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Summary

Taurinuria is characteristic of the immature rat. The capacity
of the kidney to accumulate the §-amino acid taurine and D-
glucose was examined using isolated brush border membrane
vesicles (BBMYV) prepared from 28-day-old rats. Taurine accu-
mulation was inversely proportional to osmolarity, indicating
uptake rather than binding, and taurine accumulation was Na*-
dependent. BBMY from 28-day rats did not accumuiate D-glucose
to the same degree as in adult BBMYV, and the initial rate of
uptake was slower. Taurine uptake had a similar K,, and V,,,, in
BBMY from immature rats. Despite similarities in the kinetics
of taurine uptake, higher urinary taurine concentrations are found

in younger rats, suggesting that other factors, such as an efflux
block, account for the taurinuria of young animals.

A diet low in methionine and taurine (LTD) given for 7 days
resulted in a lower excretion and fractional excretion of taurine
than in animals fed a normal sulfur amino acid diet (NTD). A
high taurine diet (HTD) causes excessive taurinuria. These pat-
terns of excretion are reflected at the brush border membrane
surface with greater uptake after the LTD and reduced uptake
after the HTD. A kinetic analysis of adult and 28-day-old animal
BBMY reveals that the V..., of accumulation is altered by diet,
whereas the K., remains unchanged. The V,,, is higher in BBMYV
from LTD animals and lower in BBMYV from HTD animals. The
kinetics of uptake are similar in adult and 28-day-old rat vesicles
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on a given diet. Thus, in addition to ontogenic changes in taurine
excretion, there is an adaptive response to dietary alteration
present at the brush border surface.

Abbreviations

LTD, low sulfur-amino acid diet

INTD, normal sulfur-amino acid diet

HTD, taurine-supplemented diet

Hepes, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
BBMYV, brush border membrane vesicles

The renal tubule epithelium is involved in the process of the
reabsorption and conservation of nutrients that appear in the
glomerular filtrate. Both ions and organic solutes are retained,
and this retention is accentuated under states of reduced dietary
intake. Sodium, potassium, and phosphate are conserved when
the diet is depleted of these ions (15, 36, 37), and the term renal
adaptation is used to indicate this enhanced accumulation. More
recently, our laboratory (14, 17, 19) and Rozen et al. (31, 32)
have shown that the 8-amino acid taurine is conserved by the
renal epithelium after ingestion of various diets that are deficient
in the sulfur-containing amino acids: methionine, cysteine, and
taurine.

Taurine is a sulfur-containing S-amino acid which is found in
the muscle, brain, and myocardium of mammals but whose
biological role is uncertain (22, 39). Taurine is clearly important
in the conjugation of bile acids to form water-soluble bile salts,
and it may serve to lower the excitability of membranes in the
central nervous system, spinal cord, myocardium, and retina.
Hence, it may be mandatory that this nutrient be conserved in
times of deficient dietary intake.

We have previously shown that full-grown rats fed a sulfur-
amino acid-deficient diet have a reduction in the urinary excre-
tion of taurine paralleled by enhanced accumulation of taurine
by isolated tubules and brush border membrane vesicles prepared
from the renal cortex (14, 17, 19). A diet containing normal
amounts of methionine and excess taurine (3%) will result in the
hyperexcretion of taurine and in reduced accumulation of taurine
by tubules and vesicles. This adaptive response appears to be
related to a change in the V., of transport with no alteration in
the K, or affinity of the transport site for taurine. Accordingly,
these changes indicate that this renal response serves to conserve
taurine during periods of deprivation and to dispose of this amino
acid during periods of dietary excess.

We have used the isolated brush border membrane vesicle
technique to examine the ontogeny of this renal adaptive re-
sponse to changes in amino acid composition of the diet. In this
paper, we report that the capacity of the renal epithelium to
adapt to alterations in the dietary intake of sulfur-containing
amino acids is present within 1 week of weaning.

MATERIALS AND METHODS

Animals. Sprague-Dawley rats (King Laboratories, Fitchburg,
WI) were used in all studies. Rats were fed one of three diets:
LTD, NTD, HTD, prepared as described previously (17, 19).
Briefly, all diets contained 20% soy protein. In addition, the
LTD contained 0.2% (w/w) methionine, 0.3% cysteine, and no
taurine; the NTD contained 0.7% methionine and 0.7% cysteine;
and the HTD contained 3% crystalline taurine, 0.7% methio-
nine, and 0.7% cysteine. Adult rats were fed one of the three
diets for 14 days prior to sacrifice. Previous studies have shown
that this time period is sufficient to permit a renal adaptive
response to each diet (19), although the adaptive response is seen
after only 6 days on the diet (13, 14). Rats of age 28 days
(immature) were also used. These rats were fed one of the three
diets from weaning at age 21 days until day 28 or for 7 days. A
few 28-day-old rats had been fed either the low sulfur-amino
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acid or the normal diets for 3 days (days 25-28) to further assess
the response of the immature kidney to dietary change. Urine
and plasma collections were always performed on days 58-60 of
life for adult rats and on day 28 for immature rats.

On the morning of sacrifice, animals were placed in metabolic
cages with access to water only. Animals remained in cages for
3 to 6 h, after which a timed urine sample was collected and its
volume determined; the urine specimens were then rapidly fro-
zen. Blood was removed from the bifurcation of the iliac arteries,
placed on ice in heparinized tubes, and centrifuged at 10,000
rpm. Hemolyzed plasma samples were rejected. Plasma taurine
concentrations were determined only in plasma samples with a
distinct buffy coat, since both leukocytes and platelets contain
taurine in high concentrations (9).

Urine and plasma taurine and creatinine were measured by
previously described methods (9, 11). The fractional excretion of
taurine and the endogenous creatinine clearance was calculated
from these values.

No attempt was made to pair-feed animals, but the animals
ingesting the LTD, which contained reduced methionine and
cysteine, consistently ingested more chow than all other groups.

Membrane vesicle preparation. Renal cortex brush border
membrane vesicles were isolated by a series of differential cen-
trifugations using a modification of the method of Booth and
Kenny (4). Rats were placed under anhydrous ether anesthesia
and exsanguinated; their kidneys were removed, decapsulated,
and placed in cold (4°C) saline. Renal cortex tissue was cut away.
Samples of between 1.5 and 6 g wet weight were homogenized
in 20 volumes of 0.5 M D-mannitol, 2 mM Tris-HCI (pH 7.4),
and 10 mM Hepes (THM) for 5 min with a Sorvall Omnimixer
(setting 10) in an ice bath. Calcium chloride (final concentration,
10 mM) was added to aggregate the intracellular and basolateral
membranes and stirred on ice for 15 min. The details of mem-
brane vesicle preparation are given elsewhere (13, 14). Membrane
vesicles were used for uptake studies on the day of preparation.

Enzyme and protein determinations. Membrane purity was
routinely assessed from the enrichment of y-glutamyltransferase
and 5’-nucleotidase, markers for brush border membranes (16,
20). Other enzymes examined were oubain-inhibitable Na*K-
ATPase (28) as a marker of basolateral membranes, malate
dehydroganase (26) as a marker of microsomal membranes,
succinyl cytochrome ¢ reductase (35) as a mitochondrial marker,
acid (pH 4.8) phosphatase (23) and N-acetyl-g-p-glucosamini-
dase (24) to indicate lysosomes, and DNA (6) as an indicator of
nuclei. Protein was determined by the method of Lowry et al.
(25) after precipitation in 6% trichloroacetic acid.

Amino acid uptake studies. Uptake of radioactive taurine H)
and glucose (*C) was assayed by a Millipore filtration technique
(7). In general, 200 ug of membrane suspension was preincubated
at 25°C for 30 to 45 min. Incubation was initiated by the addition
of medium containing known amounts of cold and radiolabeled
taurine; usually, 0.5 uCi was added. All incubation media con-
tained 300 mM mannitol, 1 mM MgSO,, 10 mM Hepes/Tris
(pH 7.4), and the other salts noted. After the desired time interval,
a 50-ul aliquot was placed on a prewetted 0.45-u Millipore filter
(HAWP). The filtered sample was washed twice with 3.0 ml of
iced wash solution; this entire process took 12 sec. The iced “stop
solution” contained 300 mM mannitol, I mM MgSO, and
Hepes/Tris (pH 7.4). Filters were dried overnight in scintillation
flasks and then dissolved in Aquasol and counted for radioactiv-
ity in a liquid scintillation counter. The values for the nonspecific
retention of radioactivity were subtracted from values obtained
after incubation with membranes. The number of cpm obtained
using [*H]taurine seldom exceeded 20 cpm and, since more than
10° were retained on the filter in most cases, this nonspecific
retention was about 2% of the specific amount found.

All incubations were performed in triplicate. Uptake values
are expressed as picomoles/mg protein/unit of time. The data at
most points represent the mean of at least 12 determinations.

Effect of freezing. Since kidney cortex from adult animals can
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be frozen prior to membrane preparation without great losses in
transport capacity or enzyme characteristics (21), the effect of
freezing kidney cortex from 28-day-old rats in the THM-300
solution prior to preparation of the BBMV was examined. An
enhancement of y-glutamyltransferase and 5'-nucleotidase activ-
ity of 4.8-fold and 4.2-fold, respectively, realtive to the starting
homogenate was found in membranes from prefrozen cortex.
Membranes prepared from fresh kidney cortex and then incu-
bated in the presence of 10 uM taurine and 100 mM NaCl show
a typical overshoot indicative of taurine accumulation. Uptake
by membranes prepared from prefrozen kidney was less than
10% of the uptake found using fresh tissue at 3 and 6 min (Fig.
1). Since uptake is so poor in prefrozen cortex, all studies were
performed using fresh kidney to prepare BBMV.

Analytical. The concentration of taurine was determined on
protein-free filtrates of plasma or urine using a Beckmann Model
120 amino acid analyzer, as decribed previously (11).

Data comparisons were made with Student’s ¢ test, linear
regression analysis, and analysis of variance using a desk-top
computer with established programs (Texas Instruments Users
Guide). Analysis of kinetics for transport functions was per-
formed using the WISAR (Madison, WI) modification of the
method of Neal (27). Serum and urine creatinine were measured
as described (19).

Materials. [*H]Taurine (specific activity, 23.1 Ci/mmol and
[*“Clglucose (specific activity, 329 Ci/mol) were purchased from
New England Nuclear (Boston, MA). Radiochemical purity was
confirmed by one-dimensional thin layer chromatography. All
chemicals used to prepare media were reagent grade.

RESULTS

Membrane purity. Analysis of brush border membrane prep-
arations from 28-day-old rats showed y-glutamyltransferase and
5’-nucleotidase (markers of the brush border surface) were 10.1-
fold and 5.7-fold enriched relative to the starting homogenate.
Preparations from adult animals were 8.2-fold and 5.9-fold en-
riched, respectively. The relative specific activity of other cell
membrane markers is shown in Table 1. No enrichment relative
to the starting homogenate was found for these marker enzymes.

Effect of osmolality. At equilibrium (45 min), the accumulation
of taurine in membranes from 28-day-old animals was inversely
related to the osmolarity of the medium when sucrose was used
to increase the osmolarity (fig. 2). Similar results were obtained
using 60 uM D-glucose (data not shown) and in membranes from
adult animals (13, 14). These results indicate that the accumu-
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Fig. 1. Taurine accumulation over time. @, fresh kidney cortex; A,

frozen tissue. Each point is the mean + SE of four determinations
performed in triplicate.
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Table 1. Marker enzyme activities in 28-day-old rat renal
BBMYV preparation

Specific activity of
brush border/specific Recovery in

activity for homoge- brush border
nate fractions (%)
v-Glutamyltranspeptidase 10.08 £ 0.52% (n=17) 47.1
S’-Nucleotidase 571 £030(n=17) 26.6
Mg**-dependent Na* K-ATPase, 0.73+0.05(n=7) 3.4
ouabain-sensitive
Malate dehydrogenase 0.03+£001(n="17) 0.1
Succinyl cytochrome ¢ reductase  0.14 £ 0.02 (n=7) 0.6
Acid phosphatase, pH 4.8 <0.03(n="17) 0.1
DNA <0.03(n=7) 0.1
* Mean =+ SE.
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Fig. 2. The uptake of radiolabeled taurine at equilibrium from media
of differing osmolarities in BBMV from 28-day-old rats. Sucrose was
used to raise the medium osmolarity, and the final values ranged from
300 to 1,200 mosm/liter. Each point is the mean + SE of four determi-
nations performed in triplicate.

lation of these solutes represents intravesicular transport rather
than binding to the outer surface of the membranes. As indicated
in the figure, extrapolation to infinite osmolarity suggests that
binding is slight compared to uptake (<7%).

Uptake in adult and 28-day-old rat membranes. The uptakes
of D-glucose and taurine by BBMV from adult and immature
rat were compared. D-Glucose uptake in the presence of an
external Na* gradient was more than twice as great in BBMV
from adult as compared to immature animals, and the peak of
the overshoot occurred earlier (30 versus 90 sec) in BBMV from
adult animals (Fig. 3). These differences in the amplitude and
the time of peak uptake are highly significant, p < 0.001.

By contrast, the pattern of accumulation of taurine is similar
in adult and immature vesicles (Fig. 4). As noted, the accumu-
lation of 10 gM taurine at 6 min by BBMV in animals on the
NTD is similar in adult (73.8 + 3.1 pmol/mg protein) and
immature animals (77.4 £+ 2.1), and the maximal accumulation
is found at 6 min in both. Also evident is that Na* gradient-
dependent uptake is found in immature BBMV, since an external
Na™ gradient is required in order to obtain the overshoot. No
overshoot 1s found in the absence of an external NaCl gradient.
In addition, sonication of the BBMV blocks accumulation of
taurine.

In these studies, based on four separate experiments at each
age, the uptake of taurine appears to be more rapid in membranes
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from 28-day-old animals, in that accumulation is higher at 1 and
2 min than in adults. However, this pattern is not always evident,
as reflected in the kinetic studies (Fig. 5).

Effect of diet. The influences of dietary change on the plasma
and urine concentrations of taurine are shown in Table 2.
Although plasma taurine concentrations were lower in animals
fed the LTD for 7 days, this difference is not significant. Urine
taurine concentrations and the fractional excretion of taurine
were significantly lower in animals fed the LTD, indicating
conservation of taurine occurs in 28-day-old animals. The HTD
resulted in insignificantly higher plasma concentrations of tau-
rine, while urinary taurine concentrations were elevated 10-fold,
significant at P < 0.001. The fractional excretion of taurine was
more than doubled, indicating that the HTD resulted in excessive
taurinuria.

The effect of dietary change on the renal cortex taurine content
is shown in Table 3. The lowest tissue taurine content is found
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in 28-day and adult animals fed the LTD for 7 and 14 days,
respectively. The highest kidney taurine concentration is found
in animals fed the HTD. No differences between the taurine
concentration in the cortex of animals of different age, but
ingesting the same diet, is evident. A variable pattern of differ-
ences in taurine content between the various diets is found.
Tissues from 28-day LTD rats have a significantly lower taurine
value (P < 0.05) than those fed the NTD or the HTD, but no
significant differences exist between the NTD- and HTD-fed
tissue taurine concentrations. In adult animals, the only signifi-
cant difference is between the cortex content of LTD- and HTD-
fed animals.

When 25-day-old animals were placed on the LTD diet for
only 3 days, these adaptive changes were again evident. Plasma
and urine taurine concentrations were significantly reduced, as
was the fractional excretion of taurine. When the values for
taurine in plasma and urine and its fractional excretion were
compared for each diet after 7 days on the diets (Table 2) versus
3 days on the diets (Table 4), no significant differences were
observed. Indeed, the plasma value for taurine after 3 days on
the LTD is significantly lower than in animals fed the NTD, a
finding not made after 7 days on the diets. These data suggest
that 3 days of the LTD is sufficient to observe the adaptive
response. Tissue taurine concentrations in the cortex were not
changed by these dietary manipulations (Table 4), probably since
the length of time on the diets was short.

The accumulation of taurine by BBMV prepared from animals
fed the three diets for 7 days is shown in Figure 5. This figure
compares the accumulation of taurine at both 10 and 50 uM
over the time course of uptake. As noted, the uptake of taurine
was more rapid in BBMV from animals fed the LTD than in
animals fed the NTD; however, the value of uptake at 6 min was
comparable. Uptake of taurine in BBMV from HTD-fed animals
was lower at several time periods. These differences disappeared
after 8 min and at equilibrium. These data suggest that the
adaptation is expressed in the BBMV of 28-day-old animals.

The kinetics of taurine accumulation, over the range 10-250
uM, by BBMV from immature and mature rats on each of the
three diets is shown in Figure 6. At 60 sec, a time when uptake
is linear so that initial rate kinetics can be estimated, the accu-
mulation of taurine is greatest in membranes prepared from
LTD-fed animals, regardless of age. This increase in uptake is
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Fig. 4. Taurine uptake by BBMV from adult and 28-day-old animals. Uptake of taurine by BBMV from 28-day animals was examined in the
presence of an external 100 mM NaCl gradient (O), in the presence of 100 mM NaCl within and external to the BBMYV, i.e. no gradient (@), and
after sonication of the BBMV (A). Each point is the mean + SE of four determinations performed in triplicate.
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Fig. 5. Uptake of taurine over time at 10 and 50 uM taurine. Each point is the mean * SE of four determinations performed in triplicate. Values
obtained in animals fed the LTD are significantly higher (p < 0.01) at 1, 2, and 3 min at both concentrations. Values obtained in animals fed the
HTD are significantly lower (p < 0.01) at 1, 2, 3, and 6 min at both concentrations.

Table 2. Plasma and urine concentrations of taurine in 28-day-old rats on the various diets*

LTD NTD HTD
Immature (28 days)
Plasma umol/liter plasma H,O 136.98 + 12.78¢ 247.8 £ 70.9 391.41 + 46.84¢
n=10 n=10 n=10
Urine gmol/mg creatinine 2.416 = 0.756° 27.04 £ 7.42¢ 271.68 + 32.06¢
n=10 n=10 n=10
Fractional excretion of taurine 0.0138 £ 0.0033¢ 0.3257 + 0.0574¢ 0.7452 % 0.0829°
n=10 n=10 n=10
Adult (58-60 days)
Plasma umol/liter plasma H,O 182 + 20° 321 £ 29 1195 £ 87¢
n=24 n=23 n=13
Urine pmol/mg creatinine 0.56 £ 0.19°¢ 6.36 £ 1.08 184.1 £ 30.8¢
n=25 n=12 n=13
Fractional excretion of taurine 0.0179 + 0.0005¢ 0.0976 + 0.0016 0.6255 # 0.0802¢
n=25 n=12 n=13

* P values are keyed as follows: “ not different from NTD; * different from NTD, P < 0.01; < different from NTD, P < 0.001; ¢ different from

adult values, P < 0.01. Data are expressed as mean + SE.
+ These data are from Ref. 14.

Table 3. Taurine concentration in renal cortex of 28-day-old

Table 4. Plasma and urine taurine concentrations after 3 days

and adult rats* on dier*
28-Day Adult P LTD NTD P .
Low taurine diet (A) 4.24 + 0.68 4.60+0.6 NS Plasma umol/liter 124.41 = 2.65 208.1 +20.4 <0.01
n=10 n=13 plasma H,O
Normal taurine diet (B) 8.56 + 0.88 8.76 + 1.6 NS n=3 n=73
n=717 n==6 Urine umol/mg creati- 3.86 +0.79 276 7.5 <0.01
High taurine diet (C) 1272 +296 1896+ 536 NS nine
n=10 n=12 n=73 n=73
* Values are expressed in umol/g cortex (wet weight), given as mean Frta:tqurrlxeal excretion of  0.0342 £ 0.0083 0.1853 +0.0490 <0.05
+ SE. NS, not significant. Statistics: 28-day: A vs. B, P< 0.05; A vs. C, Ul
P < 0.05; B vs. C, NS. Adult: A vs. B, NS; A vs. C, P< 0.05; B vs. C,  1issue umol/g cortex 8.00+0.94 5.56+042 <005
(wet weight)
NS n=3 n=3

due to a change in V,,,, rather than an alteration in K. The
reduction in uptake by vesicles from HTD animals is also related
to a change in V.., (Table 5). Using an analysis of variance, no
difference in the K,, of uptake was found, regardless of age or
diet, but the V.« was higher in LTD vesicles and lower in HTD
vesicles than in NTD vesicles (P < 0.01). The slope of the
Lineweaver-Burk plots do not differ between ages, but are differ-

* Results are expressed as mean + SE.

ent by analysis of variance on each diet: LTD: 28-day, 0.0023,
adult, 0.0033; NTD: 28-day, 0.0063, adult, 0.0072; HTD: 28-
day, 0.0083, adult, 0.0081. The slopes of values on each diet
differ from each other at P < 0.01.

The kinetics at the high K,, uptake site over the range 0.5 to
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5.0 mM are shown in Figure 7. The differences at this site are
not as marked, although the highest uptake is found in BBMV
from LTD animals and the lowest in BBMV from HTD. The
K., of uptake at this site is approximately 6.6 mM. The accu-
mulation at 5.0 mM is as follows: LTD, 1660.8 + 106 pmol/mg
protein/60 sec; NTD, 1464.6 + 96 pmol/mg protein/60 sec;
HTD, 1262 + 86 pmol/mg protein/60 sec. These differences are
not statistically different.

The effects of these three diets on D-glucose accumulation are
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Fig. 6. Lineweaver-Burk analysis of uptake data into BBMV in ani-
mals fed each diet. The concentrations examined vary from 10 to 250
uM. Uptake was examined over 60 sec. Each point is the mean of four
determinations performed in triplicate. @, adult; A, 27-28-day. Ordinate
is 1/v (pmol/mg protein/60 sec); ubscissa is 1/s (taurine concentration
X 1073).

Table 5. Kinetics of accumulation by brush border membrane

vesicles*
LTD NTD HTD

Kt for 28-day 50.6 55.4 55.5
K. for adult 40.8 449 58.5
Vo for 28-day 357§ 142.8 125§
V max for adult 333§ 156.2 114§

* The mean value of four experiments, with each point performed in
triplicate.

 Km = uM/liter.

t Vimax = pmol uptake/mg protein/60 sec.
§ Different from NTD value, P < 0.01.
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Fig. 7. Lineweaver-Burk analysis of uptake data into BBMV in ani-
mals fed each diet. The concentrations examined varied from 0.5 to 5.0
mM. Uptake was examined over 60 sec. Each point is the mean of four
determinations performed in triplicate. ®, LTD; O, NTD; A, HTD.

CHESNEY ET AL.

shown in Figure 8. No significant change in the uptake of this
sugar by BBMYV prepared from animals fed each of the diets was
evident. Although the initial rate of uptake of D-glucose (20 and
40 sec) appears to be greater in BBMV from LTD-fed rats, the
higher values do not achieve statistical significance.

DISCUSSION

The immature mammalian kidney is not fully capable of
reabsorbing amino acids, and a generalized aminoaciduria results
(2, 33). Among the amino acids that are hyperexcreted, taurine
is a prominent substance in both rodents (11) and man (10).
This decreased reclamation of amino acids could occur as the
result of at least two processes, either together or singly: 1) the
delayed development of a transport site for a given amino acid
(2, 3), or 2) a decreased number of uptake sites per nephron (33).
The former process would demonstrate a change in K, or affinity
of the carrier for the substrate (amino acid) with maturation; the
latter process would imply a change in the V., of accumulation.
The mechanism of neonatal taurinuria in slices (12) and tubules
(18) appears to involve a decreased initial rate of uptake with a
reduction in the V,,, of taurine accumulation. A third mecha-
nism, decreased efflux at the basolateral membrane in immature
cortex, also appears to be relevant (2, 3, 10, 12, 18, 33), but the
kinetic characteristics of this diminished rate of exit are not clear.
Finally, changes in “effective intravascular volume” may influ-
ence the transport of organic solutes (21).

We have used the isolated BBMV system to further define the
ontogeny of glucose and amino acid reaccumulation. The studies
reported herein indicate that BBMYV can be prepared from the
cortex of 28-day-old rats. Rats of this age were chosen, since they
can be fed the various diets of interest and since they are no
longer nursing. Our previous studies of ontogeny have examined
neonatal rats (18) as well as 14-day and 28-day animals (11, 12).
Hence, we have a precedent for using 28-day-old rats for studies
of ontogeny.

A 10-fold increase in y-glutamyltransferase was found, with a
reduction in marker enzymes from other subcellular organelies.
Further, these vesicles are osmotically active, indicating accu-
mulation of taurine or glucose rather than binding to the outer
surface of the membrane. As in studies of adult animals, this
uptake is Na*-dependent, as no overshoot is found in the absence
of an external Na* gradient (13, 14, 31, 32). Sonication, as
expected, blocks the uptake of taurine and prevents a typical
overshoot pattern.

Maturational changes were found in glucose accumulation by
BBMYV prepared from 28-day-old rats. At 60 uM D-glucose, the
peak of the overshoot is lower, and the time course of uptake is
shifted to the right. We did not perform concentration-dependent
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Fig. 8. Uptake of D-glucose over time by BBMV from animals on
each diet. Each point is the mean =+ SE of four determinations performed
in triplicate. The medium concentration is 60 uM.
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studies, so we do not know if the kinetics of accumulation are
altered by immaturity. The reduction in the maximal tubular
reabsorption of glucose found in the immature kidney has been
known since the late 1940s (38). Although Tudvad (38) felt that
the maximal reabsorption was reduced even for the low glomer-
ular filtration rate of infants, recent studies have indicated that
the maximal glucose reabsorption per milliliter of glomerular
filtrate is equal to adult levels during infancy in man (5), in dog
(1), and in sheep, even during the fetal period (29). Preliminary
studies in BBMV in newborn rabbit (8) and guinea pig (34)
indicate that the V.. of uptake of D-glucose is lower than in
adults. However, neonatal rat and guinea pig appear to have a
unique high affinity, low capacity, Na*-dependent uptake system
not found in adult vesicles (34) or isolated tubules (30). This
second glucose transport site may serve to conserve glucose and
thus prevent the loss of nutrients during a rapid growth phase.
Certainly, glucosuria is not a feature of immaturity (1, 29).
However, the reduction in glucose accumulation found in this
study in rats is consistent with the above enumerated findings in
other mammals.

Taurine excretion is greater in 28-day-old animals (27 pgmol/
mg creatinine) in comparison to the values in 58-60-day-old
animals of 6.36 = 1.08 umol/mg creatinine (14). As well, the
fractional excretion of taurine is greater in immature animals:
35.5 versus 9.8% in adults.

We have used the adaptive response of kidney cortex to
alteration in sulfur-amino acid dietary conumption as a further
probe of the maturation process in rat kidney. The young rats
were fed each diet for 7 days, in contrast to 14 days of diet in
the adult rats. Yet, this time difference is probably unimportant
for several reasons. First, the adaptive response was noted in
adult rats after 6 days on each diet (13, 14). Second, the young
rats were still nursing until age 21 days and, prior to that time,
it is unclear if the nursing mother will exhibit a different pattern
or profile of sulfur-amino acids in her milk. Third, it is probable
that the adaptive response to diet will be expressed after only 3
days on each diet (Table 4). Finally, the differences found in
tissue taurine content in animals on each diet are comparable in
adult animals fed the diet for 14 days and in 28-day-old rats fed
for 7 days. The 28-day-old rat has decreased excretion of taurine
with the LTD and enhanced excretion of the HTD.

The findings of significant changes in plasma concentrations
of taurine between animals fed the LTD for 3 days and those fed
the NTD for the same amount of time is consistent with differ-
ences in plasma taurine values found by us in adult animals (13,
14, 19) and by Rozen et al. (32) in mice. The changes in plasma
concentration in 28-day-old animals fed each diet for 7 days
were not significantly different, possibly since the SD for plasma
level in the NTD group was quite high. Nonetheless, those 28-
day-old rats fed the LTD had the lowest plasma values (mean,
134 pmol/liter plasma H,O) and those fed the HTD had the
highest (391 umol/liter plasma H,0). After excluding those
plasma values that are beyond 2 SD from the mean, the new
mean + SE value for taurine in plasma from NTD-fed, 28-day-
old rats is 329 *+ 26 umol/liter plasma H,O. This new value is
significantly higher than the value in animals fed the LTD (P <
0.005) but not different from the values in HTD-fed rats.

These differences are reflected at the brush border surface early
in the time course of uptake. Hence, this renal adaptive response
1s found in immature rat kidney and is expressed at the luminal
surface. However, these diets do slightly alter glucose accumula-
tion by BBMV, in that the LTD resulted in increased initial
uptake of D-glucose at 20 and 40 sec. A similar observation was
made by Rozen ef al. (32), suggesting that the adaptive response
may extend beyond taurine in these experiments. Nonetheless,
the magnitude of change is greatest for taurine uptake by BBMV.

The kinetics of initial taurine uptake by BBMV at the low K.,
site from animals on each of the three diets indicate that an
alteration in the V... of uptake, but not in the K,,, can account
for the changes in accumulation regardless of the age of the
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animal, that is, 28-day versus adult. Over the range 0.5 to 5.0
mM, the uptake is highest in vesicles prepared from animals on
the LTD, but the differences are much smaller than those found
at the lower concentration range.

Although changes in accumulation related to diet are abvious,
no age-related differences in either K, or V... are observed in
28-day versus adult rat BBMV. Therefore, the differences in
urinary taurine excretion found in vitro (Table 2) between 28-
day and 58-60-day-old animals cannot be explained by changes
in the initial rate of uptake by BBMV. Indeed, in some time
course experiments, the initial (1- and 2-min) uptake was more
brisk in tubules from the young animals. The differences we
observed in our previous studies (12, 18) would indicate that the
efflux of taurine out of the slice or isolated tubule is impatred in
immature animals. Since efflux is presumably occurring at the
basolateral membrane surface, studies of transport differences in
isolated basolateral membrane would appear to be important.
Nevertheless, when the 28-day animal is placed on a diet devoid
of or enriched by sulfur-amino acids, changes in brush border
surface uptake reflect the changes in urinary excretion pattern.
Hence, the changes in the adaptive response, occurring at the
brush border membrane, are actually separate from the devel-
opmental changes that occur under normal physiologic condi-
tions and on a usual diet at the basolateral surface.

In conclusion, BBMV can be prepared from 28-day-old rat
kidney cortex which accumulates both D-glucose and taurine in
Na*-dependent fashion. The uptake of D-glucose is lower in
membranes from 28-day-old animals than in those from adults.
The accumulation of taurine has a similar pattern, and the V.«
of uptake is similar. Thus, the taurinuria found in young animals
i1s not expressed at the brush border surface, but more likely
represents an efflux block, as we have previously shown in slices
(12) or tubules (18). Immature rats adapt to changes in dietary
sulfur-amino acid intake which may serve to conserve amino
acids in periods of undernutrition and excrete excess amino acids
during periods of dietary excess, and this adaptive response is
expressed at the brush border surface by a separate process.
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Effects of Nitroprusside on Cardiac Function,
Blood Flow Distribution, and Oxygen
Consumption in the Conscious Young Lamb
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Summary

Resting cardiac output is high relative to body weight during
the neonatal period and there is a limited reserve for further
increasing cardiac output. We assessed the effect on the circula-
tion of reducing peripheral vascular resistance by infusing high
doses of sodium nitroprusside in 1- and 3-week-old lambs. In a
dose of 5 ug-kg™'-min~" over 1 h, nitroprusside caused a decrease
in aortic and left atrial pressure, an increase in heart rate, and
no significant changes in cardiac output or oxygen consumption.
Infusing 10 pg-kg™ -min~" for 2 h resulted in an initial marked
decrease in aortic pressure, cardiac output, and also heart rate.
Within 50 min aortic pressure gradually increased, but was still
well below control levels, while cardiac output returned to control
level and heart rate slowly increased. Distribution of cardiac
output and organ blood flows was measured by the radionuclide
microsphere method. Blood flows to the kidneys and to the skin

fell markedly, but flows to other organs did not change signifi-
cantly.

Sodium nitroprusside has been shown to be beneficial in the
medical management of patients with acute or chronic heart
faiture (1, 8, 10, 20, 21, 24). Positive effects were attributed to a
reduction in systemic vascular impedance or left ventricular
afterload caused by arteriolar vasodilatation and to a reduction
in preload secondary to venodilatation (29). Reduction in pre-
load, however, can also result from the additional effects of
nitroprusside on myocardial relaxation (6), left ventricular dia-
stolic properties (7), and alterations in pulmonary venous com-
pliance (32). The precise mechanisms by which nitroprusside
alters the hemodynamics in physiological and pathological situ-
ations are still not completely understood; yet nitroprusside is
widely used clinically. Experience with nitroprusside in the pe-
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