signifi- 
cantly lower than those of adults under 
normal and acidotic conditions. Even 
though acute acidosis of 12- and 18-day-old 
rats failed to increase CO, production from 
glutamine, slices from chronically acidotic 
rats show significantly higher CO, produc- 
tion (P < 0.001). In adults, both acidosis 

TABLE 11. GLUTAMINE UPTAKE IN NEWBORNS AND ADULTS 

12 days old 18 days old 65 days old 

Acute Chronic Acute Chronic Chronic 
Incubation Controls acidosis acidosis Controls acidosis acidosis Controls acidosis 

PH (7) (7) (8) (7) (7) (8) (7) (6) 

6.8 21.6 23.7 3 1.6* 33.1 32.3 35.7 35.9 66.7" 
k 0.99 21.81 k2.9 23.17 23.46 24.01 24.37 22.03 

7.2 25 .O 28 .O 40.6* 31.0 35.1 43.1** 44.8 53.5 
2 2.88 21.36 22.79 22.00 k2.12 24.30 23.05 24.08 

7.6 25 .O 26.2 33.9* 33.4 33.5 40.4 62.2 53.6 
2 1.95 k1.56 22.06 23.28 22.77 24.17 25.36 23.44 

Note. Values are expressed in pmoYkg wet tissue/min, mean 2 1 SE. The number of incubations carried out for 
each condition are given in parentheses. All incubations were done at 25". 

* Significantly different from controls (P c 0.001). 
** Significantly different from controls (P < 0.005). 
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TABLE 111. CO, PRODUCTION FROM GLUTAMINE IN NEWBORNS AND ADULTS 
~~ ~ 

12 days old 18 days old 65 days old 

Acute Chronic Acute Chronic Chronic 
Incubation Controls acidosis acidosis Controls acidosis acidosis Controls acidosis 

PH (7) (7) (8) (7) (7) (6) (7) (6) 

6.8 1.3 1.7 3.2* 1.8 2.1 3.5* 8.3 23.4* 
20.19 20.28 20.49 20.27 20.22 20.42 20.98 2 2.53 

7.2 1.4 1.9 3.2* 2.2 2.7 3.8* 6.4 14 .O* 
20.19 20.32 20.67 20.09 20.32 20.34 20.57 2 1.37 

7.6 1.2 1.5 2.2* 1.9 1.8 3 .O* 5.6 15.5* 
20.07 20.18 20.20 20.32 20.42 20.37 20.91 2 1.00 

Note.  Values are expressed in pmoVkg wet tissue/min, mean 2 1 SE. 
* Significantly different from controls (P < 0.001). 

and incubation of slices in low medium pH 
increased CO, production. 

Glutamine-stimulated NH3 production, 
calculated as the difference between basal 
(NH3 produced in slices in the absence of 
added glutamine) and total NH3 production 
(NH3 produced in the presence of added 
1 mM glutamine) for the three different age 
groups under normal and acidotic condi- 
tions is shown in Table IV.  Chronic 
acidosis of all three age groups increased 
NH3 production significantly compared to 
their nontreated controls. However, acute 
acidosis failed to increase NH3 production 
in newborns. 

Discussion. Previous studies of the pro- 
cess whereby neonatal rats develop the 
ability to produce and secrete adequate 
amounts of ammonia would indicate that it 
is probably multifactorial. Definitive evi- 
dence exists that glutaminase I increases in 

rat pups after 15 days of age (2, 17, 18). 
Another factor which plays a role is the in- 
ability of the kidney to adequately lower 
urinary pH (2, 3): Since ammonia moves 
into the tubular fluid by “non-ionic diffu- 
sion trapping” (19) the limitation in low- 
ering pH will also result in reduced excre- 
tion of ammonia. More recently preliminary 
results have been presented from this labo- 
ratory showing that mitochondria from kid- 
ney of infant rats have a high glutamate 
content as compared to mature animals 
(20). Since glutamate inhibits the action of 
mitochondria1 glutaminase, the high gluta- 
mate concentration could also act to limit 
ammonia production. 

The present results indicate that changes 
in membrane permeability to glutamine in- 
duced by acidosis do not occur in the neo- 
nate. In a previous study (15), we have 
shown that the optimal OWH ratio shifts 

TABLE IV. GLUTAMINE-STIMULATED NH3 PRODUCTION IN NEWBORNS AND ADULTS 

12 days old 18 days old 65 days old 

Acute Chronic Acute Chronic Chronic 
Incubation Controls acidosis acidosis Controls acidosis acidosis Controls acidosis 

PH (7) (7) (8) (7) (7) (6) (7) (6) 

3 1.3* 6.8 6.3 10.9 12.4* 10.0 15.3 
21.33 ? 1.83 2 1.17 2 1.21 k2.25 2 2.30 2 1.66 +- 2.45 

7.2 11.2 12.9 17.5*** 10.7 13.9 19.1* 17.4 33.6* 
21.19 21.43 22.23 20.77 21.79 21.86 21.38 2 3 . 0 1  

7.6 11.8 16.3 17.7*** 14.2 23.0** 22.6** 24.2 42.0* 
21.20 2 2.00 22.35 20.74 22.83 22.47 2 1.88 2 2.93 

18.7** 13.8 

Note. Values are expressed in pmoYkg wet tissue/min, mean 2 1 SE. 
Significantly different from controls: *P < 0.005; **P < 0.01; ***P < 0.05. 
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from 10 in animals of normal acid base bal- 
ance down to 0.6 in acidosis for uptake of 
glutamine in rat kidney slices. At the op- 
timum, uptake is also greater in the acidotic 
than normal (15). These results have been 
interpreted to indicate that chronic acidosis 
produces an adaptive membrane change 
which results in an increased permeability 
of glutamine at lower plasma pH. It was 
also indicated that membrane permeability 
does not become a limiting factor for utili- 
zation of glutamine for ammonia produc- 
tion. No optimal pH could be detected in 
kidney slices of infant ra ts  in normal 
acid- base balance. When acidosis was in- 
duced, a marked optimum pH for uptake 
was not well established, and more signifi- 
cantly the suggested optimum was not indi- 
cated to be a low pH and to be adaptive in 
promoting glutamine uptake. These results 
are suggestive that with regard to the pene- 
tration of glutamine into cells of the infant 
kidney, the membranes are different and do 

not show the adaptive changes as do mem- 
branes from renal cells of mature animals. 

Analysis of the changes in COz produc- 
tion from glutamine produced by acidosis 
show that acidosis results in a shift in meta- 
bolic fate of glutamine, so that more of it is 
oxidized to COz. This is shown in Fig. 1 
wherein the data from Tables I1 and I11 
have been combined. I t  is clear that in 
chronic acidosis, COz produced from added 
glutamine is always increased at all medium 
pHs. In acute acidosis the increase is less 
and not always found (18-day-old rats at pH 
7.6). A similar effect is noticed if one cal- 
culates the ratio of NH3 produced to  
glutamine uptake (Fig. 2). The effect is 
most marked in slices from both 12- and 
18-day-old animals at medium pH of 6.8. At 
higher pHs, the effect of acidosis is seen 
consistently only in slices from the 18-day- 
old animals, although a marked increase is 
shown by the 12-day-old animals in acute 
acidosis at medium pH 7.6. It seems that in 
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FIG. 1. Relation between COz production and glutamine uptake in kidney slices isolated from 12-, 
18-, and 65-day-old rats. (A) Data when the incubation medium pH was 6.8; (B) when pH was 7.2; and 
(C) when pH was 7.6. Different hatchings on bars indicate different experimental conditions. 
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12 65 
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FIG. 2. Relation between NH3 production and glutamine uptake. All symbols are same as in Fig. 1. 

the  pups,  acidosis induces a shift in 
glutamine utilization so that oxidation and 
ammoniagenesis are more efficient. These 
changes are comparable to changes brought 
about by maturation. 

The other  observations made in this 
study are that kidney slices of infant rats 
have a limited production of ammonia and 
they do not respond to acute acidosis, and 
only very poorly to chronic acidosis. Since 
these observations have been previously 
made by others and discussed in other pub- 
lications (2, 17, 18), they will not be consid- 
ered further. 
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