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Summary

a-Methyl-o-glucoside (AMG) uptake was examined in isolated
renal cortical tubules from newborn, 3-month-old, and adult dogs.
All three age groups demonstrated active sugar transport. The
initial rate of AMG uptake was similar in the 3-month-old and

. adult tubules which was twice that of the newborn. At steady
state, the adult and newborn tubules had achieved a similar
intracellular AMG concentration which was 45% greater than
that of the 3-month-old. Determination of the flux constants of
these uptake patterns revealed that there was an age-dependent
increase in both the net flux and the fractional influx rate
constant. However, the 3-month-old had the highest fractional
efflux rate constant and the newborn the lowest value with the
adult in between. Kinetic analysis of AMG uptake showed a
single saturable transport system for each age group. The new
born and adult had similar Km values but the 3-month-old had a
value that was 60% higher. The 3-month-old tubules had the
highest Vmax and the newborn tubules the lowest with the adult
value in between. AMG uptake by tubules from each age group
demonstrated a similar pattern of inhibition in a low sodium
buffer and by glucose and phlorizin. This indicated that, aside
from kinetic changes with maturation, the saturable transport
system for AMG is similar in each age group.

Abbreviations

AMG, a-methyl-o-glucoside
KRB, Krebs-Ringer bicarbonate buffer
DR, distribution ratio
ICF, intracellular fluid

The developing kidney is characterized by a functional im
maturity of both the glomerulus and tubule (35). One of the
manifestations of this tubular immaturity is diminished maximal
tubular reabsorption of glucose in the human (3, 6), dog (2), and
sheep neonate (1). However, these studies are whole kidney
clearance measurements which are influenced by numerous vari
ables such as the state of extracellular volume, glomerular filtra
tion rate, and the fractional excretion of sodium. Therefore, the
intrinsic ability of the proximal tubule from these developing
animals and the human neonate to reabsorb solute can only be
approximated. Further, the mechanism of sugar transport at the
level of the brush border membrane can only be inferred from
such studies and not addressed directly .

The use of isolated renal cortical tubule fragments allows the
study of sugar transport independent of the glomerular filtration
rate, sodium excretion, or extracellular fluid volume. AMG is a
nonmetabolizable model for the glucose-galactose transport sys-

tern (31) which Silverman (32) has shown is transported exclu
sively by the brush border membrane, making it an ideal sub
strate for evaluating luminal sugar transport in the developing
animal.

A previous report of AMG transport by isolated renal cortical
tubules from the newborn rat demonstrated two kinetically dis
tinct transport systems with only the low affinity system present
in the adult rat (26). However, initial uptake and steady-state
values of AMG were lower in the immature rat in spite of the
two systems. Since the loss of a transport system is an unusual
developmental change, we examined AMG uptake by isolated
renal cortical tubules from developing dogs to assess whether a
similar pattern is present in species other than the rat.

MATERIALS AND METHODS

Mongrel dogs of either sex from three different age groups
5-7 days old designated newborn, 3 months old, and greater
than I year old-were used for the preparation of isolated renal
tubules according to a modification (17, 26) of the method of
Burg and Orloff (8). Kidneys were surgically removed from the
dogs after sacrificing them with an arterial injection of 2 ml of
T-61 euthanasia solution (Hoechst Corp.) . The kidne ys were
immediately perfused at 4°C via the renal artery with a 0.375 %
collagenase solution (w/v) in KRB containing 10 mM sodium
acetate, pH 7.4. The renal cortex was excised from the medulla,
and cortical slices were made using a Stadie-Riggs microtome.
The slices were then homogenized gently with four strokes of a
pestle in a 15-mlloose Dounce homogenizer and the suspension
(1 g/ 3 ml of KRB) was centrifuged for 1 min at 40 x g in an
International Equipment Co. model UV centrifuge (Needham
Hts., MA). The pellet was suspended in 3 ml ofKRB containing
0.375% collagenase and 0.4% hyaluronidase (w/v) for each gram
of original kidney cortex.

After a 45-min digestion at 3rC in a Dubnoff metabolic
shaking incubator, three times the incubation volume of iced
KRB was added to the suspension and this was centrifuged at 40
X g for I min. The supernatant was discarded and the tubules
were resuspended in the same volume of iced KRB. This was
repeated twice. After the final wash, the tubules were resuspended
in KRB to a concentration ofapproximately 5-7 mg wet weight/
ml, and filtered through a 104-JLm mesh. In studies examining
the effect of low medium sodium on uptake, the tubules were
resuspended in KRB that was modified by replacing the 118.5
mM NaCl with 118.5 mM choline chloride to give a final
medium sodium concentration of 35 meq/liter, Fetal calf serum
was added to a final concentration of 5% (vIv) in both KRB and
the low sodium KRB.

Uptake studies were performed in Burg and Orloff flasks with
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Fig. I . Time-dependent uptake of 2 mM [14C)AMG by isolated dog
renal cortical tubules. Isolated tubules from newborn (0), 3-month-old
(A), and adult(e) dogs were prepared and incubated with labeled AMG
asdescribed in "Materialsand Methods." Each point represents themean
± SEM of at least six determinations. Standard errors not shown are
within thesize of the point.

RESULTS

Time Course ofAMG Uptake. The uptake of 2 mM AMG
with time by isolated renal cortical tubules from newborn, 3
month-old, and adult dogs is shown in Figure I. Isolated cortical
tubules from all three age groups of dogs demonstrated active
uptake of 2 mM AMG after I min of incubation with a DR of
1.56 ± 0.19 in the newborn, 2.93 ± 0.30 in the 3-month-old,
and 3.11 ± 0.38 in the adult dogs. The uptake by adult dog
tubules was maximal by 15 min of incubation with a DR of9.86
± 0.62 and dropped slightly after 30 min of incubation such that

continuous bubbling of a 95% O2-5% CO2 mixture as described
previously (17, 24, 26). Substrate uptake was initiated by the
addition of [I4C]a-methyl-D-glucoside and terminated by remov
ing 2-ml samples into tared tubes which were placed in an ice
water bath. The tubes were then centrifuged at 4°C for 10 min
at 33,000 x g and the supernatants were removed for counting.
The pellet surface and the test tube wall were washed once with
ice-cold KRB and dried by suction. After weighing the tubes, the
pellets were resuspended in I ml of distilled water and the tubes
were placed in a boiling water bath for 3 min. The tubes were
then centrifuged and a O.l-ml aliquot of the water extract of the
pellet and the original incubation supernatants were added to 10
ml of a scintillation cocktail (2.8 ml absolute alcohol, 7 ml OCS)
and counted in a liquid scintillation counter.

Distribution ratios of radioactivity, the ratio of cpm/ml of
intracellular fluid to cpm/rnl of incubation medium, were cal
culated as described previously (22). The intracellular fluid vol
ume was calculated as the difference between the total tissue
fluid (wet weight minus dry weight after overnight desiccation)
and the volume of "trapped fluid." The trapped fluid volume
was determined using ['4C]polyethylene glycol as previously de
scribed (17).

In concentration-dependence studies, the uptake of[14C]AMG
by isolated tubules was measured after 5 min of incubation over
the substrate concentration range of0.05 to 10 mM AMG. These
data were analyzed by Hofstee plots fitted by the least squares
method to obtain the parameters of the equation:

V = Vmax [S]
s; + [S]

The data were analyzed for significance using Student's t test.
Collegenase grade II, was obtained from Worthington Bio

chemical Corp., Freehold, NJ with a specific activity of 161 U j
mg. Hyaluronidase, type I-S, was obtained from Sigma Chemical
Corp., St. Louis, MO. [U-'4C]a-methyl-D-glucoside (279 mCij
mmol), ['4C]polyethylene glycol (21.7 mCijg) , and OCS scintil
lation fluid were obtained from Amersham Corp., Arlington, IL.
Additional chemicals were obtained from commercial sources
and were of the highest purity available.

a DR of 8.23 ± 0.38 was measured at 60 min of incubation.
Uptake by 3-month-old dog tubules achieved a steady-state by
15 min of incubation with a DR of 5.61 ± 0.10. In tubules from
newborn dogs, a steady-state was not attained until 60 min of
incubation with a DR of 7.93 ± 0.23.

The initial rate of uptake, determined by measuring uptake
after I min of incubation, was lower in tubules from newborn
dogs than that observed for either adult or 3-month-old dogs (P
< 0.01 for adult tubules and P < 0.01 for 3-month-old tubules).
Uptake by newborn dog tubules exceeded that by 3-month-old
tubules after 15 min of incubation since a steady-state hadbeen
reached by the 3-month-old tubules , but the newborn tubules
continued to accumulate AMG. After 60 min of incubation, the
uptake by newborn tubules reached that of adult tubules. This
occurred in spite of the lower initial uptake rate by newborn
tubules, suggesting that the effiux of AMG is slower in the
newborn tubules to account for the similar DR at 60 min of
incubation for adult and newborn tubules. A slower rate of AMG
effiux from newborn tubules compared to that of 3-month-old
tubules would also explain the higher DRs by newborn tubules
at the later time points. The uptake by 3-month-old tubules
appeared to be a composite of adult and newborn uptake in that
the initial uptake was between adult and newborn values and the
maximal DR was reached by 15 min.

Determination of Flux Constants. Differences in the time
dependent uptake curves can be evaluated in terms of flux
constants (Table I) based on a two-compartment model of
medium and intracellular fluid (23). There was an age-dependent
increase in both the net AMG flux and the fractional influx rate
constant (AIM) with the adult values being slightly higher than
the 3-month-old and nearly twice the newborn values. This was
reflected in the age-dependent increase in the DR after I min of
incubation. The fractional effiux rate constants showed a some
what different pattern in that the highest value was observed with
3-month-old tubules, being 3-fold greater than newborn and 1.4
fold greater than the adult value. The newborn fractional effiux
rate constant was the lowest value determined being only one
half that of the adult . Because of the low fractional effiux rate
constant, the newborn tubules achieved a steady-state DR com
parable to the adult in spite of a low fractional influx rate
constant. The high fractional effiux rate constant led to the low
steady-state DR observed in the 3-month-old.

Concentration Dependence ofAMG Uptake. The concentration
dependence of AMG uptake is shown in Figure 2. In all three
agegroups, only a singlesaturable transport system wasobserved.
The apparent kinetic transport parameters of this system were
Km = 5.14 ± 0.50 mM, Vmax = 25.79 ± 1.63 mmol/liter ofICF
in the newborn; Km = 8.40 ± 0.81 mM, Vmax = 52.01 ± 5.53
mmol/liter of ICF in the 3-month-old dogs, and Km = 5.27 ±
0.75 mM and Vmax = 37.64 ±3.38 mmol/liter ofICF in the adult
dogs. There was no difference in the apparent Km between the
newborn and the adult dogs. However, the apparent K; was 63%
higher in the tubules from 3-month-old dogs compared to new
born (P < 0.01), and 59% higher than that of the adult (P <
0.05).

There were corresponding changes in Vmax with maturation.
Vma x was 102% higher (P < 0.01) in the tubules from 3-month
old puppies compared to newborns. By adulthood, however, this
increase over the newborn was only 46% (P < 0.02). There was
no statistical difference between the Vmax obtained with 3-month
old tubules compared with adult tubules.

Effect of Lo w Na" Buffer and Inhibitors. The effect of a low
Na" buffer and various inhibitors of AMG uptake is shown in
Figure 3. Reducing the medium Na" concentration to 35 meqf
liter significantly decreased the uptake of AMG by the tubules
from all three age groups of dogs. Phlorizin was the most potent
inhibitor tested, reducing AMG uptake to less than 20% of
control. This marked inhibition by phlorizin, which preferen
tially affects the brush border glucose transporter (33), suggests
that the predominant site of cellular uptake of AMG by isolated
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Table 1. Two-compartment model ofmedium and intracellularjluid*

IMedium I, AIM > Iintracellular spaceI
AMI

Steady- Intracellular Fractionalturnover
Medium state fluid pool rates/min

Age poolsize distribution size Flux
group (umol) ratio &tmol) AIM AMI (JLmol/min)

Newborn 2.0 7.93 ± 0.23 0.0452 0.0044 0.197 0.0088
3-month-old 2.0 5.61 ± 0.10 0.0267 0.0069 0.522 0.0139
Adult 2.0 8.23± 0.38 0.0442 0.0084 0.378 0.0167

* Allcalculationsare based on 5 mgof tubulessuspended in I ml of incubationmediumcontaining 2.0 mM AMG, and an intracellular spaceof
56.96 ± 1.51 % (n = 11),47.54 ± 0.99%-(n = 21),and 53.83± 0.40% (n = 6) of wet tissueweight for the newborn, 3-month-old, and adult tubule
preparation, respectively. The rate constantsare related by the equation (M) (AIM) = (ICS) (AMI), where M is the medium pool sizeand ICS is the
intracellular fluid substrate pool.Flux is expressed as JLmol/min either into or out of the cellat a steady-state.
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DISCUSSION

The developing kidney in a number of species, including man,
has been characterized as being functionally immature. This
immaturity extends to both glomerular and tubular function,

renal tubule fragments is across the luminal membrane. Glucose
was also an effective inhibitor in each age group , but galactose,
even at twice the glucose concentration, only significantly in
hibited AMG uptake by newborn tubules. Galactose inhibited
AMG transport slightly in the 3-month-old and adult tubules,
but this was not statistically significant. These results suggest
that, aside' from the changes in the kinetic parameters with
maturation, the saturable transport system for AMG is similar
in each age group.

although there is a balance between their respective capacities (2,
3, 6). As the individual matures, there is a rise in glomerular
function as measured by the glomerular filtration rate (34, 37).
The maturation of tubular function is characterized by increased
ability to reabsorb amino acids (7, 15, 17) sugars (1-3, 6),
phosphate (18), bicarbonate (9), and other solutes . Also with
maturation, there is an increased ability of the tubule to secrete
solute as evidenced by an increasing p-aminohippurate clearance
with age (14, 20, 28).

These functional changes with maturation are also accompa
nied by morphologic changes (10, 12, 13, 19).There is an increase
in the number of nephrons with maturation, although nephron
ogenesis is complete by 36 weeks ofconceptual age in the human
(19) and 2 weeks of postnatal age in the dog (13). In addition to
the number of nephrons, there are also increases in the length
and volume of the proximal tubule, and in the surface area of
the glomerulus. However, this rise in length and surface area of
the proximal tubule with development does' not appear to ac
count completely for the increased transport capacity. Indeed,
Schwartz et al. (29) have estimated that only one-third of the rise
in the tubular transport of p-aminohippurate can be ascribed to
an increase in tubular surface area, while two-thirds of the
increase is due to an enhanced intrinsic transport function of the
proximal tubule cell.

Enhanced intrinsic proximal tubule transport could arise by a
number of mechanisms among which are the appearance of new
transport systems with maturation, increasing uptake across the
luminal membrane by augmenting either the number or the
affinity of the membrane carriers, increasing the transfer of
resorbate across the basolateral membrane into the blood, and
enhancing the generation and transduction of cellular energy to
transport. Although early studies suggested that new transport
systems were acquired with maturation (4,5), subsequent studies
have shown that the newborn proximal tubule has a full comple
mentof transport systems for sugars (26, 36), amino acids (15
17, 21), and organic acids (27) so that the functional immaturity
of this nephron segment is not due to the lack of transport
systems. Indeed in the newborn rat, there is a high affinity system
for o-methyl-n-glucoside transport in addition to the single low
affinity system found in the adult (26). However, in spite of these
two transport systems in the newborn rat , the initial entry rate
of AMG at both a high and low concentration is slower in the
newborn compared to the adult. The Km value for the system
which is shared by both the mature and immature animal is the
same in each age group, but the Vmax for this system in the
newborn is only one-half of that of the adult. Our data show that
in the dog only one saturable system is present in all three age
groups . There was, however, a progressive rise in the initial rate
of AMG uptake with maturation as observed in the rat . Kinetic
analyses of this increase showed that the Km for this transport
system was 63% higher in the 3-month-old compared to the
newborn puppy, but that the adult value was the same as the
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Fig. 2. Hofstee plotof the concentration dependence of AMGuptake
by isolated renal tubulesfrom newborn (0), 3-month-old (A), and adult
(e) dogs. Tubuleswereincubated for 5 min with0.1 JLCi/ml [14C)AMG
and sufficient unlabeled AMG to give the desired concentrations over
the rangeof0.05to 10mM. V represents the velocity of uptakein mmol/
liter intracellular fluid per 5 min and S represents the substrate concen
tration in mM.
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Fig. 3. The effect of low Na" bufferand inhibitorson AMG uptake. The uptake by isolated tubules incubatedfor 5 min with 2 mM AMG in a
modified Krebs-Ringer buffer containing 35 meq/liter Na" was measured and plotted as a percentage of that obtained in Krebs-Ringer buffer
containinga normal amount of Na" as described in "Materials and Methods."The effect of variousinhibitorson the uptake of 2 mM AMG was
examinedafter 5 min of incubation and is plotted as a percentage of the uptake in the absence of the inhibitors. *, P < 0.001; **, P < 0.01; ***,
P<0.05.

newborn value. The Vmax for this sugar transport system was
increased in both the adult and 3-month-old dog compared to
the newborn with the highest value noted in the 3-month-old.
These data suggest that the rise in initial rate of AMG uptake by
dog isolated renal tubules is due to an increase in the number of
carriers as evidenced by the rise in Vmax' The 3-month-old had
the highest value for Vmax, but this was offset by a reduction in
the affinity of the system for AMG leading to an initial rate that
was intermediate between the adult and newborn.

Another phenomenon evident in uptake studies using imma- .
ture renal tissue is decreased solute effiux rates compared to
adult tissue. This can be surmised from Figure 1 where compa
rable steady-state DRs are achieved by both adult and newborn
tubules in spite of a much lower influx rate with the newborn
tubules. This has been noted previously for glycine uptake by
renal tubules from newborn puppies (17). A slow effiux rate has
also been shown forglycine (4, 21, 25, 30) proline (4, 16), taurine
(11), and cystine (15) in immature rat renal tissue. The slow
efflux rates characteristic of immature renal tubule cells have
usually increased to the high values observed in the adult. Our
observations in the dog provide the first instance when an
intermediate stage occurs as in the 3-month-old when the effiux
rate is actually higher than the adult. The explanation for this
remains to be determined.
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Summary

We report the evaluation of in vitro immunoregulation in a 12
year-old untreated boy with severe combined immunodeficiency
(SCID). Severely hypogammaglobulinemic, the patient was in
capable of a specific antibody response to either natural sub
stances or administered antigens. Ficoll-Hypaque-isolated pe
ripheral blood mononuclear cells (MNL) from the patient failed
to respond to pokeweed mitogen (PWM) with the normal incre
ment in immunoglobulin-secretingcells, as measured by a reverse
hemolytic plaque assay. Since the patient was lymphopenic, his
MNL were relatively enriched for monocytes (range =51-81 %).
Removal of phagocytic cells or the addition of unrelated irradi
ated helper T lymphocytes resulted in enhanced, but still sub
optimal response to PWM, suggesting some intrinsic defect in B
lymphocyte function. Co-culture of patient MNL with normal
MNL resulted in marked suppression (12% of predicted) of
PWM-induced Ig-secreting cells. Suppressor activity was unaf
fected by prior irradiation of patient MNL, but was substantially
reversed (99% of predicted) by removal of his phagocytic cells,
whereas the combination of the two procedures further reversed
suppression (184% "of predicted). The patient's MNL consis
tently demonstrated subnormal percentages of D+ and T4+
cells and subnormal to low normal percentages of T8+ cells.
These data suggest both an intrinsic defect in B lymphocyte
function, and a relative excess of monocytes which could further
inhibit Ig secretion byB lymphocytes. Natural killer (NK) cell
function was characterized by normal target cell binding by NK
cells but severely depressed NK cell cytotoxicity.

Abbreviations

SCID, severe combined immunodeficiency
MNL, mononuclear cells

PWM, pokeweed mitogen
NK, natural killer
HBSS, Hanks' balanced salt solution
Ig-SC, immunoglobin-secreting cells
HEPES, 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid
EBV, Epstein-Barr virus
PHA, phytohemagglutinin
Con A, concanavalin A
SK-SD, streptokinase-streptodornase
WBC, white blood cells

SCID encompasses a heterogeneous group of congenital dis
orders which manifest varying degrees of dysfunction of both B
and T lymphocytes (28). Although the majority of patients lack
adequate numbers and function of both T and B lymphocytes, a
minority of patients has been identified with normal circulating
numbers of these cell populations (6, 10, 21, 22). The basis for
this paradox is believed to be the abnormal differentiation of B
and T cell precursors (22). Inadequate numbers of helper T cells
have been implicated in a fewpatients (4, 24) and several authors
have also suggested a role for excessive numbers of suppressor T
cells, which has been documented in at least one case (21).
Certainly other forms of immunodeficiency, including subgroups
of patients with common variable hypogammaglobulinemia
selective IgA deficiency, and X-linked agammaglobulinemia;
have been described with increased numbers or function of
suppressor T lymphocytes (I, 25, 27). An intrinsic B cell abnor
mality in scm has also been observed (7).

We have had the opportunity of serially evaluating immune
functions in a 12-year-old white male with SCID, who has been
maintained since birth in a gnotobiotic environment. This pa
tient has been the subject of multiple investigations regarding
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