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ABSTRACT. Taurine is a cerebral osmoprotective mole- 
cule during chronic hypernatremic dehydration. In these 
experiments, we investigated the role of taurine in osmo- 
regulation during acute hyponatremia. Taurine deficiency 
was induced in experimental cats (n = 6) by feeding a 
taurine-free diet for 8-10 wk, whereas control counterparts 
(n = 6) consumed a regular diet. Hyponatremia was pro- 
voked in all cats over 54 h by daily injections of 5% 
dextrose in water (7.5% body wt) and vasopressin (20 U/ 
d). The serum Na+ concentration was abruptly lowered to 
110 2 3 and 117 + 2 mmol/L, in experimental and control 
animals, respectively. The cerebral total and intracellular 
water compartment sizes were reduced from 486 f 11 to 
441 2 11 m1/100 g dry wt and from 357 + 7 to 309 + 12 
mL/100 g dry wt, respectively, in control versus experi- 
mental cats, p < 0.05. There was a significant linear 
relationship between cerebral taurine content and the in- 
tracellular water compartment size in all animals ,~  < 0.02. 
Taurine displayed a similar osmoprotective capacity in 
muscle tissue in these studies. We conclude that taurine is 
an osmoregulatory molecule in cerebral and extracerebral 
tissues during severe hyponatremia. Reductions in tissue 
taurine content may complement decreases in cytosolic 
electrolyte levels during adaptation to more prolonged 
hyponatremia. (Pediatr Res 27: 85-88, 1990) 

Abbreviations 

ECW, extracellular water 
ICW, intracellular water 
TTW, total tissue water 

Taurine is a sulfur amino acid found in all organs. It is 
frequently the most abundant free amino acid in the cell (1). 
Work by Thurston et al. (2) suggested that one of taurine's 
important functions is to serve as a brain osmolyte during 
sustained hypernatremia. Recently, we directly demonstrated 
that taurine is a cerebral osmoregulatory molecule that limits 
brain cell shrinkage during chronic hypernatremic dehydration 
(3). Indirect evidence suggests that taurine may also be involved 
in osmoregulation in hypoosmolal states. For example, in mice 
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with chronic hyponatremic and a mean serum Naf concentration 
of 104 mmol/L, the cerebral taurine concentration declined by 
70% and accounted for most of the fall in brain cytosolic free 
amino acid content (4). Therefore, we conducted the following 
experiments to directly determine whether taurine serves as a 
cerebral osmoprotective molecule in acute hyponatremia. We 
predicted that cerebral taurine depletion would diminish brain 
swelling during the sudden osmolal disturbance. 

Cats were used in the studies because their brain taurine 
content can be readily manipulated by eliminating the amino 
acid from the diet (5). This is a consequence of limited cerebral 
taurine biosynthetic capacity in cats due to low activity of the 
enzyme cysteine sulfinic acid decarboxylase. In addition, in feline 
species, there is obligatory use of taurine as a bile acid conjugate 
(6). These unique features of the cat's nutritional capabilities 
make it an ideal species for studying the osmoregulatory func- 
tions of taurine. 

MATERIALS AND METHODS 

Animals. Cats weighing 1-3 kg were obtained from a breeding 
colony at the State University of New York, Health Sciences 
Center at Brooklyn. The animals were conditioned and vacci- 
nated against routine viral pathogens and weaned at 8-10 wk of 
age. When the cats reached 4 mo of age, they were randomized 
to one of two study groups, either a control group (n = 6) or a 
taurine-free diet group (n = 6). The control taurine replete 
containing 0.05% taurine by weight and taurine-free diets were 
prepared in color-coded pelleted form (Bio-Serv, Inc., French- 
town, NJ). The animals were given tap water to drink a d  libitum. 
The dietary preconditioning phase was maintained for 12 wk 
before commencing the acute studies. 

Procedures. Hyponatremia was induced over 54 h by the daily 
intramuscular injection of vasopressin tannate in oil 10 U/day 
and aqueous vasopressin 10 U/day (Parke-Davis, Morris Plains, 
NJ). In addition, cats were given 5% dextrose in water, in an 
amount equal to 7.5% of body wt per day in two intraperitoneal 
injections. After obtaining blood by cardiac puncture, animals 
were killed at 54 h by injecting a euthanasia solution. Portions 
of the vastus medialis muscle and the entire brain were rapidly 
removed. A segment of excised tissues was dried to constant 
weight at 75°C for 72 h to calculate the TTW, i.e. wet wt - dry 
wt. A second portion was weighed and dissolved in 5 N HN03 
for 7 d for electrolyte analysis (2, 3). A third portion was tared 
and homogenized in 10% trichloroacetic acid (9:1, vo1:wt) for 
measurement of tissue taurine content. 

Chemical analysis. Serum and tissue electrolyte measure- 
ments, before and at completion of the study, were performed 
using an automated analyzer (Beckman Instruments Inc., Fuller- 
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ton, CA). Plasma and tissue taurine levels were determined using 
reverse-phase HPLC with precolumn derivatization with pheny- 
lisothiocyanate and quantified using Nelson Analytical 2600 
chromatography software with an IBM PC-AT (IBM Instru- 
ments, Inc., Danbury, CT). 

Calculations. The ECW space was calculated as the chloride 
space (7). The ICW compartment size wis derived by the for- 
mula, ICW = TTW - ECW. All tissueT (ater compartment sizes 
are expressed as mL/100 g dry wt. Thf plasma and tissue taurine 
levels are expressed as pmol/ 100 mT, and pmol/g wet tissue wt, 
respectively. 

Statistical analysis. Differences in mean values of the control 
and experimental groups were compared using a paired t tests 
and were considered statistically significant if the p value was 
less than 0.05. Relationships between variables were assessed 
using linear regression analysis. 

RESULTS 

The cats adapted well to both pelleted diets; all animals thrived 
with normal weight gain patterns during the 12-wk pretreatment 
period before induction of acute hyponatremia. 

The acute hyponatremia regimen was successful in achieving 
its goal (Table I). None of the cats died prematurely; further- 
more, whereas they exhibited a lethargic appearance with di- 
sheveled fur, no overt neurologic dysfunction was observed in 
any animal. The percentage weight gain was similar in both 
groups. In addition, whereas the final serum Na' concentration 
and calculated osmolality were lower in the taurine-deficient 
cats, the differences between groups were not statistically signif- 
icant. It should be noted that the lower final serum Na' concen- 

Table 1. General animal data (mean f SEM) 
Hyponatremic Hyponatremic 
taurine replete taurine deficient 

(n = 6) (n = 6) 

Wt (g) 
Pre 4471 Ifr 361 5080 * 1074 
Final 4804 +. 463 5535 + 1298 
% Increase 6.5 -t 2.1 6.7 +. 3.3 

Serum Na+* (mmol/L) 
Pre 153 + 1 153 + I 
Final 117 + 2 t  1 10 + 3 t  

* Normal range: 145- 155 mmol/L (Am. Assoc. Lab. Animals) Science 
1988 (publication 72-1) Syllabus for Laboratory Animal Technologist, 
p. 438. 

t p < 0.00 1, final versus pre. 

O Control 
6Il Experimental 

* P ( 0.05 

ECW ICW 

Fig. 1. This graph illustrates the size of the cerebral water compart- 
ments in the hyponatremic, taurine-replete (n = 6) and hyponatremic, 
taurine-deficient (n = 6) cats. 

100 
TIw ECW ICW 

Fig. 2. This graph illustrates the size of the muscle water compart- 
ments in the hyponatremic, taurine-replete (n = 6) and hyponatremic, 
taurine-deficient (n = 6) cats. 

Table 2. Cerebral electrolyte content (mean k SEM) 

Hyponatremic Hyponatremic 
Electrolyte taurine replete taurine deficient 

(mEsI100 n dm wt) (n = 6) (n = 6) 

tration in the taurine-deficient cats would tend to increase brain 
water, not lower it. 

The cerebral TTW was significantly reduced to 44 1 a 1 1 mL/ 
100 g dry wt in the experimental animals from a level of 486 k 
11 mL/100 g dry wt in the control group ( p  < 0.05) (Fig. 1). 
This difference was derived almost exclusively from diminished 
swelling of the ICW compartment, 309 f 12 mL/ 100 g dry wt, 
experimental versus 355 a 7 mL/100 g dry wt in the control 
group, p < 0.05 (Fig. 1). In muscle tissue, similar differences in 
tissue water compartment sizes were observed in the experimen- 
tal and control groups (Fig. 2). Thus, the TTW in the muscle of 
taurine-deficient animals was 324 k 11 mL/100 g dry wt, com- 
pared to 364 f 9 mL/100 g dry wt in the control group ( p  < 
0.025); similarly, the ICW compartment size was 206 + 12 and 
240 8 mL/100 g dry wt in the experimental and control 
groups, respectively ( p  < 0.025). Thus, the osmoprotective func- 
tion of taurine in hyponatremia involved both cerebral and 
muscle tissues. 

As indicated in Table 2, the reduction in cerebral cell swelling 
during hyponatremia was not a consequence of differences in 
brain electrolyte content of the experimental or control animals. 
Thus, the brain Na', K+, and C1- content, expressed as mEq/ 
100 g dry wt, was similar in taurine-replete and -deficient cats. 
The final cerebral electrolyte levels were comparable to those 
observed in similar studies of hyponatremia in rats (8, 9). Al- 
though no measurements of brain electrolyte content were made 
in normonatremic taurine-replete and taurine-deficient cats, in 
view of the identical initial serum Na' concentration in the two 
groups, it is likely that the degree of cerebral electrolyte loss was 
similar in the two hyponatremic groups. 

The 12-wk dietary pretreatment phase successfully lowered the 
plasma taurine concentration and brain and muscle tissue taurine 
levels in the taurine-deprived animals. As indicated in Table 3, 
the cerebral and muscle tissue taurine levels were reduced by 86 
and 70%, respectively ( p  < 0.01), in the experimental taurine- 
depleted versus the control group. Finally, as indicated in Figure 
3, there was a significant linear correlation between the size of 
the brain ICW compartment size and the cerebral taurine content 
(p  < 0.02). 
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Table 3. Taurine concentrations (mean + SEM) 

Brain Muscle Plasma 
lumol/g wet wt) (umoll~ wet wt) (umo1/100 mL) 

- - 

Hyponatremic taurine replete (n  = 6) 1.8 L 0.3 

Hvuonatremic taurine deficient ( n  = 6) 0.3 +- 0.1* 0.8 + 0.1* 0.8 + 0.2* 

* p < 0.02, hyponatremic, taurine-deficient versus hyponatremic, taurine replete. 

u 
Taurine (,umol/gram wet weight) 

Fig. 3. This graph illustrates the significant linear relationship be- 
tween cerebral taurine content and the brain ICW compartment size in 
hyponatremic, taurine-replete (O), and hyponatremic, taurine-deficient 
(a) cats. 

DISCUSSION 

Our results confirm our prediction that taurine functions as a 
cerebral osmoprotective molecule during the development of 
acute hyponatremia. Our regimen for producing hyponatremia 
was similar to previously published protocols (10, 11); however, 
ours was purposely shortened to 54 h to avoid early unexpected 
deaths in these costly animals who had been pretreated with the 
experimental or control diet for 12 wk. These experiments com- 
plement our earlier work in which dietary taurine deficiency 
augmented the plasma-to-cell osmolal gradient in the brain dur- 
ing chronic hypernatremic dehydration resulting in more pro- 
nounced cerebral cell shrinkage (3). Together this pair of inves- 
tigations indicates that taurine is an important component of the 
cerebral osmoregulatory response to both extremes of disordered 
osmolality. They are consistent with a growing body of evidence 
supporting a cerebral osmoprotective role for taurine in lower 
species as well as mammals (12, 13). 

The cerebral and muscle tissue taurine contents were reduced 
by 70-90% after 12 wk of withholding this amino acid from the 
diet. The extent of taurine depletion in the brain and muscle 
tissues was, in fact, identical that achieved by Sturman et al. ( 5 ) ,  
using cats of similar age who were fed the same prepared diet. 
Although no overt clinical signs of taurine deficiency surfaced in 
the cats during this observation period, they confirm the tenuous 
nature of taurine balance in feline species due to limited biosyn- 
thesis and obligatory gastrointestinal losses of the amino acid (5). 
Unlike the case in chronic hypernatremia (3), there were no 
overt neurologic sequelae such as seizures in the hyponatremic 
taurine-deficient cats. In Thurston's studies of hyponatremia 
lasting 72 h in mice, the cerebral taurine level declined by 67%. 
In our taurine-depleted cats, it is likely that no further adaptive 
reduction could be attained in brain taurine content beyond that 
created by dietary taurine deficiency. 

The most likely mechanism of taurine's protective action in 

cerebral cell volume regulation is modification of the plasma-to- 
cell osmolal gradient during acute reductions in serum tonicity. 
This would minimize the entry of water into the cytosol and 
limit cerebral cell swelling. The apparently small fall in the 
intracellular osmolality due to decreased cytosolic taurine con- 
tent equal to 1.5 mmol/kg wet brain wt might be clinically 
significant if the changes were confined to the pericapillary 
astrocytes (14). However, it is conceivable that taurine may exert 
its osmoprotective function via additional mechanisms such as 
stabilization of intercapillary tight junctions that constitute the 
blood brain bamer (15, 16). Further studies will be needed to 
ascertain whether dietary taurine deficiency modifies the cerebral 
cell levels of other osmolytes during hyponatremia, such as other 
amino acids (4), sorbitol, and myoinositol (17). However, it is 
clear that our results are consistent with the hypothesis that 
taurine is an essential osmoprotective molecule during hypona- 
tremia. 

It is thought that modulation of brain cell taurine concentra- 
tion is mediated by uptake and release of the amino acid from 
osmotically inactive sequestration sites such as subcellular organ- 
elles (1 8). However, we have shown that exogenous administra- 
tion of taurine analogues affords protection against cerebral cell 
shrinkage during chronic hypernatremic dehydration (19). This 
suggests that regulation of transmembrane flux of taurine may 
be involved in the cell volume regulatory response to alterations 
in osmolality. We have, in fact, demonstrated in preliminary 
studies that there is increased taurine transport in synaptosomes 
isolated from rats with severe hypernatremia of 48-h duration 
(20). Further studies will be needed to assess taurine transport in 
vitro in synaptosomes derived from the brain of hyponatremic 
rats to see if the uptake of the amino acid is adaptively dimin- 
ished. 

The osmoprotective effect of taurine in acute hyponatremia 
was seen in the brain and muscle. This indicates that, unlike the 
situation in chronic hypernatremia, the utilization of amino acids 
such as taurine as osmoregulatory molecules is a more general- 
ized adaptation to hypoosmolal disorders. This difference in 
extracerebral tissue response to hypo- versus hyperosmolal states 
requires further study. It is consistent with recent observations 
that reductions in cytosolic taurine content are instrumental in 
the erythrocyte (21) and astrocyte (22) response to acute hypoos- 
molal stress. 

The protective effect of taurine deficiency to lessen cerebral 
water content during acute hyponatremia occurred in the face of 
equivalent levels of brain electrolyte content in taurine deficient 
and replete cats. Quantitatively, inorganic ions constitute the 
bulk of the change in solute levels within cerebral cells during 
chronic hyper- and hyponatremia (23, 24). A number of ion 
exchange mechanisms and selective conductive pathways are 
responsible for increases or decreases in the brain Na', K+, and 
C1- concentrations during osmolal stress states (25, 26). In our 
experiments, reduced cerebral swelling seen in taurine-deficient 
cats cannot be attributed to a more pronounced adaptive decrease 
in brain inorganic ion content. The decline in cellular electrolyte 
content may be a central component of the initial adaptation to 
hyponatremia because maximal reductions in inorganic ion con- 
centrations are achieved within 7 h (27). Modification of cerebral 
amino acid content may play an important role during more 
prolonged responses to hyponatremia. 



8 8 TRACHTMAN ET AL. 

In summary, our findings indicate that dietary taurine restric- 
tion in cats reduced cerebral taurine content and resulted in an 
improved capability of these animals to tolerate acute hypona- 
tremia evidenced by decreased brain cell swelling. This effect is 
most likely a consequence of a decreased plasma-to-cell osmolal 
gradient favoring water entry into the cell. The beneficial con- 
sequence of reducing cerebral taurine content occurred in face 
of equivalent levels of cerebral electrolyte content. Taurine defi- 
ciency also had a beneficial impact on cell volume regulation in 
extracerebral tissue. We speculate that while declines in cellular 
content of inorganic ions may be instrumental in the initial 
adaptation to severe hyponatremia, reductions in brain cytosolic 
taurine content may be an essential part of the long-term cell 
volume regulatory response to hypoosmolality. 
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