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ABSTRACT. Inasmuch as taurine biosynthesis is de- 
creased during early postnatal life, an efficient mechanism 
for taurine uptake by the liver must be present to maintain 
intracellular stores of this &amino acid. Therefore, baso- 
lateral liver plasma vesicles prepared from 14-day and 
adult rats were used to examine taurine transport during 
development. For both age groups, the presence of an 
inwardly directed Na+ gradient stimulated the initial rate 
of taurine uptake and caused a transient accumulation of 
taurine above equilibrium. For all time points before equi- 
librium, taurine uptake was significantly greater with mem- 
brane vesicles from 14-day compared to adult rat livers. In 
contrast, no age-related differences in Na+-independent 
uptake as measured with a K+ gradient were detected. 
With equal intravesicular and extravesicular Na+ concen- 
trations, taurine uptake remained significantly greater in 
the younger age group. For both age groups, Na+-depend- 
ent taurine uptake was saturable but the apparent Km and 
Vmax for Na+-dependent taurine uptake were significantly 
greater in membrane vesicles from 14-day compared to 
adult rats. These findings suggest that an increased number 
of functional carriers for taurine are present in developing 
compared to adult basolateral plasma membrane perhaps 
reflecting the needs of the immature liver for this essential 
nutrient. (Pediatr Res 23: 172-175,1988) 

Abbreviations 

HEPES, N-2 hydroxyethylpiperazine-N-2-ethanesulfonic 
acid 

LPMV, liver plasma membrane vesicles 
LPM, liver plasma membrane 
CSAD, cysteine sulfinic acid decarboxylase 

Taurine is the major free intracellular amino acid present in 
most tissues (1). Conjugation of bile acids with this @-amino acid 
has been well established and the proportion of taurine conju- 
gates present in bile depends on species, stage of development, 
and substrate availability. Taurine may also participate in os- 
moregulation of cell volume and control of membrane excitabil- 
ity (2, 3). 
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The capacity to synthesize taurine is limited in the young of 
many mammals including the human (4, 5). Therefore, a sub- 
stantial proportion of total body taurine stores in the fetus and 
neonate is derived from exogenous sources (6). The liver plays a 
central role in taurine homeostasis first as a respository for this 
substrate during the verinatal veriod and later as a maior site of 
biosynthesis (6,"7). ~ . ~ a + - d e ~ d n d e n t  cotransport mechgnism for 
taurine has recently been demonstrated on the basolateral plasma 
membrane of rat liver and on the brush border membrane of rat 
jejunum (8, 9). Significantly higher rates of taurine transport 
were observed in brush border membrane vesicles isolated from 
suckling compared with adult rat jejunum (9). These findings 
further emphasize the contribution of diet as a source of taurine 
during development. Herein, we show that uptake of taurine by 
basolateral membrane vesicles from suckling rat liver is enhanced 
compared to rates of transport by membrane vesicles prepared 
from adult rat liver. 

MATERIALS AND METHODS 

Animals. Fourteen day old Sprague-Dawley rats with their 
dams or 200-250 g adult male Sprague-Dawley rats (Harlan 
Laboratories, Indianapolis, IN) were housed at a constant tem- 
perature (22" C) with alternating 12-h light/dark cycles. Adult 
male rats and mothers had free access to standard rat food and 
water. Adult male rats were killed between 0800 and 1000 h by 
exsanguination after being anesthesized with intraperitoneal pen- 
tobarbital. Suckling rats were killed by decapitation between 
0800 and 1000 h. 

Chemicals. ['HI-taurine (29 Ci/mmol) was purchased from 
Amersham (Arlington Heights, IL). Percoll and HEPES were 
obtained from Sigma Chemical Company (St. Louis, MO). All 
other chemicals were of reagent grade or of the highest quality 
commercially available. 

Membrane vesicle preparation. Twenty to 25 g of liver were 
pooled from two to three adult male rats or from 30 to 35 pups 
who were 14 days old. Basolateral liver plasma membrane vesi- 
cles were prepared using a self-generating Percoll gradient 
method described by Blitzer and coworkers (10, 1 1) for the adult 
rat and validated in our laboratory for the neonatal and suckling 
rat. The final membrane product was enriched 25- to 30-fold in 
the basolateral membrane marker, Na+, K+, ATPase. Canalicular 
membrane markers Mg++ ATPase and alkaline phosphatase were 
enriched only 3- to 5-fold and there was no enrichment of 
lysosomal, mitochondrial, or microsomal marker enzymes. The 
basolateral membrane domain represents 97 to 98% of the 
plasma membranes in the final membrane fraction. Transport 
studies were performed using membranes stored at -70" C for 
up to 2 wk; previous studies in our laboratory have shown that 
transport properties of the vesicles are retained during storage 
for this period of time. Protein concentrations were determined 
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according to the method of Lowry et al. (12) with bovine serum 
albumin as the standard. 

Transport studies. Uptake of t3H]-taurine was measured as 
previously described (8). Briefly 20 pl of LPMV suspension (10 
mM HEPES-KOH, pH 7.5, 300 mM sucrose) containing 45-85 
pg of protein were preincubated at 37" C in a water bath. Uptake 
was initiated by addition of 80 pl of incubation buffer containing 
F3H]-taurine and varying concentrations of unlabeled taurine or 
other amino acids to the membrane aliquot (20 pl). The reaction 
mixture was vigorously mixed and timed uptakes at 37" C were 
terminated by addition of 3.5 ml of iced cold stop solution. The 
sample was rapidly filtered through a 0.45-pm Millipore filter. 
The test tube was washed again with 3.5 ml stop solution, and 
the contents were filtered. Finally, the filter was washed twice 
with 3.5 ml stop solution, dissolved in 4 ml of Ready-Solv HP 
(Beekmann Instruments, Fullerton, CA), and counted in a scin- 
tillation counter. For all transport studies, uptakes were corrected 
for a blank in which 3.5 ml of cold stop solution was added to 
the membrane aliquot before radiolabeled substrate. In addition, 
in order to reduce nonspecific binding of [3H]-taurine to the 
filter, the filters were saturated with an excess of taurine (3 ml of 
1 mM taurine solution) prior to initiation of uptake. 

Membrane vesicles were voltage clamped at Em-0 by estab- 
lishing equal intravesicular and extravesicular concentrations of 
potassium (50 mM) in the presence of valinomycin (2.5 pg mg-' 
protein) added as a stock solution (10 mg/ml) in ethanol (final 
concentration 0.1 %). Preloading vesicles with 100 mM NaCl was 
performed by incubating an aliquot of LPM suspension with an 
equal volume of a solution containing 200 mM NaCl and 10 
mM HEPES-KOH, pH 7.5 for 2 h at 25" C. 

Statistical methods. Unless otherwise stated, Figures 1-4 depict 
representative experiments in which uptakes were performed in 
triplicate. Each experiment was repeated at least twice using 
membrane prepared on different days. Student's t test for un- 

time (seconds) 

Fig. 1. Effect of an inwardly directed 100 mM NaCl (open symbols) 
or KC1 (closed symbols) gradient on [3H]-taurine (1 pM) uptake at 37" 
C using membrane vesicles prepared from 14-day or adult rat livers. 
Final reaction mixture and stop solution contain 100 mM NaCl or KC], 
100 mM sucrose, and 10 mM HEPES-KOH, pH 7.5. Symbols represent 
the mean + SEM of triplicate determinations at each time point from a 
typical experiment. For some time points, the error bar is smaller than 
the symbol. N, adult, 8, 14 day. 

Fig. 2. Effect of medium osmolarity on equilibrium (2 h) uptake of 
[3H]-taurine (2 pM) at 37" C. Reaction mixture and stop solutions 
contained 100 mM NaCI, 10 mM HEPES-KOH, pH 7.5, 100 mM 
sucrose, and varying concentrations of cellobiose (0 to 300 mM). Reac- 
tion mixture osmolarity was verified using an osmometer. Symbols 
represent the means r SEM of quadruplicate determinations from a 
typical experiment. Linear regression analysis of the means was per- 
formed. 

paired samples was used to test the significance of differences 
among means. Kinetic data were analyzed using a computer 
program that performed a weighted least squares fit of individual 
data points to a rectangular hyperbola (1 3). Kinetic constants for 
taurine uptake using membrane vesicles from 14-day and adult 
rats were compared with a Z test. 

RESULTS 

Taurine uptake by membrane vesicles prepared from 14-day 
or adult rat liver was examined in the presence of an inwardly 
directed 100 mM NaCl or KC1 gradient (Fig. 1). For both age 
groups, the presence of a NaCl gradient stimulated the initial 
rate of taurine uptake and caused a transient accumulation of 
taurine above equilibrium. However, taurine uptake was signif- 
icantly greater at all time points from 10 to 120 s with membrane 
vesicles prepared from 14-day compared to adult rats (p < 0.05). 
No significant age-related differences in Na+-independent taurine 
uptake as measured with a KC1 gradient were detected (Fig. 1). 
These observations suggest that the Na+-dependent component 
of taurine uptake is increased in membrane vesicles from 14-day 
rat liver. 

Previous studies in our laboratory have shown that there is 
minimal binding of taurine to membrane vesicles prepared from 
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adult rat liver (8). To determine whether nonspecific taurine 
binding to the membrane contributes to the observed age-related 
differences in taurine uptake, the effect of medium osmolarity 
on taurine uptake was assessed using membrane vesicles from 
developing rat liver (Fig. 2). Similar to results previously observed 
using membrane vesicles from adult rats (8), taurine uptake by 
membrane vesicles from developing rat liver decreased with 
increasing medium osmolarity and extrapolation of the derived 
linear regression curve to infinite osmolarity (theoretical intra- 
vesicular volume = 0) showed minimal binding of taurine. 

To exclude the possibility that more rapid dissipation of the 
Na+ gradient in membrane vesicles from adult rat liver causes a 
decrease in taurine transport, uptakes were measured with equal 
intravesicular and extravesicular sodium concentrations (Fig. 3). 
Under these Na' equilibrated conditions, taurine uptake re- 
mained significantly greater using membrane vesicles from 14- 
day compared to adult rat liver. 

The kinetics of sodium: taurine cotransport were examined in 
the presence of a 125 mM NaCl gradient using voltage clamped 
vesicles. Under these conditions, Na+-dependent taurine uptake 
(defined as the difference between taurine uptake measured with 
a NaCl gradient and a 100 mM KC1 gradient), was linear for 9 s 
(8). For both age groups, the initial rate (5 s) of Na+-dependent 
taurine uptake measured as a function of extravesicular taurine 
concentration demonstrated saturable kinetics. The kinetics of 
sodium: taurine cotransport using LPMV from adult rats have 

10 seconds 60 seconds 
Fig. 3. Uptake of [3H]-taurine (1 pM) at 37" C measured with equal 

intravesicular and extravesicular (100 mM) concentrations of sodium 
using membrane vesicles prepared from adult (hatched bars) or 14-day 
(open bars) rat livers. Vesicles were preloaded with 100 mM NaCl. Final 
reaction mixtures and stop solutions contained 100 mM NaCl, 150 mM 
sucrose, and 10 mM HEPES-KOH, pH 7.5. Data represent the means t 
SEM of quadruplicate determinations from four membrane isolates. *, p 
< 0.05 compared to adult; 0, p < 0.001 compared to adult. 
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Fig. 4. Kinetics of Na+-dependent taurine uptake measured under 
voltaged clamped conditions at 37" C. Na+-dependent taurine uptake is 
defined as the difference between uptake with a NaCl compared to a KC1 
gradient. Vesicles were preloaded with 50 mM KCl. Reaction mixture 
contained varying concentrations of [3H]-taurine (25-1000 pM), 125 
mM NaCl, 50 mM KCl, 10 mM HEPES KOH, pH 7.5, 62.5 mM 
sucrose, and 5.0 pg/ml valinomycin or [3H]-taurine (25-1000 pM), 150 
mM KCl, 10 mM HEPES-KOH pH 7.5, 112.5 mM sucrose, and 5.0 pg/ 
ml valinomycin. Stop solutions were identical to reaction mixtures except 
for the absence of taurine and valinomycin. Best fit curve was generated 
using a computer program that performed a weighted least squares fit of 
individual data points to a rectangular hyperbola. Symbols represent the 
means of individual data points at a given concentration from at least 
three membrane isolates. 0, 14-day; 0, adult. 

been previously reported by us and are shown here for compar- 
ison to the kinetics of sodium taurine cotransport from 14-day 
rats (8) (Fig. 4). The maximum velocity of Na+-dependent tau- 
rine uptake was significantly greater using membrane vesicles 
from 1 4-day compared to adult rat livers (1.02 versus 0.54 nmol . 
mg-'protein min-'; p < 0.001). The apparent Km was greater 
for developing compared to adult rat liver (0.352 versus 0.174 
mM; p < 0.001). In contrast, Naf-independent taurine uptake 
measured with a 100 mM KC1 gradient was linear for both age 
groups and no age-related differences were detected. 

DISCUSSION 

We have previously demonstrated the presence of a so- 
dium:taurine cotransport system on the basolateral vlasma mem- 
brane of adult rat liver (8). ~ a u r i n e  uptake by membrane 
vesicles was found to be saturable. electrogenic. and stimulated 
bv external chloride inde~endent of the egects bf this anion on 
the transmembrane elect6cal potential gradient (8). The findings 
herein suggest that the mechanism and driving forces for hepatic 
transport of taurine are similar in membrane vesicles prepared 
from 14-day or adult rat livers but uptake is significantly en- 
hanced in the developing animal. 

In LPMV from developing or adult rats, an inwardly directed 
Na+ gradient stimulated the initial rate of taurine uptake com- 
pared with a Kt gradient and provided the energy for accumu- 
lation of the amino acid above its equilibrium concentration 
(overshoot). The shape of the overshoot curve depends on a 
number of parameters including intravesicular size, the rate of 
dissipation of the electrochemical gradient for the driving ion, 
the affinity of the carrier for the ligand, the number of carriers 
available for transport and the mobility of the carrier in the lipid 
microenvironment (14). Any combination of these factors could 
contribute to the increased taurine uptake observed using mem- 
brane vesicles from 1 4-day compared to adult rat liver. Increased 
intravesicular volume will delay the occurrence but will not alter 
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the peak height of the overshoot (14). For both age groups, the 
peak height of the overshoot for taurine occurs between 60 and 
90 s. Equilibrium values for taurine uptake are similar for both 
age groups consistent with previous studies that showed no 
significant age-related differences in intravesicular volumes (1 1). 

Increased membrane permeability to sodium or the presence 
of other solutes using sodium cotransport systems will dissipate 
the sodium gradient and decrease the rates of transport (14). 
Sodium uptake is increased by approximately 25% using mem- 
brane vesicles prepared from adult compared to 14-day rat livers 
suggesting that the sodium gradient is more rapidly dissipated 
with membrane vesicles from adult liver (1 1). However, the 
present study demonstrates that taurine uptake measured with 
equal intravesicular and extravesicular concentrations of sodium 
is significantly greater using liver plasma membrane vesicles from 
14-day compared to adult rats. These observations imply that 
age-related differences in taurine transport are not entirely due 
to more rapid dissipation of the sodium gradient in membrane 
vesicles from adult rat livers. 

Kinetic analyses were performed under voltage-clamped con- 
ditions to minimize effects of electrical potential difference on 
taurine transport (15). The diffusional component of taurine 
transport as measured with a KC1 gradient was similar using 
membrane vesicles from either age group. These findings show 
that differences in Na+-independent taurine uptake are not re- 
sponsible for the observed differences in taurine transport. In- 
creased affinity of the carrier for taurine will increase the peak 
height of the overshoot (14). However, the apparent Km for 
Na+-dependent taurine transport was significantly greater using 
LPMV from 14-day compared to adult rats implying the differ- 
ences in apparent Km are not responsible for increased taurine 
uptake observed using vesicles prepared from the 1 4-day rat liver. 

The maximum velocity of Na'-dependent taurine uptake was 
significantly greater using membrane vesicles from 14-day com- 
pared to adult rat livers. The Vmax depends on the number of 
translocator sites per g protein and the rate coefficient of trans- 
location of the carrier across the membrane (14). The latter is a 
function of several factors including the electrical charge on the 
loaded and unloaded carrier and the composition of the lipid 
microenvironment (14, 15). The results herein do not distinguish 
between these possibilities. However, increased solute transport 
is not a general property of membrane vesicles from developing 
rat liver because we have previously shown that Na'-dependent 
bile acid uptake is decreased in developing compared to adult 
rat livers (1 I). These observations imply that the age-related 
differences in hepatic taurine transport are most likely due to an 
increased number of functional carriers in the 14-day rat. 

The biosynthesis of taurine is decreased in most developing 
mammals due to reduced activity of the rate-limiting enzyme, 
cysteine sulfinic acid decarboxylase (5, 16). Although measure- 
ment of in vitro enzyme activity may not accurately reflect in 
vivo biosynthetic rates, the decreased CSAD activity observed 
during development implies that exogenous sources of taurine 
play an important role in maintenance of tissue stores (6). In the 
rat, taurine is one of the most abundant free amino acids in 
maternal milk with measured concentration ranging from 630 
pM in early lactation to 200 pM in late lactation (17). Several 
studies have not detected a transport system for taurine in 
membrane vesicles from adult intestine (1 8). However, the pres- 
ence of a sodium:taurine cotransport system has been recently 
demonstrated in brush border membrance vesicles prepared from 
suckling rat jejunum (9). These findings support the contention 
that taurine is a conditionally essential nutrient during develop- 
ment. 

The proportions of bile acid conjugates in bile depend on the 
availability of taurine and glycine and the relative affinity of N- 
acetyl transferase for glycine or taurine. For many species, con- 
jugation with taurine appears to be the preferred pathway. Be- 
cause bile acid conjugation may be rate-limiting in the overall 
transport of certain bile acids, taurine availability might be 
critical to maintaining bile flow under certain conditions (19). 

Taurine may also serve as a cytoprotective agent by detoxifying 
potentially cholestatic bile acids such as lithocholate or by acting 
as a scavenger for chlorine oxidants (5,20). During development, 
maintenance of intrahepatic taurine stores could be of particular 
importance inasmuch as bile flow is already diminished and 
exposure to oxidant stress is increased (1 1, 2 1, 22). In addition, 
taurine biosynthesis and the capacity of the kidney to retain 
taurine are decreased in the immature animal (5, 16, 23). Under 
these conditions, an efficient transport system for taurine uptake 
from portal blood might prevent intracellular depletion of this 
p-amino acid. 

In conclusion, the findings herein show hepatic taurine trans- 
port occurs by a sodium cotransport system and suggest that an 
increased number of functional carriers for taurine are present 
in the developing compared to the adult rat liver. Unlike other 
solutes (e.g. bile acids) taurine transport by the liver is well 
developed in early life perhaps reflecting the needs of the devel- 
oping animal for this nutrient (24). 
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