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ABSTRACT. Taurine is an organic osmolyte in brain cells. 
We studied whether cerebral taurine transport is enhanced 
as part of the cell volume regulatory adaptation to hyper- 
natremia. Hypernatremic dehydration was induced for 48 
h. Synaptosomes, metabolically active nerve terminal ves- 
icles, were isolated by homogenization of brain and purifi- 
cation on a discontinuous Ficoll gradient. Taurine transport 
was evaluated in vitro using a rapid filtration assay. After 
48 h of hypernatremia, there was a 22.4% increment in 
Na+-specific taurine transport from 2.99 f 0.16 to 3.66 2 
0.13 pmollmg protein130 min (p < 0.001). Dehydration for 
48 h without hypertonic saline loading had no effect on 
taurine uptake. Glycine transport was unaltered by hyper- 
natremia. The adaptation in taurine uptake resulted from 
an enhanced V,,, of the high affinity-low capacity trans- 
port system [265 +: 17, control versus 337 f 19 nmol/min/ 
mg protein, experimental (p  < 0.03)] without a change in 
the Km (260 pM). Under both control and hypernatremic 
conditions, Na+ and C1- were required for maximal total 
Na+-mediated taurine uptake. Oubain (1 mM) decreased 
taurine uptake by 25%, whereas addition of B-alanine or 
hypotaurine (500 pM) to the external media reduced tau- 
rine transport by 4565% in both control and experimental 
conditions ( p  < 0.01). Synaptosomal taurine uptake in 
hypernatremic rats was inhibited by 1 5 2 0 %  (p c 0.01) 
after addition of 4-acetamido-4'-isothiocyanostilbene-2,2'- 
disulfonic acid (0.1 mM) or 4,4'-diisothiocyanostilbene- 
2,2'-disulfonic acid (0.1 mM) to the external medium. We 
conclude that hypernatremic dehydration of moderate se- 
verity and duration results in stimulation of brain taurine 
uptake, mediated by increased activity of the B-amino acid 
carrier. An intact anionic binding site is required for max- 
imal taurine uptake during hypernatremia. (Pediatr Res 
32: 118-124,1992) 
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Regulation of cerebral cell volume in the face of osmolal stress 
is an important biological function in all species (1). In terrestrial 
mammals, the brain is encased in a rigid, bony vault. Therefore, 
this organ poorly tolerates sudden changes in cell size induced 
by changes in serum osmolality (2). Cerebral cells have developed 
the capacity to modulate the intracellular content of osmopro- 
tective molecules in response to hypo- and hyperosmolal states 
and to minimize fluctuations in cell size (3). The important 
classes of compatible, organic osmolytes include inorganic ions, 
amino acids, polyhydric sugar alcohols, and methylamines (4). 

Taurine (2-aminoethane sulfonic acid) is a constituent of the 
amino acid pool of nonperturbing osmoprotective molecules in 
invertebrate and vertebrate species (5, 6). It has been thought 
that the primary means of regulating the cytosolic pool of os- 
molytes during osmolal stress is release or sequestration of these 
molecules in subcellular organelles (2, 7). However, exogenous 
taurine supplements the cerebral cell content of osmolytes and 
confers protection against brain shrinkage in rats with hyperna- 
tremic dehydration (8). This suggests that altered transmembrane 
flux of osmoprotective molecules is part of the coordinated 
cerebral response to osmolal stress. Therefore, we conducted the 
following investigations to test the hypothesis that brain taurine 
uptake is increased during hypernatremic dehydration. The 
methodologic approach involved the use of synaptosomes, which 
are metabolically active nerve terminal vesicles formed by me- 
chanical shearing forces during homogenization of the brain (9, 
10). They can be used for in vitro assessment of changes in 
intrinsic cerebral membrane transport function. 

MATERIALS AND METHODS 

Animals. Male Sprague-Dawley rats (Taconic Farms, German- 
town, NY) weighing 200-350 g were used in these experiments. 
They were kept in an animal facility that was maintained at 25°C 
with a 12-h lightldark cycle. They were fed rodent chow contain- 
ing 22.8% protein (Ralston Purina, St. Louis, MO) and were 
provided water to drink ad libitum before the onset of the 
experiments. 

All experimental protocols were approved by the Animal 
Utilization Review Committee of Long Island Jewish Medical 
Center. 

Hypernatremic dehydration regimen. Hypernatremic dehydra- 
tion was induced for 48 h according to previously described 
methods (1 1). After weighing the rats and obtaining a pretreat- 
ment serum sample for chemical analysis, animals were totallv - .  

Supported by grants from the American Heart Association, New York affiliate deprived of water for 24 h. The rats were weighed the next da; 
(Grant No. 88-0236) and the Long Island Jewish Medical Center Research Award and received intraperitoneal injections of 1 M N ~ C ~  in a dose 
Program. 

I Presented in part at the meeting of the Society for Pediatric Research, Wash- designed raise the serum Naf 180 mmO1/L 
ington, DC, May 1989. over the next 24 h. The dose was calculated according to the 
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following formula: 

Volume of 1 M NaCl (mL) = 0.6 x body weight x (180 - 140) 

Rats were provided food but not water during the period of 
hypernatremia. Animals with dehydration due to water depri- 
vation alone were denied access to drinking water for a total of 
48 h, but did not receive hypertonic saline injections. Control 
rats, which had free access to water and were given sham injec- 
tions, were studied in parallel with experimental animals. In each 
synaptosome preparation procedure, two to four animals evenly 
divided between the control and hypernatremic conditions were 
studied. At the completion of each regimen, animals were killed 
by decapitation. A free-flowing, nonhemolyzed blood sample 
was obtained from the stump for determination of serum Na+ 
concentration. The brains were excised and placed in an ice-cold 
isolation medium containing (in mM) sucrose 320, Tris-HC1 10, 
and K-EDTA 1, pH 7.4, for preparation of synaptosomes. All 
subsequent procedures were performed at 0-4°C. 

Isolation of synaptosomes. Synaptosomes were isolated accord- 
ing to the procedure described by Fraser et al. (12). Brains were 
minced with a scalpel, washed three times to remove blood and 
extraneous tissue fragments, brought up to 15 mL with isolation 
medium, and then homogenized with 15 strokes of a glass 
Dounce homogenizer (Wheaton, Millville, NJ). Cellular debris 
was removed by centrifuging the homogenates at 1 300 X g for 
3 min. The supernatant was respun at 18 000 X g for 10 min to 
obtain the crude synaptosome pellet. The pellet was resuspended 
in 15 mL of isolation medium by homogenization with three 
strokes. This suspension, obtained from one to two animals, was 
layered onto a discontinuous Ficoll gradient composed of 1 1 and 
7.5% layers, each 12.5 mL in volume. The Ficoll was dialyzed 
for 5 h before being used to remove low molecular weight 
fragments. The gradients were spun at 100 000 x g for 70 min, 
and the synaptosomes were isolated from the interface between 
the 7.5 and 1 1 % Ficoll layers. Synaptosomes were aspirated by 
gentle suction with a plastic pipette, brought up to 15 mL with 
isolation medium, and then spun at 17 000 X g for 10 min. 
Purified synaptosomes were then resuspended in a total volume 
of isolation medium designed to yield a protein concentration of 
4-6 mg/mL and then divided into 0.5-1.0 mL aliquots. The 
synaptosomes were stored at -70°C and used within 3 mo of 
preparation. 

Ultrastructural examination. Several drops of the freshly pre- 
pared synaptosomes that had been resuspended in isolation 
medium were placed for 2 h in modified Karnovsky's fixative, 
containing 2.5% glutaraldehyde and 2% paraformaldehyde in a 
0.1 M sodium cacodylate buffer. The specimen was spun at 4000 
rpm for 10 min. The supernatant was discarded and the pellet 
was gradually heated to 60°C. A 2% solution of liquid agar at 
60°C was added and allowed to infiltrate the pellet for 10 min. 
After coolingthe pellet was cut into several pieces measuring 1- 
2 mm on a side and placed in a 0.1 M sodium cacodylate buffer 
overnight. The specimen was postfixed in 1 % osmium tetroxide 
for 1 h, dehydrated in an ethanol series, substituted with propyl- 
ene oxide, and then infiltrated with plastic embedding medium 
(Polybed 812; Polysciences, Inc., Wamngton, PA) and polym- 
erized overnight at 65°C in Beem capsules (Electron Microscopy 
Sciences, Fort Washington, PA). Sections of the specimen were 
cut, stained with uranyl acetate and lead citrate, and examined 
and photographed with a JEM lOOB electron microscope (JEOL, 
Japan). 

Measurements of internal volume. The internal volume of the 
synaptosomes was determined by incubating an aliquot of the 
resuspended vesicles for 10 min in a preequilibration medium 
containing (in mM) KC1 150, MgC12 1, and MOPS 5, pH 7.4, at 
37"C, to which was added 3H-H20 and '4C-inulin. The synapto- 
somes were then spun at 20 000 x g for 10 min through mineral 
oil to facilitate separation of synaptosomes from the medium. 
The difference between the 3H-H20 and I4C-inulin counts in the 

medium after equilibration and centrifugation was used to cal- 
culate the internal volume of the synaptosomes, expressed as pL/ 
mg protein. 

Assays of synaptosome integrity and purity. The integrity of 
the synaptosomes was determined by assaying the lactate dehy- 
drogenase enzyme activity in the medium before and after adding 
Triton X-100, 0.5% vol, to the sample. The rate of NADH 
formation was measured by monitoring the conversion of lactate 
to pyruvate at 340 nm. The purity of the synaptosome prepara- 
tion was evaluated by measuring rotenone-insensitive NADH 
and NADPH cytochrome c reductase activities in 3 mL of a 
reaction mixture containing (in mM) KCN 0.3, NAD(P)H 0.1, 
cytochrome c 0.1, rotenone 1.5, and K2HP04 50, pH 7.4. Syn- 
aptosomal protein, 25 pL, was added to start the reaction, which 
was monitored at 550 nm in a temperature-controlled spectro- 
photometer (Perkin Elmer, Nonvalk, CT) at 25°C. The extinction 
coefficient of cytochrome c was taken to be 21.1 (1 3). 

Transport assay. Taurine uptake was measured using 1 mL of 
synaptosomal protein containing 4-6 mg/mL. Thawed samples 
were incubated in 5 mL of the preequilibration medium for 10 
min at 37°C. The suspension was spun at 20 000 X g for 5 min 
and the pellet was resuspended in 250-300 pL of the preequili- 
bration medium. The pellet was gently aspirated through a 25- 
gauge needle 3 to 5 times to ensure a homogeneous synaptosome 
suspension. Synaptosomes were maintained at 0-4°C until ali- 
quots of the suspension were added to individual assay tubes. 
External media contained (in mM) NaCl or KC1 140, MgCl2 5, 
EGTA 0.2, MOPS 5, and taurine 0.1. Ten pCi of 3H-taurine 
were added to 4 mL of external medium. Glycine uptake was 
assayed using Na+ and K+ external media containing 0.1 mM 
glycine and 10 pCi of 3H-glycine. In the ionic requirement 
studies, external medium contained an equimolar amount of 
choline or gluconate instead of Na+ or C1-, respectively. In the 
inhibitor studies, oubain (1 mM), p-alanine (500 pM), hypotau- 
rine (500 pM), P-amino-isobutyric acid (500 pM), SITS (0.1 and 
5 mM), or DIDS (0.1 and 5 mM) were added individually to 
Na+-containing external media. The studies involving ionic sub- 
stitutions, competing amino acids, and the addition of oubain, 
SITS, or DIDS were performed simultaneously and in parallel 
with samples containing standard Na+-external medium. 

Transport studies were started by adding 7.5-10 pL of the 
synaptosome suspension to 95 pL of external medium. The assay 
tubes were incubated for 5, 10, 20, 30, 60, 90, and 120 min at 
37°C. These time points were selected based upon the work of 
Kontro and Oja (14, 15). Each time point was tested in triplicate. 
Uptake was halted by adding 2 mL of ice-cold stop solution, 150 
mM KCl, and the mixture was vacuum-filtered through pre- 
soaked 0.45-pm pore size cellulose acetate membranes (Milli- 
pore, Bedford, MA). The zero points were determined by adding 
the synaptosomal protein suspension to assay tubes that already 
contained ice-cold stop solution and then filtering the suspension. 

Analysis of the kinetics of synaptosomal taurine uptake was 
performed after 15 min of incubation with external media con- 
taining 1, 2.5, 5, 10, 25, 50, 100, 250, 500, 750, and 1000 pM 
taurine. This time point was midway along the linear portion of 
the synaptosomal uptake curve that extended from 5 to 30 min. 

Analytic methods. Serum Na+ concentrations were determined 
using an ion-selective electrode analyzer (Beckman, Fullerton, 
CA). Synaptosomal protein concentration was measured in each 
transport experiment using the Coommassie blue reagent assay 
(Quantimetrix, Hawthorne, CA). 

Materials. 3H-Taurine, 3H-glycine, 3H-H20, and I4C-inulin 
were purchased from DuPont-New England Nuclear Corp. (Bos- 
ton, MA). All other chemicals and enzyme assay kits were reagent 
grade and were purchased from Sigma Chemical Co. (St. Louis, 
MO) . 

Statistical methods. The uptake at each time point was deter- 
mined as the average of the triplicate determinations in each 
experimental condition. The overall data represent the mean of 
n experiments performed from a number of synaptosome prep- 
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arations, indicated by N. In general, each synaptosome prepara- 
tion yielded suficient protein to conduct eight to ten experi- 
ments. The differences in taurine uptake between the various 
experimental conditions were compared using the paired t test 
with the Bonferroni correction for multiple comparisons (16). 
The kinetic parameters of taurine transport were calculated using 
an Eadie-Hofstee plot (v/[S] versus v) of the data, where v is the 
transport rate and [S] is the external media taurine concentration. 
Differences in the V,,, and Km were determined using linear 
regression analysis and a paired t test. All differences between 
groups were considered statistically significant if the p value was 
less than 0.05. 

RESULTS 

In rats with 48 h of hypernatremia, the general activity level, 
including feeding and grooming, was indistinguishable from that 
displayed by normal animals. This protocol resulted in an ele- 
vation in the serum Na+ concentration to 167 + 2 mmol/L and 
a 13.5 + 1.1 % reduction in body wt. The dehydration regimen 
with water deprivation alone resulted in a 12.1 + 2.4% wt loss. 
The serum Na+ concentration in these rats was 5 mmol/L higher 
than in concurrent control rats (Table 1). 

Synaptosomes isolated from rats with dehydration due to water 
deprivation or 48 h of hypernatremic dehydration had an ultra- 
structural appearance similar to those obtained from control 
animals. They were bound by a bilayered lipid membrane and 
contained neurotransmitter vesicles and mitochondria (Figs. 1 
and 2). The internal volume of all synaptosomes was in the range 
of 4.0-5.5 pL/mg protein and they retained their integrity despite 
storage for up to 3 mo at -70°C. This was based on a consistent 
8- to 10-fold increment in medium lactate dehydrogenase con- 
centration after incubation of the synaptosomes with Triton X- 
100 (0.5% vol/vol) (Table 2). The contamination with free 
mitochondria or endoplasmic reticulum membrane was always 
less than 8%, based upon the difference in the enzyme activities 
of rotenone-insensitive NADH- and NADPH-dependent cyto- 
chrome c reductase (Table 2). 

Taurine and glycine uptake in the presence of external KC1 
medium, which represents nonspecific binding and passive dif- 
fusion of the amino acid into synaptosomes, was 25-30% of total 
transport in the presence of an inwardly directed Na+ gradient. 
Nac-specific taurine and glycine transport values were calculated 
as the difference in uptakes in the presence of external NaCl and 
KCl. In the ionic requirement and inhibitor experiments, only 
the total Na+-mediated taurine uptake after a 30-min incubation 
was measured. Preliminary experiments indicated that during 
this time interval, K+-mediated uptake was similar in all of the 
external media tested. Therefore, changes in the total taurine 
transport reflect alterations in the specific Naf-mediated carrier 
activity. 

Specific Naf-mediated cerebral taurine uptake was signifi- 
cantly higher at all time points beyond 5 min in rats with 
hypernatremic dehydration, compared to control rats (Fig. 3). 
Storage of synaptosomes at -70°C had no effect on taurine 

transport. An assay of uptake in freshly prepared synaptosomes 
from rats with 48 h of hypernatremic dehydration demonstrated 
a 17% increase in Na+-specific taurine transport compared to 
synaptosomes isolated from control animals. The stability of 
synaptosomal taurine uptake in stored vesicles is in accord with 
previous work investigating cerebral ion transport in which fro- 
zen synaptosomes were used (12). 

No significant enhancement of synaptosomal taurine uptake 
was noted in water-deprived rats that did not receive injections 
of 1 M NaCI. After a 30-min incubation, Naf-specific taurine 
uptake was 3.23 + 0.23 in dehydrated rats compared to 3.11 f 
0.23 pmol/mg protein in control animals ( p  > 0.3; N = 3, n = 
16). 

Replacement of external NaCl with equimolar amounts of 
choline chloride or sodium gluconate resulted in a 55-85% 
decrement in total taurine uptake after a 30-min incubation 
period under both control and hypernatremic dehydration con- 
ditions (Table 3). Inhibition of Na-K ATPase activity with oua- 
bain (1 mM) decreased synaptosomal taurine uptake by 25%. 
Addition of 0-alanine or hypotaurine (500 pM) to the external 
medium lowered taurine transport by 45-65% in synaptosomes 
isolated from control and hypernatremic rats. Addition of 0- 
aminoisobutyric acid (500 pM) reduced taurine uptake by 27% 
in synaptosomes isolated from hypernatremic rats, but had no 
inhibitory effect on taurine transport in control synaptosomes 
(Table 3). Addition of SITS or DIDS (0.1 or 5 mM) reduced 
taurine transport by 15-20% ( p  < 0.01) in synaptosomes isolated 
from rats with hypernatremic dehydration, but had no effect on 
taurine uptake in control synaptosomes. 

Na+-specific glycine uptake after a 30-min incubation was 
similar in control and experimental animals (9.79 + 0.40 versus 
9.56 + 0.27 pmol/mg protein, respectively; p > 0.2; N = 3, n = 

9). 
The kinetic characteristics of taurine uptake in synaptosomes 

isolated from control rats and those with 48 h hypernatremic 
dehydration demonstrated that under both control and hyper- 
natremic conditions, the graphs were curvilinear over the taurine 
concentration range tested (1 - 1000 pM) (Fig. 4). This indicated 
the presence of two transport systems. Hypernatremic dehydra- 
tion caused an adaptive increase of 27% in the V,,, value from 
265 f 17 to 337 + 19 nmol/mg protein/min ( p  < 0.03). There 
was no significant change in the affinity of this carrier system 
(Km for taurine, 6 1 k 10 control versus 63 + 9 pM experimental). 
The V,,, and Km of the low affinity-high capacity taurine uptake 
mechanism were not altered during 48 h of hypernatremia 
dehydration (Table 4). 

DISCUSSION 

Our findings indicate that hypernatremia of modest severity 
and duration results in an adaptive increase in cerebral taurine 
uptake. This alteration in transport represents an intrinsic change 
in membrane function that is preserved in a controlled in vitro 
system. The increment in taurine uptake is a response to hyper- 
osmolality per se and not to loss of body weight. The cerebral 

Table 1. General animal data* 

48 h CHD? (N = 11) 48 h dehydration (N = 3) 

Control (n = 23) Experimental (n = 26) Control (n  = 23) Experimental (n = 26) 

Weight (g) 
Initial 260 + 16 259 a 18 300 46 323 + 65 
Final 270 + 16 224 + 161 308 + 44 286 & 62$ 

Serum Na+ (mmol/L) 
Initial 142 t 1 143 & 1 142 rf: 1 141 1 
Final 142 + 2 167 + 2$ 143 k 1 148 a 2$ 

* Results are mean & SEM; N refers to the number of synaptosome preparations, whereas n refers to the number of animals. 
1- CHD, chronic hypernatremic dehydration. 
$ p < 0.0 1 vs experimental, initial and control, final. 
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Fig. I .  Electron micrograph demonstrating an intact synaptosome 
isolated from control normonatremic rats, enveloped by a bilayered lipid 
membrane and containing mitochondria ( ~ 8 0  000). The bar in the lower 
right hand corner indicates a 10-nm scale. 

Fig. 2. Electron micrograph of intact synaptosomes isolated from 
experimental animals with 48 h of hypernatremic dehydration ( ~ 8 0  000). 
The bar in the lower right hand corner indicates a 10-nm scale. Note the 
similar appearance to the synaptosomes prepared from control rats, 
illustrated in Figure 1. 

adaptation appears to involve only osmolytes and does not reflect 
a generalized defect in amino acid transport. The modification 
in taurine transport results from modulation of the @-amino acid 
carrier, based upon the ionic requirements for taurine transport 
and the effect of anionic transport inhibitors and competing 
amino acids (17). The change in taurine uptake reflects up- 
regulation of the number or rate of turnover and not the Km of 

the high-affinity taurine transporter for its substrate. A compa- 
rable change in the kinetics of taurine transport has been reported 
in membrane vesicles isolated from guinea pigs with hypergly- 
cemia (1 8). 

Synaptosomes isolated from rats with hypernatremic dehydra- 
tion and controls did not display any morphologic or functional 
differences (Table 2). These features were virtually identical to 
those reported by Fraser et al. (12). Thus, passive uptake into 
synaptosomes of varying size or transport by contaminating 
organelle membranes cannot account for the differences in tau- 
rine transport between hypernatremic and control animals. 

The configuration of the taurine uptake curve with a slow, 
gradual rise for 30 min followed by a plateau phase between 30 
and 120 min is similar to the pattern observed in brain synap- 
tosomes (14, 15) and in intact cells such as type I1 alveolar 
pneumocytes (19). The different time course of taurine uptake 
in these systems versus renal brush border membrane vesicles, 
in which there is a rapid overshoot followed by a delayed equil- 
ibration (20-22), is probably due to inclusion of mitochondria 
within the synaptosomes (Figs. 1 and 2). This may enable pro- 
longed maintenance of the transmembrane Na' gradient, which 
serves as the driving force for secondary active taurine transport 
by the p-amino acid carrier system. The inhibition of taurine 
transport by oubain indicates that synaptosomal Na+-K+ ATPase 
activity contributes to the maintenance of the Na+ gradient. 

The dependence of taurine uptake on external Na+ and C1- 
was similar in synaptosomes isolated from control and hyper- 
natremic rats. Although the stoichiometric ratio between Na+, 
Cl-, and taurine was not investigated in these studies, previous 
work indicates that it is likely to be 22: 1: 1 (22-24). The inhibi- 
tory effect of SITS and DIDS on synaptosomal taurine uptake 
in hypernatremic rats indicates the importance of an intact 
anionic binding site in mediating taurine uptake. SITS and DIDS 
exert a comparable effect on taurine uptake in renal brush border 
membrane vesicles (22) and taurine efflux from cultured astro- 
cytes (25) and skate erythrocytes (26) during exposure to hypo- 
tonic media. 

Synaptosomal taurine uptake was reduced by competing @- 
amino acids under both experimental conditions. The sensitivity 
of synaptosomal taurine transport to these agents differed from 
renal brush border membrane vesicles (5, 20, 21), human pla- 
cental membrane vesicles (27), isolated rat brain capillaries (28), 
or pulmonary macrophages and type I1 pneumocytes (19). The 
diminished inhibitory capacity of @-aminoisobutyric acid versus 
p-alanine and hypotaurine may occur because @-aminoisobutyric 
acid is sterically too large to compete with taurine for cerebral 
uptake (29). Differences in inhibition of cerebral taurine trans- 
port in synaptosomes isolated from control versus hypernatremic 
rats achieved by @-aminoisobutyric acid, SITS, and DIDS may 
be due to changes in the @-amino acid carrier in response to 
hypernatremia or hyperchloremia. 

The adaptive increase in cerebral taurine uptake during hyper- 
natremic dehydration may be a consequence, in part, of changes 
in the electrogenic component of taurine uptake due to an altered 
transmembrane potential induced by hypernatremia. However, 

Table 2. Characteristics of synaptosomesfrom normal and experimental rat brain* 

NADH NADPH 

LDH (U/min/mg protein) (cytochrome with 
reductase) % Mitochondria1 Internal volume 

(-) Triton (+) Triton (nmol/min/mg protein) contamination (fiL/mg protein) 
Control (N = 11) 814k65 7513k728t 3.8k0.9 0.4k0.1 8.1 + 3.6 4.8 + 0.2 
48-h CHDS (N = 1 I )  833 +- 162 7628 + 863t 3.0 + 0.3 0.5 + 0.1 6.0 + 1.3 4.6 k 0.2 
Dehydration (N = 3) 756 k 93 6536 +- 957t 3.3 k 0.2 0.3 k 0.1 7.1 + 2.1 4.4 + 0.3 

* Results are mean k SEM; N refers to the number of synaptosome preparations. 
t p < 0.00 1 vs (-) Triton. 
$ CHD, chronic hypernatremic dehydration. 
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Fig. 3. Graphic illustration of Na+-specific taurine uptake in synap- 
tosomes isolated from control (0) and experimental (a)  rats with 48 h 
of hypernatremic dehydration. The synaptosomes were incubated for the 
indicated times in external media containing 140 mM NaCl or 140 mM 
KC1 and 100 pM taurine. Each time point was assayed in triplicate and 
the curves represent the mean of 16 paired experiments from seven 
synaptosomal preparations. *, p < 0.03; **, p < 0.01; and ***, p < 0.001. 

Table 3. Synaptosornal taurine uptake in control and 48-h 
chronic hypernatrernic dehydration (CHD) condition: inhibitor 

studies* 
n Control (%) 48-h CHD (%) 

Total taurine uptake 
Ionic substitutions 

Choline 
Gluconate 

Oubain (I mM) 
Amino acid additions 

0-alanine (500 pM) 
Hypotaurine (500 pM) 
P-aminoisobutyrate 

(500 PM) 
Anion transport inhibitors 

0.1 mM SITS 
5 mM SITS 
0.1 mM DIDS 
5 mM DIDS 

*Total taurine uptake (pmol/mg protein) was assayed after a 30-min 
incubation period in the absence or presence of ionic substitutions, 
inhibitor agents, or competing amino acids. Ionic substitutions involved 
equimolar replacement of Na+ or C1- with choline or gluconate, respec- 
tively. Competing amino acids were added to Nac-containing external 
medium in a concentration of 500 pM. Anionic binding inhibitors and 
oubain were added to the Na+-containing external medium at the indi- 
cated concentration. The values in parentheses represent the % of the 
total taurine uptake in the presence of standard Na+-containing external 
media in synaptosomes isolated from the corresponding control or 
hypernatremic animals. CHD, chronic hypernatremic dehydration. 

t p < 0.02 vs control, total 30-min taurine uptake. 
S p < 0.005 vs total 30-min taurine uptake, same experimental con- 

dition. 

the bulk of the enhanced cerebral taurine transport is mediated 
by a change in the number or turnover rate of the 0-amino acid 
carrier. Alterations in the kinetics of membrane taurine transport 
during hypernatremic dehydration may result from modifica- 
tions of the lipid composition of the synaptosome membrane 
(30, 31). Alternatively, hyperosmolal states may stimulate in- 
creased synthesis of new carrier proteins. 

The failure of dehydration induced by water deprivation with- 
out concomitant injections of 1 M NaCl to activate cerebral 
uptake of taurine is consistent with work in which salt-loading 

0 1 2 3 4 5 6 7 8 9 1 0  

v/[sl 
Fig. 4. Eadie-Hofstee plots of the uptake data over an external me- 

dium taurine concentration range of 1-1000 pM from control rats (0) 
and animals with 48 h of hypernatremic dehydration (a). The results 
represent the mean of eight paired experiments performed using five 
synaptosome preparations. 

Table 4. Svna~tosornal taurine u~take: kinetic analvsis* 

High-affinity systemt Low-affinity systemt 

v m a x  Km v m a x  Km 

Control 265 + 17 61 + 10 829 + 170 815 + 312 
48-h CHD 337 + 19f 63 + 9 1012 + 170 720 2 236 

* Results are mean f SEM. The values represent the results of seven 
transport studies from two synaptosome preparations. CHD, chronic 
hypernatremic dehydration. 

t V,,,, nmol/mg proteinlmin; Km, pM. 
$ p < 0.03 vs control. 

provoked an accumulation of cerebral osmolytes, whereas water 
deprivation was an inadequate stimulus for this response (32). 
In contrast, in normal and Brattleboro rats, the renal inner 
medullary cell volume response is triggered by dehydration alone 
in the presence of arginine vasopressin (33, 34). 

Taurine is an important osmoprotective molecule in inverte- 
brate marine species and in aquatic and terrestrial vertebrates (1, 
35-37). It has been assumed that during cerebral cell volume 
regulation, fluctuations in the cytosolic levels of osmolytes are 
mediated by release and reuptake of osmolytes into subcellular 
sequestration sites (2,7). However, recent data in flounder eryth- 
rocytes (38), skate renal tubules (23), mammalian brain cells (35, 
37,39), and renal medullary cells (40-42) indicate that regulation 
of transmembrane flux of osmoprotective molecules is a critical 
component of cell volume regulation during exposure to aniso- 
tonic media. Oral administration of taurine analogues to rats 
before induction of hypernatremic dehydration supplements the 
cerebral pool of osmolytes and confers protection against cell 
shrinkage during hypernatremia (8). This suggests that brain cells 
can regulate the transport of osmoprotective molecules and 
modulate the cytosolic levels of vital osmolytes. The present 
studies confirm this speculation and indicate that hypernatremic 
dehydration of modest severity and duration provokes an adap- 
tive increase in cerebral taurine transport. This is consistent with 
the observation that C6 glioma cells display enhanced uptake of 
myo-inositol, another nonperturbing, organic osmoprotective 
molecule, when they are cultured in hyperosmolal media (43). 
Increased transport of myo-inositol, betaine, and glycerophos- 
phorylcholine has also been documented in renal medullary cells 
exposed to hyperosmolal media (41, 42, 44), and basolateral 
taurine transport is enhanced in Madin-Darby canine kidney 
cells exposed to hyperosmolar (500 mosmol/kg) media (45). 

A recent report has questioned whether taurine is an important 
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cerebral osmolyte in adult rats subjected to salt loading (32). 
Heilig et al. (32) used nuclear magnetic resonance spectroscopy 
of brain homogenates and noted that although there was a 
significant rise in the cerebral content of amino acids during 
chronic hypernatremia the bulk of the increase involved glutamic 
acid and glutamine. The taurine peak height was low, and 
significant changes in the brain content of this amino acid could 
not be resolved with this experimental technique. These authors 
concluded that taurine is not a cerebral osmoprotective molecule 
in adult rats. However, taurine is an abundant amino acid in the 
adult brain of nearly all mammalian species, and the high brain 
levels of taurine observed by previous authors (5, 6) are at 
variance with the inconsequential cerebral taurine content meas- 
ured by Heilig et al. (32). In addition, in both the rat and mouse, 
the absolute magnitude of the change in cerebral taurine content 
during hypernatremia ranked first or second among all amino 
acids (46, 47). We have demonstrated an adaptive increase in 
cerebral taurine uptake during streptozotocin-induced hypergly- 
cemia of 7 d duration (48) and acute uremia (49), and a reduction 
in brain taurine uptake during hyponatremia lasting 48 h (50). 
Finally, a recent study indicated that, in rats, taurine is an 
important osmolyte during chronic (7 d) hypernatremia of mod- 
erate or extreme severity. Thus, cerebral taurine content in- 
creased by 38-79% when measured by conventional biochemical 
assays, HPLC, or nuclear magnetic resonance spectroscopy (5 1). 

In conclusion, the results of these experiments indicate that 
during 48 h of hypernatremic dehydration of modest severity 
and duration there is a selective increase in the cerebral uptake 
of taurine, an osmoprotective amino acid. The adaptation in 
taurine uptake involves an increase in the V,,, of the high- 
affinity transporter without a concomitant alteration in the Km. 
Based upon the strict ionic requirement for external Na+ and 
C1- for maximal synaptosomal taurine flux and the inhibition 
achieved by competing p-amino acids, the modulation of taurine 
transport during hyperosmolal states is likely to involve the p- 
amino acid carrier system. The inhibition of taurine uptake 
under hypernatremic conditions achieved by the addition of 
SITS and DIDS indicates that an intact anionic binding site is 
required to maximize this adaptive response. 
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