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Abstract

Since platelets accumulate taurine, they provide a model for studying the taurine transport in
anisosmotic disorders. Thus, in this work we studied the taurine concentration and uptake in the
platelets of Brattleboro rats, homozygous (DI) and heterozygous (HZ) for hereditary hypothalamic
diabetes insipidus, and Long Evans (LE) normal rats after free water intake and after dehydration
induced by water deprivation for 24 h. The decreased ability of the DI rats to concentrate urine led
to plasma hypernatremia and hyperosmolality despite excessive drinking. Water deprivation in the
DI rats induced drastic dehydration with exacerbated hypernatremia and hyperosmolality. Plasma
hypernatremia and hyperosmolality resulted in a significant elevation of the taurine concentration
and uptake by platelets of the DI rats. Kinetic assays showed that plasma hypernatremia and
hyperosmolality did not alter the affinity of taurine to platelet membrane carrier, as expressed by
Km, but caused a profound increase in the maximal transport capacity, Vmax. After free water
intake the Vmax of the DI rats was about two times higher than that in the HZ and LE rats and
after water deprivation it was about three times higher. Water deprivation doubled the Vmax of
the DI rats without changing the Km.
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Since platelets accumulate taurine, they pro-
vide a model for studying the taurine transport in
anisosmotic disorders. Thus, in this work we
studied the taurine concentration and uptake in
the platelets of Brattleboro rats, homozygous
(DI) and heterozygous (HZ) for hereditary hypoth-
alamic diabetes insipidus, and Long Evans (LE)
normal rats after free water intake and after
dehydration induced by water deprivation for 24
h. The decreased ability of the DI rats to con-
centrate urine led to plasma hypernatremia and
hyperosmolality despite excessive drinking. Wa-
ter deprivation in the Dl rats induced drastic
dehydration with exacerbated hypernatremia and
hyperosmolality. Plasma hypernatremia and
hyperosmolality resulted in a significant elevation
of the taurine concentration and uptake by
platelets of the DI rats. Kinetic assays showed
that plasma hypernatremia and hyperosmolality
did not alter the affinity of taurine to platelet
membrane carrier, as expressed by K,, but
caused a profound increase in the maximal trans-
port capacity, V... After free water intake the
Voax Of the DI rats was about two times higher
than that in the HZ and LE rats and after water
deprivation it was about three times higher.
Water deprivation doubled the V,,, of the Dl rats
without changing the K.

Key words: Brattleboro diabetes insipidus rat, platelet,
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I t is well-documented that taurine serves as an

osmoregulator in marine invertebrates, teleosts and
amphibians. During adaptation to increased or decreased
environmental salinity, taurine levels in the tissues of
these marine animals increase or decrease, respectively,
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to limit the loss or gain of water in tissues and to maintain
osmotic equilibrium (1, 2).

There is also considerable evidence that supports a
role for taurine in the mechanisms of cell volume regula-
tion in mammals. The response of mammalian cells to
hypoosmolality by an adaptive decrease of the taurine
content has been demonstrated in many preparations,
ranging from cultured cells to intact tissues (3-10). It has
also been shown that an adaptive response of mammalian
cells to hyperosmolality involves an increase in the con-
centration of cellular taurine, Thurston et al, (11, 12)
were the first to show that in weanling mice chronic
hypernatremic dehydration increased the taurine concen-
tration in the brain and heart. More recently, we have
demonstrated increased taurine levels in the brain, skeletal
muscle and platelets of the chronically hypernatremic
Brattleboro rat with hereditary hypothalamic diabetes
insipidus (13).

The mechanisms responsible for the adaptive increase
of cellular taurine with plasma hypernatremia are not
known. The increase may result from stimulation of the
taurine uptake system. Since platelets accumulate taurine,
they may provide a convenient model for studies on
taurine transport in cells. In order to obtain information
about the mechanisms responsible for increased cellular
taurine associated with plasma hypernatremia, we com-
pared the taurine concentration and the kinetics of taurine
uptake in platelets of the Brattleboro rat after free water
intake and after dehydration induced by water deprivation.

Materials and Methods

Animals. Male rats of the Brattleboro strain,
homozygous (DI) and heterozygous (HZ) for hypoth-

* To whom correspondence should be addressed.
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alamic diabetes insipidus, and Long Evans (LLE) hooded
rats, genetic controls for DI and HZ rats, were used.
The rats were bred at the Department of Pharmacology
and Toxicology, University of Helsinki, and at the
National Laboratory Animal Center, University of
Kuopio, Finland. At the beginning of the experiment the
rats were 6 months old and the experiment took approxi-
mately 6 weeks to complete.

Experimental procedure.
ment, the rats were allowed to adapt to metabolic cages
for 1 week with free access to tap water and food (Ewos
R3, Ewos Sverige AB, Sodertilje, Sweden). Within
each genotype, the rats were randomly assigned either to
the water-deprived group or to the water-control group.
In the water-deprived group, dehydration was induced by
complete water deprivation for 24h while food was
available ad libitum. In the water-control group, the rats
were given free access to water and food. Water intake
was measured for 24h. The rats were weighed at the
beginning and at the end of the 24-h experimental period.
Urine was collected for 24 h and its volume and osmolality
were recorded.

Preparation of platelet-rich plasma.
After the 24-h experimental period, the rats were killed
under ether anesthesia by draining the blood from the
carotid artery into a polypropylene tube containing 1/10
volume 1.5 % dinatrium edetate as an anticoagulant. The
platelet-rich plasma was obtained by centrifuging the blood
at 150 X g for 20min at room temperature, and by
pipetting the upper plasma layer into another poly-
propylene tube. When necessary, the plasmas of two rats
were pooled.

Taurine concentration in platelets. The
taurine concentration in platelets, obtained by centrifuga-
tion of the platelet-rich plasma at 12,000 X g for 10min,
was estimated as a fluorescamine derivative after puri-
fication on ion-exchange column (14). The taurine concen-
tration is expressed as wmol/10' platelets. The platelet
counts, platelets/ul of the platelet-rich plasma, were
done under a phase contrast microscope using a Biirker
chamber (16).

Taurine uptake by platelets.  Taurine uptake
was studied in samples containing 1/3 volume plasma and
200,000 platelets/u]. For this, the platelet-rich plasma
was first diluted with platelet-free plasma, obtained by
further centrifuging the rest of the blood sample at high
speed, to adjust the platelet count to 600,000 platelets/ .
After that, plasma samples were diluted with 2 volumes

Before the experi-
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of Cat*-Mg" *-free Krebs-Ringer solution to give the final
platelet count of 200,000 platelets/ ul.

Taurine uptake by platelets was studied as a function
of incubation time and at various substrate concentrations
to calculate kinetic parameters.

For the time course of taurine uptake, duplicate
samples (1.0ml) were preincubated in an atmosphere of
95% 0, and 5% CO, for 10min at 37°C in a shaking
water bath. After preincubation, 5xM [(*H) taurine
(specific activity 3.7 GBg/mol, New England Nuclear,
Boston, Mass., USA) was added and the influence of
incubation time on taurine uptake by platelets was mea-
sured after 5, 10, 20, 30, 60, and 120min. The uptake
reaction was terminated by placing the sample tubes in an
ice bath. The radioactivity of the platelets was assayed by
liquid scintillation counting (1219 Rack Beta Liquid
Scintillation Counter, 1.LKB Wallac, Turku, Finland)
after washing and ultrasonic disruption of the cells. To
determine whether taurine uptake by platelets is tempera-
ture dependent, the above experiment was repeated at
0°C in an ice bath.

For kinetic parameters, the determination of taurine
uptake was performed according to the method of Arora
and Meltzer for 5-hydroxytryptamine (17, 18). Active
uptake was determined by the difference in the uptake
values between one set of sample tubes incubated after
prewarming for a desired time at 37°C (total uptake) and
another set placed in an ice bath to 0°C (passive diffusion)
immediately after adding (*H) taurine at six different
concentrations ranging between 1M and 40xM. The
maximal velocity (Viax) and the Michaelis constant (Ki)
were calculated by means of a computer program using
the Lineweaver-Burk method (19, 20). Vi is expressed
as nmol/10'2 platelets/10min. K, is expressed in
micromoles.

Measurement of osmolality and sodium
concentration. The osmolality and sodium concen-
tration of the platelet-free plasma, obtained by centrifug-
ing the platelet-rich plasma at 12,000 X g for 10min,
were recorded. The sodium was measured by flame
photometry (IL. Model 243 Flame Fotometer, Instrumen-
tation Laboratory, USA) and the osmolality of plasma
and urine with a vapour pressure osmometer (Model
5,100C, Wescor Inc., Utah, USA).

Statistics. Data are expressed as means T stan-
dard erros (S. E.). Statistical significance was determined
using the analysis of variance (ANOVA) for multiple
comparisons and Student‘s I-test for paired comparisons.
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Statistical significance was considered at P < 0.05.
Results

Rats of the Brattleboro strain can be divided into three
genotypes: Brattleboro homozygotes (DI) completely
lacking vasopressin, Brattleboro heterozygotes (HZ) with
vasopressin synthesis of about 50-60 % that in normal
rats, and normal rats of the Long Evans (LE) hooded
strain from which Brattleboro rats are derived (23). The
major features of fluid balance in Brattleboro rats after
water intake and after water deprivation of 24 h are shown
in Figs. 1 and 2 and in Table 1.

Fluid Balance after Free Water Intake

The mean daily urine volume of the DI rats, reflecting
the severity of diabetes insipidus, was about 53 % of the
body weight, and the urine showed a mean osmolality of
180mOsm/kg. Conversely, in the control LE rats, the
daily urine flow averaged 2% of the body weight, and
their urine osmolality was about 2,100mQOsm/kg. In the
HZ rats, the values for fluid balance fell between those
for the control LE rats and the DI rats, urine volume
being 4 % of the body weight and urine osmolality about
1,100mOsm/kg. After free water intake for 24h the
changes in body weight were about == 2 % in all three rat
genotypes (Table 1). Although the daily water intake

on and Uptake in the Brattleboro Diab
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exceeded the renal water loss, the plasma sodium concen-
tration, 166 == 1mmol/] (mean = S. E.) and plasma os-
molality, 319 = 2mOsm/kg (mean+ S. E.) of the DI
rats were significantly higher than those of the HZ rats
(159 = 1mmol/] and 305 = 4mOsm/kg) and those of

Table | Changes of body weight in Brattleboro homozygotes (DI),
Brattleboro heterozygotes (HZ) and Long Evans (LE) normal rats
after free water intake for 24h [water-control group (I)] and after
water deprivation for 24h [water-deprived group (II)].

LE HZ DI
Free water intake (1)
Initial weight (g) 32+ 12 480+ 27 379+ 7
Final weight (g) 355+ 13 488 20 37+ 9
(n=71) {(n=5) (n=17)
Change (%) —2+1 +2+2 —2+ 2
Water deprivation (II)
Initial weight (g) 388 +6 457 +£9 393+ 15
Final weight (g) 365+ 4 429+ 7 344+ (4
(h=17) n=7) (n=10)
Change (%) —6x @ —6+l1  —2+ b

Numbers of animals are shown in parenthesis. Means = S. E. are
given.
Significance of differences: @ | vs. Il, P <0.05; ? | vs. Il and DI

vs. LE, HZ P < 0.001
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Fig. | Water intake, urine volume and urine osmolality of Brattleboro homozygotes (DI), Brattleboro heterozygotes (HZ) and Long

Evans (LE) normal rats after free water intake for 24h (water-control group (I}, open bars) and after water deprivation for 24h

(water-deprived group (I}, filled bars).
lvs. Il: *P <0.05 #*%pP <0.0l, *xxxP <0001/;
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Produced by The Berkeley Electronic Press, 1996

Means = S. E. from 5 to 10 animals are given. The symbols for the significance of differences:
Dl vs. LE: ©P<0.05 ©CP<0.0I,

o
@]

OC P < 0.001;

=P <005 ~nP<00l, 77 P <0.001.
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Fig. 2 Plasma sodium concentration, plasma osmolality and platelet taurine of Brattleboro homozygotes (DI), Brattleboro hetero-

zygotes (HZ) and Long Evans (LE) normal rats after free water intake for 24h (water-control group (1), open bars) and after water
deprivation for 24 h (water-deprived group (ll), filled bars). -Means = S. E. from 5 to 0 animals (in platelet taurine from 4 to 6 animals)
are given. Two-way ANOVA for sodium concentration and osmolality: group effect, P < 0.00f, genotype effect P < 0.001 and group X
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genotype interaction, P < 0.001. The symbols for the significance of differences as in Fig. I.

the LE rats (160 = 1mmol/l and 300 = 2mOsm/kg).
Fluid Balance after Water Deprivation

When deprived of drinking water, the inability of the
DI rats to concentrate urine results very quickly in severe
dehydration. Over a 24-h water deprivation, the DI rats
lost 12 % of their boby weight, and their plasma sodium
concentration, 179 + 1mmol/l was about 8% higher
than that of the DI rats during free water intake. In
addition, the plasma osmolality (349 = 3mOsm/kg) in-
creased by nearly 10 % over the same period, indicating
a marked concentration of body fluids during water
deprivation. Over a 24-h period of water deprivation, the
LE rats and also the HZ rats with a partial defect in
vasopressin synthesis showed a high urine osmolality, up
to 3,300 for the LE rats and 2,200mOsm/kg for the HZ
rats. The loss of body weight was about 6 % in both the
HZ and the LE rats during water deprivation. In both
genotypes, the plasma sodium (161 = 1mmol/l for HZ
and 162 + 1mmol/] for LE) increased by only a little
over 1% and the plasma osmolality (314 == 3mOsm/kg
for HZ and 309 + 1mOsm/kg for LE) increased by
about 3% as compared to the same genotype after free
water intake.
Taurine Concentration in Platelets

If taurine is functioning as an active osmolyte, it
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should increase in tissues under hyperosmotic conditions.
Such a response can be seen in Fig. 2 where the elevation
of plasma sodium and osmolality has induced an adaptive
increase in platelet taurine. Even in free water intake, the
taurine concentration in platelets of the DI rats is nearly
30 % higher than that of the HZ and LE rats due to about
5 % higher plasma sodium and osmolality. In response to
dehydration induced by water deprivation of 24h, platelet
taurine of the DI rats further increased, the concentration
being almost 50 % higher than that of the HZ and LE
rats, and this is associated with more than 10 % higher
plasma sodium and osmolality.
Taurine Uptake

Time course of taurine uptake. Fig. 3
shows the time course of taurine uptake by platelets of the
Brattleboro rat at 37°C. The uptake of taurine by
platelets followed a linear course at least for the first 10
min, reached a maximum at 30 to 60min, and then began
to decline. Water deprivation increased the taurine uptake
in all three genotypes of Brattleboro rat. The platelets of
the DI rats accumulated more taurine than those of the
HZ and LE rats. After water deprivation, the taurine
uptake of the DI rats was twofold that of the LE and HZ
rats throughout the incubation period of 120 min. Taurine
uptake at 0°C was negligible.
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Fig. 3  Time course of taurine uptake by platelets of
Brattleboro homozygotes (Dl), Brattleboro heterozygotes
(HZ) and Long Evans (LE) normal rats after free water intake
for 24h (open symbols) and after water deprivation for 24h
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Kinetics of taurine uptake. To determine
the kinetic constants of taurine uptake by platelets of the
Brattleboro rat, transport studies were performed over a
taurine concentration range of 1-40 M. Because linear
uptake continued at least for the first 10 min, the rate of
influx within this period was taken as the initial rate of
uptake. The active uptake was calculated by substracting
the uptake at 0°C, used to illustrate passive diffusion,
from the total uptake at 37°C.

As shown in Fig. 4, water intake or deprivation had
no effect on taurine uptake at 0°C, illustrating passive
diffusion. There was also no difference between the three
genotypes of the Brattleboro rat in taurine uptake at 0°C.

Taurine uptake by platelets showed a saturating ten-
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(filled symbols). Platelets were incubated with 5uyM [*H]
taurine at 37°C. Taurine uptake at 0°C was under 10nmol in

120 all the three genotypes throughout the incubation period of

I20min. Each point represents the mean value + S.E. of 3-
5 experiments.

Fig. 4 Taurine uptake by platelets of Brattleboro homo-
zygotes (DI) after free water intake for 24 h (1) and after water
deprivation for 24h (Il). Platelets were incubated at 37°C
(filled symbols) and at 0°C (open symbols) with various concen-
trations of [*H] taurine. Each point represents the mean
value = S.E. of 7-10 experiments.

dency (Fig. 5A). Within a taurine concentration range of
1-40 4 M, the platelets of the DI rats with chronic hyper-
natremia and hyperosmolality took up more taurine than
those of the HZ and LE rats. After free water intake, the
taurine uptake of the DI rats was approximately 60 %
higher than that of the HZ and LE rats. Water depriva-
tion induced a marked increase in taurine uptake of the DI
rats, uptake being well over twofold that of the HZ and
LE rats. Water deprivation produced a slight increase in
taurine uptake of the LE rats, but the effect on the taurine
uptake of the HZ rats was nearly negligible.

The uptake data were then analyzed and a Lineweaver-
Burk plot was constructed to determine the kinetic param-
eters (Fig. 5B). The plots indicate that the Vi, of the DI
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Fig. 5  Taurine uptake by platelets of Brattleboro homozygotes (DI), Brattleboro heterozygotes (HZ) and Long Evans (LE) normal rats after
free water intake for 24h (open symbols) and after water deprivation for 24h (filled symbols) at various concentrations of [*H] taurine (A)
and the Lineweaver-Burk reciprocal plots after water deprivation (B). The taurine uptake value at 37°C minus that at 0°C is shown. Each point
represents the mean value = S. E. (in 5B the mean value) of 5-10 experiments.

Table 2 Kinetic constants of taurine uptake by platelets of Brattleboro homozygotes (DI}, Brattleboro heterozygotes (HZ) and Long Evans
(LE) normal rats after free water intake for 24h [water-control group (I)] and after water deprivation for 24h [water-deprived group (]

LE HZ DI
Vmax (nmol/10'? platelets/ |0 min)
Free water intake (1) RN 127 =21 258 &+ 32°b¢
Water deprivation (ll) 182 £ 27 156 + 28 479 + 4844
K (M)
Free water intake (I) 17+ 1 16+ 4 254 2¢
Water deprivation (Il) 22+ 3 23+ 3 271+2

Means + S. E. from 5 to 10 animals are given.

Two-way ANOVA for V,..: group effect, P < 0.00}; genotype effect, P < 0.00; and group X genotype interaction, P < 0.05.
Two-way ANOVA for K,,: genotype effect, P < 0.05.

Significance of differences: a) | vs. Il, P <0.01; &) DI vs. LE, P <0.001; ¢) DI vs. HZ, P <0.05; d) DIl vs. HZ, LE P <0.001;
and ¢) DI vs. HZ, LE P <0.0I.

rats is about twofold the values of the LE and HZ rats  of the LE and HZ rats approximately by 60 % and 20 %,
after free water intake and threefold after water depriva-  respectively.

tion (Table 2). Water deprivation doubled the V5 of the

DI rats, without changing the K, value. Although the Discussion

K., values of the ILE and HZ rats are significantly lower

after free water intake as compared to that of the DI rats, Valtin et al. reported in 1962 the discovery of a strain
there is a trend toward an increased K, after water of rats with hereditary hypothalamic diabetes insipidus
deprivation. Water deprivation increased the Vi,,x values ~ which was later named the Brattleboro strain (21). The

http://escholarship.lib.okayama-u.ac.jp/amo/vol 50/iss4/5
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Brattleboro rats, homozygous for hereditary hypoth-
alamic diabetes msipidus (DI), are totally deficient of
vasopressin (22). Consequently, these animals exist in
permanent state of water diuresis and must drink large
quantities of water to maintain fluid balance. Despite
enormous water drinking, the DI rats are mildly dehy-
drated most of the time. This is evidenced by a fairly
elevated plasma sodium concentration - and osmolality
compared to the Brattleboro heterozygotes (HZ) with 50
-60 % of normal vasopressin synthesis and normal rats of
the Long Evans (LE) hooded strain. As expected, water
deprivation for 24h induced in the DI rats a drastic
dehydration with exacerbated hypernatremia and hyperos-
molality.

Plasma hypernatremia and hyperosmolality caused a
substantial increase in platelet taurine of the DI rats. This
adaptive Increase in cell taurine in response to plasma
hypernatremia and hyperosmolality may be due to stimula-
tion of the taurine uptake system. Since the platelets
contain large amounts of taurine (24) and they also
accumulate taurine (15, 25), they may be a convenient
model for studying taurine transport in anisosmotic condi-
tions.

The taurine uptake by platelets of the Brattleboro rat
exhibited a saturating tendency and was dependent on the
incubation temperature, sodium concentration and os-
molality of the plasma. Platelets from the DI rats with
chronic hypernatremia and hyperosmolality showed con-
sistently higher taurine uptake than that in platelets of the
HZ and LE rats. Kinetic analysis indicated that the
stimulation of the taurine uptake system of platelets by
plasma hypernatremia and hyperosmolality occurs through
a mechanism affecting Viax rather than K. After free
water intake, the V.. of the taurine uptake in the DI rats
was about two times higher than in the HZ and LE rats,
and after water deprivation for 24h it was about three
times higher. In the DI rats, severe hypernatremia and
hyperosmolality induced by water deprivation for 24h
increased the V.« of the taurine uptake by twofold
without changing Ki,.

These results clearly indicate that the stimulation of
the taurine uptake system is associated with and presum-
ably accounts for the increased taurine content in platelets
and probably also in other tissues of the DI rat with
hypernatremia and hyperosmolality. Many cells and tissue
preparations have been shown to accumulate taurine from
the extracellular fluid by two processes: active uptake and
passive diffusion. The active transport of taurine across
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the plasma membrane is a temperature- and sodium-
dependent, carrier-mediated saturable process. This
study shows that hypernatremia and hyperosmolality
stimulate the taurine transport into platelets via an active
component without any marked change in the diffusional
component. The change observed in the active sodium-
dependent component of taurine transport is probably not
affected by modifications in the affinity of taurine for the
platelet membrane carrier; this is indicated in the DI rats
by the unchanged K, value after severe hypernatremia
and hyperosmolality induced by water deprivation. In
contrast, the high increase in V. suggests that an
increase occurs in the number of functional carriers, or in
the mobility of the taurine-carrier complex in the cell
membrane. Very similar changes in the transport of
taurine and also other organic osmolytes have been
observed in many cells. Cultured astrocytes grown chron-
ically in medium rendered hyperosmotic with sodium
chloride showed an increase in the uptake of taurine (26).
In the renal medullary cells grown in hypertonic media, an
increased accumulation of taurine and other organic
osmolytes, like glycerophosphorylcholine, betaine,
inositol and sorbitol, has been demonstrated (27, 28).
Moreover, increasing the concentration of sodium in the
incubation medium enhanced taurine uptake in isolated cat
retinas (29). Kinetic analysis indicates that these changes
are due to increases in the V.. of the transporters
without any change in K.

An adaptive increase in platelet taurine concentration
of the Brattleboro diabetes insipidus rat subsequent to
plasma hypernatremia and hyperosmolality suggests that
taurine plays a role in the maintenance of intracellular
osmotic balance. The mechnism increasing the cell taurine
content described in this work in platelets may operate
also in intact tissues. It has long been known that high
intracellular concentrations of electrolytes are toxic, in-
hibiting the function of proteins and enzymes (30, 31). By
accumulating taurine and other organic osmolytes to
balance the extracellular hyperosmolality, the cells are
apparently protected from the perturbing effects of high
intracellular concentrations of inorganic solutes.
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