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Taurine release in the rat vas deferens is modulated by Ca2q and is
independent of contractions
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Abstract

Electrical field stimulation induces taurine release in rat vas deferens. In the present study, it was investigated if this release is
secondary to contraction. The influence of Ca2q and of the stimulation conditions was also studied. Contractions evoked by electrical

Ž .field stimulation 5 Hzr270 pulses, transverse or longitudinal were recorded and released taurine was quantified by high performance
liquid chromatography with fluorimetric detection. Ca2q removal abolished contractions, but not the overflow of taurine. Overflow
elicited by longitudinal electrical field stimulation was higher than that elicited by transverse electrical field stimulation. Increasing the

2q Ž .current strength also increased taurine overflow. In Ca -free medium, taurine overflow was decreased by caffeine 5 mM or ryanodine
Ž . Ž . Ž .10 mM but increased by dantrolene 50 mM . The results indicate that taurine release evoked by electrical field stimulation is i

Ž . 2q Ž .independent of contraction, ii modulated by Ca , iii potential dependent, and may be due to a decrease in taurine affinity for the
plasma membrane andror to an increase of Naq-dependent outward transport. q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Ž .Taurine 2-aminoethane sulfonic acid is an ubiquitous
amino acid. Taurine is present in muscles and in other

Ž .excitable tissues Jacobsen and Smith, 1968 , and it may
reach concentrations of mmolrg tissue wet weight, ac-
counting for up to 60% of the total free amino acid pool
Ž .Huxtable, 1992 .

Release of taurine into the extracellular space can be
elicited by several stimuli such as membrane depolarisa-
tion, activation of some neurotransmitter receptors, de-
crease in the medium osmolarity or stretching of the

Žplasma membrane see Shain and Martin, 1990; Huxtable,
. 2q1992 . The role of Ca on taurine release has been

difficult to establish. Ca2q is not critical for taurine release
Žas it is in exocytotic mechanisms see Shain and Martin,

.1990 . However, depending on the intensity of stimulation,
removal of Ca2q from the medium may decrease or in-
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Žcrease taurine overflow Philibert et al., 1989; Queiroz et
. 2qal., 1995 , which suggests a role for Ca as modulator of

taurine release.
It was reported previously that, in the rat vas deferens,

Želectrical field stimulation elicits taurine release Queiroz
.et al., 1995 , an effect ascribed mainly to activation of

postjunctional purinoceptors. However, in this study, some
Ž .questions were not fully addressed: i contractions were

not measured and, therefore, it was not possible to clarify
if taurine release was secondary to the contractile response

Ž . 2qand ii Ca removal from the medium caused opposite
effects on taurine release depending on the intensity of the
stimulation and, therefore, it was not possible to clarify the
role of Ca2q on taurine release in rat vas deferens.

Ž .In the present study, we investigated i if taurine
release elicited by electrical field stimulation in the rat vas
deferens is secondary to contraction, by measuring contrac-

Ž .tions and taurine overflow, simultaneously, and ii the
role of Ca2q, by removing Ca2q from the medium and by
using drugs known to influence the release and uptake of
intracellular Ca2q. Preliminary accounts of this work have

Ž .been presented elsewhere Diniz et al., 1997a,b .
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2. Materials and methods

ŽMale Wistar rats 250–335 g; Instituto Gulbenkian de
.Ciencia, Oeiras, Portugal were killed by cervical disloca-ˆ

Žtion and exsanguination. The vasa deferentia about 55 mg
.and 2 cm long were dissected and desheathed. Each vas

deferens was mounted in a superfusion chamber, with one
end fixed and the other attached to an isometric force

Ž .transducer MLT050, ADInstruments, East Sussex, UK ,
and superfused at a flow rate of 2 mlrmin. The tension
was recorded on a Macintosh LC computer connected to a

ŽMacLab system ML740 with ML110 bridge amplifiers,
.ADInstruments . The initial tension applied was 17 mN,

but tissues subsequently relaxed to approximately 8 mN.
2q Ž .The Ca -free medium contained mM : NaCl 121.1, KCl

4.7, KH PO 1.2, MgSO 1.2, NaHCO 25.0, glucose2 4 4 3

10.0, ascorbic acid 0.57, disodium EDTA 0.03; it was kept
at 378C and saturated with 95% O and 5% CO . In the2 2

Ca2q-containing medium, 2.5 mM CaCl was also added,2

prepared by equimolar replacement of NaCl by CaCl .2
ŽA Coulbourn stimulator E13-65, Coulbourn Instru-
.ments, Allentown, PA, USA , operating in a constant

current mode, was used for electrical field stimulation.
ŽTrains of 270 electrical pulses 5 Hz, 0.5–2 ms pulse

.width, 10 or 60 mA were applied by means of two
Žplatinum electrodes placed parallel to for transverse elec-

. Žtrical field stimulation or at each end of the tissue for
.longitudinal electrical field stimulation . In some experi-

Ž .ments, only one stimulation period S was applied, start-1
Ž .ing at ts45 min ts0 min was the onset of superfusion .

In experiments with drugs, two stimulation periods were
Ž . Žapplied, the second S starting at ts90 min. Drugs or2

.solvent were added to the medium at ts55 min and were
present throughout the experiment. One-min samples of

Žsuperfusion medium were collected five samples for each
stimulation period, the first sample before and the others

.after the onset of stimulation . At the end of the experi-
ment, tissues were weighed and, in some tissues, the
taurine content was measured. For measurements of tau-
rine content, preparations were homogenised in sulfosali-

Ž .cylic acid 5 ml; 0.2 mM; 48C , centrifuged and filtered
through a 0.2 mm filter. Taurine present in superfusates
and supernatants was measured by high performance liquid
chromatography with fluorimetric detection as previously

Ž .described Queiroz et al., 1995 .
Taurine content is expressed as mmol of taurine per

Ž .gram of tissue mmolrg . Basal outflow of taurine is
expressed as nmolrg. Taurine overflow was calculated as
the difference between the total taurine outflow in the 4
min after electrical field stimulation onset and the esti-

Žmated basal outflow during this time the basal outflow
was assumed to be identical to the outflow before electri-

.cal field stimulation onset and is expressed as nmolrg
tissue. Ratios of taurine overflow elicited by S and by S2 1
Ž .S rS were calculated for further evaluation of the ef-2 1

Ž .fects of drugs or solvent . S rS ratios obtained in indi-2 1

vidual experiments with the test compound were calculated
as a percentage of the mean S rS ratio in the appropriate2 1

control group.
The following drugs were used: caffeine anhydrous,

dantrolene sodium salt and verapamil hydrochloride, pur-
Ž .chased from Sigma Alcobendas, Spain ; ryanodine, from

Ž .RBI Natick, MA, USA . Solutions of drugs were prepared
Ž .with dimethylsulphoxide DMSO and diluted with medium

immediately before use. Solvent was added to the superfu-
sion medium in parallel control experiments.

Results are expressed as arithmetic means"S.E.M. for
Ž .the number n of tissues indicated. Differences between

means were tested for significance using Student’s un-
paired t-test and those with P values of 0.05 or less were
considered significant.

3. Results

Basal outflow from tissues superfused with Ca2q-con-
Ž .taining medium was 4.4"0.9 nmolrg tissue ns14 and

from tissues superfused with Ca2q-free medium, it was
Ž .5.1"0.4 nmolrg tissue ns93 .

3.1. Influence of Ca2 q on electrical field stimulation-
eÕoked taurine oÕerflow and contractions

Electrical field stimulation-evoked taurine overflow in
tissues superfused with Ca2q-containing or Ca2q-free

Ž .medium see columns of Figs. 1 and 2 , with a similar time

Fig. 1. Rat vas deferensrtransverse electrical field stimulation: contrac-
Ž . Ž .tions upper panel and taurine overflow lower panel evoked by electri-

2q Ž . 2qcal field stimulation in Ca -containing left panel and in Ca -free
Ž . Žmedium right panel . Tissues were stimulated once 5 Hz, 2 ms, 60 mA,

.270 pulses; horizontal bar . Upper panel shows tracings of contractions
from representative experiments. Lower panel shows taurine overflow
Ž .mean"S.E.M. of four to six experiments .
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Fig. 2. Rat vas deferensrlongitudinal electrical field stimulation: contrac-
Ž . Ž .tions upper panel and taurine overflow lower panel evoked by electri-

2q Ž . 2qcal field stimulation in Ca -containing left panel and in Ca -free
Ž . Žmedium right panel . Tissues were stimulated once 5 Hz, 2 ms, 60 mA,

.270 pulses; horizontal bar . Upper panel shows tracings of contractions
from representative experiments. Lower panel shows taurine overflow
Ž .different scale from Fig. 1; mean"S.E.M. of four to six experiments .
Significant differences from overflow in Ca2q-containing medium: aP -

Ž .0.05 unpaired Student’s t-test .

Žcourse peaking at the third collection period, returning to
values closer to those before electrical field stimulation,

.afterwards; not shown . Furthermore, in tissues superfused
2q Žwith Ca -free medium, taurine overflow was higher about

1.7 times; see Fig. 2 for longitudinal electrical field stimu-
. Žlation or tended to be higher about 2.7 times; see Fig. 1

.for transverse electrical field stimulation; Ps0.206 than
that in tissues superfused with Ca2q-containing medium.
However, both longitudinal and transverse electrical field
stimulation elicited contractions but only in tissues super-

2q Žfused with Ca -containing medium see tracings on Figs.
.1 and 2 .

3.2. Influence of stimulation parameters on electrical field
stimulation-eÕoked contractions and taurine oÕerflow

In experiments carried out with Ca2q-containing
medium, transverse and longitudinal electrical field stimu-

Ž .lation 5 Hz, 2 ms, 60 mA, 270 pulses elicited similar
Ž .contractions see Figs. 1 and 2, left side . However, taurine

overflow elicited by longitudinal electrical field stimula-
tion was about 63 times higher than that elicited by

Žtransverse electrical field stimulation compare left side
.columns of Figs. 2 and 1 . In experiments carried out with

Ca2q-free medium, longitudinal electrical field stimulation
Ž .also evoked a much higher about 38 times taurine release

Žthan transverse electrical field stimulation did compare
.right side columns of Figs. 2 and 1 .

To investigate the influence of stimulation conditions
on the electrical field stimulation-evoked taurine overflow,
experiments were carried out with Ca2q-free medium,
using longitudinal electrical field stimulation with different

Ž .current strengths 60 and 10 mA and different pulse
Ž .widths 2, 1 or 0.5 ms . A decrease in the current strength

Ž .from 60 to 10 mA pulse width of 2 ms or a decrease in
Žthe pulse width from 2 to 0.5 ms current strength of 60

.mA caused a marked decrease in the electrical field
Žstimulation-evoked taurine overflow 12 and 1.7 times,

.respectively; Table 1 .
The reproducibility of the electrical field stimulation-

evoked taurine overflow was studied by comparing taurine
Ž .overflow elicited by two S and S identical longitudinal1 2

Želectrical field stimulation trains 5 Hz, 2 ms, 60 mA, 270
. 2qpulses 45 min apart. In experiments with Ca -containing

medium, both S and S elicited contractions and taurine1 2

release. However, even though the contractions elicited by
Ž .the two trains were similar not shown , taurine overflow

elicited by S was lower than that elicited by S :S rS2 1 2 1
Ž .ratio of 0.33"0.05 ns5; P-0.01 . A similar decrease

in taurine overflow elicited by S was observed in experi-2

ments with Ca2q-free medium: S rS ratio 0.27"0.052 1
Ž .ns5; P-0.01 . The decrease in the taurine overflow
elicited by S was dependent on the parameters of stimula-2

tion: the S rS ratio of taurine release elicited by trains of2 1
Ž0.5 ms pulses other parameters constant; longitudinal

. Ž .electrical field stimulation was 0.58"0.06 ns6 , higher
Žthan the ratio obtained with trains of 2 ms pulses P-

.0.05 .
The possibility that the decrease in S rS ratio could be2 1

due to a loss of taurine tissue content was also investi-
gated. Paired experiments where vasa deferentia were sub-

Žmitted to one or two stimulation periods S or S and S ;1 1 2

5 Hz, 2 ms, 60 mA, 270 pulses; longitudinal electrical field
.stimulation were carried out and the taurine content was

Žmeasured at the end of the experiment after the same time
.of superfusion . The taurine content of vasa deferentia

Table 1
Effect of stimulation conditions on taurine overflow elicited by longitudi-
nal electrical field stimulation. Experiments were carried out with Ca2q-

Žfree medium. Tissues were stimulated once 5 Hz, 270 pulses, current
.strength and pulse width as indicated . Shown are means"S.E.M. of n

experiments. Significant differences from overflow elicited by 10 mAr2
ms

Current strengthr Taurine overflow n
Ž .pulse width nmolrg of tissue

a60 mAr2 ms 874.9"28.7 6
a60 mAr1 ms 715.0"95.1 4
a,b60 mAr0.5 ms 523.1"36.7 5
b10 mAr2 ms 72.0"27.4 5

aP -0.01; from overflow elicited by 60 mAr2 ms.
b Ž .P -0.01 unpaired Student’s t-test .
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Table 2
Effects of drugs on electrically-evoked taurine overflow. Tissues were

Ž .stimulated twice 5 Hz, 0.5 ms, 60 mA, 270 pulses; S – S . The drugs1 2

indicated or their solvents, were added 45 min before S ; S rS values2 2 1
Ž .are expressed as a percentage of the respective control solvent . Means"

S.E.M. of n experiments. Significant differences from control

Ž .Drug added before S S rS % of control n2 2 1

aŽ .Caffeine 5 mM 85"3 5
bŽ .Ryanodine 10 mM 57"1 5
aŽ .Dantrolene 50 mM 120"5 5

aP -0.05.
b Ž .P -0.01 unpaired Student’s t-test .

submitted only to S and to S and S was similar1 1 2
Ž10.4"1.5 and 8.9"0.8 mmolrg tissue, respectively;

. Ž .ns5 and much higher about 1180 times than the over-
flow elicited by each train of electrical field stimulation.

3.3. Influence of drugs on electrical field stimulation-
eÕoked taurine oÕerflow

The possibility that taurine overflow may be modulated
by changes in intracellular Ca2q was investigated by using
drugs known to interfere with Ca2q release from intra-
cellular stores and with Ca2q binding. Experiments were
carried out in Ca2q-free medium. Tissues were stimulated

Ž .twice S and S with identical trains of electrical field1 2
Žstimulation 5 Hz, 0.5 ms, 60 mA, 270 pulses; longitudinal

.electrical field stimulation and drugs were added after S .1
Ž . Ž .Caffeine 5 mM and ryanodine 10 mM , which cause

the release of intracellular Ca2q, decreased the electrical
Ž .field stimulation-evoked taurine overflow Table 2 . The

Ž .opposite occurred with dantrolene 50 mM , a drug that
2q Ž .prevents Ca release Table 2 .

The effects of verapamil, an inhibitor of L-type Ca2q

channels which also interferes with Ca2q binding to the
Ž .plasma membrane Chovan et al., 1980 , on the electrical

field stimulation-evoked taurine overflow was also investi-
gated. Experiments were carried out in Ca2q-free medium,

Ž .and verapamil 100 mM caused a marked increase 155"
Ž . Ž .7% ns5 in taurine release P-0.05 .

4. Discussion

The term release is often used to denote the overflow of
a compound from a tissue or other cellular preparation
produced by an exocytotic mechanism. It is also used in a
more general sense to denote the overflow independent of
the mechanism involved. In the present study, the term
release is used with the latter meaning.

Our results confirm previous observations of the occur-
rence of an electrically-evoked release of taurine in rat vas

Ž .deferens Queiroz et al., 1995 . In this tissue, taurine is
Žpresent in the micromolar range per gram of tissue Queiroz

.et al., 1995 , a fact confirmed in the present study.

Taurine release evoked by electrical field stimulation
does not seem to be due to a taurine leakage from the cell
since the amount of taurine released was not proportional
to the taurine tissue content: a second application of an
identical train of pulses elicited a much lower release of
taurine than that elicited by the first stimulation, in spite of
the taurine tissue content being similar.

The chambers used in the present study allowed electri-
cal stimulation with different orientations of the electric

Ž .field longitudinal and transverse , the simultaneous mea-
surement of contractions and the collection of superfusate

Ž .samples for further taurine measurements . Evidence ob-
tained in the present study shows that although electrical
field stimulation elicited both contractions and taurine
release, contractions were not the cause of taurine release:
Ž .i longitudinal and transverse electrical field stimulation-
evoked contractions of similar magnitude but taurine re-
lease elicited by longitudinal electrical field stimulation
was much greater than the release elicited by transverse

Ž . 2qelectrical field stimulation and ii removal of Ca from
the superfusion medium abolished electrical field stimula-
tion-evoked contractions but not taurine release.

As presented above, the amount of taurine released
changed markedly with the orientation of the electric field:
longitudinal electrical field stimulation was more effective
in evoking taurine release than transverse electrical field
stimulation. Possible reasons for this different effective-
ness may be related with tissue resistivity, which differs
according to the orientation of the electric field: the longi-
tudinal resistivity can be 10 times lower and, consequently,
the voltage gradient through the tissue is higher in a

Ž .longitudinal field Sperelakis, 1962, 1975 . Therefore, the
release of taurine may occur through a voltage-dependent
mechanism, with the amount of taurine released being
proportional to the stimulus intensity. The increase in
taurine release with increasing current strengths or pulse
widths observed in the present study also supports this

Ž .hypothesis. In our previous work Queiroz et al., 1995 , in
addition to electrical field stimulation, exogenous agonists
Ž .noradrenaline and a ,b-methylene-ATP also evoked tau-
rine release. Noradrenaline and a ,b-methylene-ATP cause

Ždepolarisation of smooth muscle cells Blakeley et al.,
1981; Sneddon and Burnstock, 1984a,b; Allcorn et al.,

.1985 , suggesting that a putative voltage-dependent mech-
anism involved in taurine release may be activated not
only by electrical field stimulation but also by other depo-
larising stimuli.

The Ca2q dependence of taurine release has been diffi-
cult to establish. In some studies, taurine release was

Ž . 2qreduced or delayed , but not abolished, by using Ca -free
Žmedium and EGTA Collins and Topiwala, 1974; Menen-

.dez et al., 1993 while in others, these procedures led to an
Žincrease in taurine release or had no effect Korpi and Oja,

1984; Holopainen et al., 1985; Martin et al., 1989; Lom-
. 2qbardini, 1993 . Therefore, Ca dependence may differ

among tissues, with the methods used to elicit release and
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also with the intensity of stimulation. In primary astrocyte
cultures, the Kq-evoked taurine release showed a Ca2q

dependence that disappeared when Kq levels were higher
Ž .than 40 mM Philibert et al., 1989 . In rat vas deferens, the

electrical field stimulation-evoked taurine release showed a
Ca2q dependence that disappeared when the current

Žstrength was increased from 10 mA to 40 mA Queiroz et
. 2qal., 1995 . The loss of Ca dependence with the increase

in stimulus intensity suggests that taurine is released from
a pool that depends on Ca2q for its stabilisation. A lack of
Ca2q would decrease taurine affinity and increase its
release from this pool. This putative role of Ca2q as a
stabiliser of the releasable taurine pool is supported by the
increase in taurine release seen after Ca2q removal and by
the effects of caffeine, ryanodine and dantrolene, observed
in the present study. Caffeine and ryanodine, drugs used to
evoke the release of intracellular Ca2q in several tissues
ŽWaterhouse et al., 1987; Bultmann et al., 1993; Ehrlich et¨

.al., 1994 , decreased electrically-evoked taurine release.
Dantrolene, a drug used to inhibit the release of intra-

2q Ž .cellular Ca Ohta et al., 1990 , caused the opposite
effect. These results further substantiate the hypothesis that
Ca2q released from intracellular stores may also partici-
pate in the stabilisation of the releasable taurine pool, and
this influence of Ca2q may constitute another aspect of the

2q Žalready known taurinerCa interactions see Schaffer et
.al., 1990; Huxtable, 1992; Namba et al., 1992 .

To our knowledge, there is no evidence for the exis-
tence of separate pools of intracellular taurine, namely
intravesicular taurine. However, it has been shown that
taurine binds to membrane phospholipids, particularly neu-

Žtral phospholipids Huxtable and Sebring, 1986; Sebring
.and Huxtable, 1986; Huxtable, 1989, 1992 , and that this

binding is inhibited by the ionic changes occurring during
q Žstimulation, namely Na influx Huxtable, 1992; Quesada

. Žet al., 1992 , and by drugs such as verapamil Chovan et
.al., 1980 . An inhibition of taurine binding may explain the

observed increase in taurine release caused by verapamil.
It has been shown that taurine release is sensitive to

Žtetrodotoxin Della Corte et al., 1990; Queiroz et al.,
. q1995 , suggesting that taurine release is Na -dependent.

Furthermore, the existence of a Naq-dependent taurine
transporter has been proved by cloning experiments with

Žseveral tissues rat brain: Smith et al., 1992; human thyroid
cells: Jhiang et al., 1993; human placenta: Ramamoorthy et

. Žal., 1994 and cell lines Madin–Darby canine kidney
.cells: Uchida et al., 1992 . Therefore, the intracellular

accumulation of Naq during depolarisation may not only
inhibit taurine binding to the membrane, as explained
above, but may also favour a Naqrtaurine outward trans-
port and explain the voltage dependence of taurine release.

In conclusion, the present study shows that, in rat vas
deferens, taurine release elicited by electrical field stimula-
tion is independent of contraction, modulated by Ca2q, and
probably, potential dependent. It is proposed that taurine
release evoked by electrical field stimulation may be a

consequence of a decreased affinity of taurine for the
plasma membrane andror of an increase in Naqrtaurine
outward transport.

Acknowledgements

The authors gratefully acknowledge the technical assis-
tance of M. Ceu Pereira. This study was supported by´
FCTrPRAXIS XXI and JNICTrPRAXIS XXIrBMr
6734r95.

References

Allcorn, R.J., Cunnane, T.C., Kirkpatrick, K., 1985. Actions of a ,b-
methylene-ATP and 6-hydroxydopamine on sympathetic neurotrans-
mission in the vas deferens of the guinea pig, rat and mouse: support
for co-transmission. Br. J. Pharmacol. 89, 647–659.

Blakeley, A.G.H., Brown, D.A., Cunnane, T.C., French, A.M., McGrath,
J.C., Scott, N.C., 1981. Effects of nifedipine on electrical and me-
chanical responses of rat and guinea pig vas deferens. Nature 294,
759–761.

Bultmann, R., von Kugelgen, I., Starke, K., 1993. Effects of nifedipine¨ ¨
and ryanodine on adrenergic neurogenic contractions of rat vas defer-
ens: evidence for a pulse-to-pulse change in Ca2q sources. Br. J.
Pharmacol. 108, 1062–1070.

Chovan, J.P., Kulakowski, E.C., Sheakowski, S., Schaffer, S.W., 1980.
Calcium regulation by the low-affinity taurine binding sites of cardiac
sarcolemma. Mol. Pharmacol. 17, 295–300.

Collins, G.C.S., Topiwala, S.H., 1974. The release of 14C-taurine from
slices of rat cerebral cortex and spinal cord evoked by electrical
stimulation and high potassium ion concentrations. Br. J. Pharmacol.
50, 451P–452P.

Della Corte, L., Bolam, J.P., Clarke, D.J., Parry, D.M., Smith, A.D.,
w3 x1990. Sites of H taurine uptake in the rat substantia nigra in relation

to the release of taurine from the striatonigral pathway. Eur. J.
Neurosci. 2, 50–61.
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