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Short communications

not medinted by known detoxification mechanisms (2] (il)
the activity is not nffected by the multidrug rculsmncc
family of prateins with a mol weight of apg

170,000 {5]; and (iif) formation of cytoloxic metabolites of
FUra such ns FAUMP was ut least not decrensed upon ras
transformation since cytotoxicity of FUra was the same or
even not significantly increased in c-H-ras transforined and
control cells. Itis not yet known whether this newly demon-
strated dFUrd activity enhancement can be exploited opti-
mally in c-H-ras transformed cells.

It is frequently stated that continuous dFUrd treatment
might be more effective than botus dFUrd [6]. Nude mice
bearing NIH 3T3 cells transformed with ras and other
oncogenes as discussed above offer an interesting model to
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define optimal treatment with dFUrd. This is lly true
for colorectal tumours since ras involvement was frequently
demonstrated in this tumour type [3] and dFUrd has proven
efficacy in the treatment of this tumour. Since activated ras
oncogenes have also been associated with resistance to
cisplatin and to ionizing radiation [4, 10], the present data
add to the understanding of the rather unique efficacy of
fluoropyrimidines in the treatment of colorectal cancer.

In summary, transformation of NIH 3T3 cells with ¢-H-
ras has_been demonstrated to result in significantly
increased activation of 5’-deoxy-5-fluorouridine and sig-
nificantly increased cytotoxicity in vitro as compared to
non-transformed NIH 3T3. FUra cytotoxicity appeared to
be increased also in vitro upon transformation; the level of
significance however was beyond that of accepted sig-
nificance (0.05 < P < 0.01). Furthermore dFUrd proved to
be less active in vivo in nude mice bearing v-fos transformed
NIH 3T3 cells than in nude mice bearing c-H-ras trans-
formed cells.
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Hyposmolarity-sensitive release of taurine and free amino acids from human
lymphocytes

(Received 12 December 1989, accepted 1 August 1990)

The nbnhly of human lymphocytes to regulate lhurvolumc
in is well d d [for recent
reviews sce Refs. 1 and 2]. When exposed to hyposmotic
media, human lymphocytes show rapid initial swelling fol-
lowed by a regulatory phase in which cells return to aear
normal volume, The regulatory volume decrease following
osmotic sw:lhng results from the loss of intracellular
osmoucnlly active solulcs, mainly K* and CI~, In human

hocytes these jonic reg y fluxes occur lhrough
scpnrale K* and Cl' pathways (1, 3, 4], whereas in other

cells they are carried by K*/CI- cotransport systems, acti-
vated by the osmotic stress [5].

Although the reduction in the amount of intracellular
solutes leading to cell volume regulation corresponds
largely to the loss of K* and €17, some amino compounds
also behave as intracellular osmolytes and may contribute
at some extent to the regulatory process. The involvement
of frec amino acids (FAA) in osmoregulation in aquatic
vertebrates and invertebrates naturally exposed to fluc-
tuations in external osmolarity is well recognized [6, 7).
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Less information exists about a similar role for FAA in
mammalian cclls although it is known that & number of
these cells possess mechanisms for ccll volume adjustment.
FAA, notably taurine, arc released from Ehrlich ascites
cells [8], superfused rat brain [9, 10] and cultured astrocytes
[11) upon hyposmotic stimulation. Human I)mphmm\
contain high concentrations of taurine, around 35 mM,
and other FAA [12, 13], which may contribute &
regulatory osmolytes. In the present work, changesin FAA
content of human Iymphocylcs in response to hyposmotic
stress were examined in order 1o evaluat involvement
in the mechanisms of ccli volume adjustment. Propertics
of the releasc of [*H]taurine were also examined ta obtain
insight into the hanism of the vol sitive release
of FAA in human lymphocytes.

Methods

Lymphacyte isolation. Blood was collected from a con-
stant group of human donors, in sterile syringes containing
EDTA (10%), and thc blood sample was diluted 1:1 with
Krebs-bicarbonate medium (KBM) containing (in mM):
118 NaCl, 4.7KCl, 1.1 KH,PO,, L. UC’ICI; 1. 2'\1g§0‘,
25N:1HCO, and 5 glucose, pH 7.4, adj 1 by but

Table 1. Frec amino acid content of humniri lymﬁ»lfw’cyx'csb

Amino acid

Glutamic acid
Histidine
Glycine
Taurine
B-Alanine
Alanine
Serine

Valine &
Leucine i 1.8 =0.09
Isoleucine 2.1 20,09

FAA content was determined in cthanol extracts by
reversed phase HPLC. Results arc means = SE of 6 scp-
arate determinations.

FAA present in lymphocytes included glutamic acid, at a
concentration of 44.5 umol/mg protein, glycine, alanine and

with O/CO; (95%/5%). Cclls were isolated by the pm-
cedure of Boyum [14] as follows: 4 mL of diluted blood
sample was layered carcfully on 3mL of Hystopaque
(Sigma) in 15-mL conical centrifuge plastic tubes, and
centrifuged at 400g for 40min. The interface containing
lymphocytes was separated and washed once with KBM
and the pellets were resuspended in KBM. The suspension
obtained contained negligible contamination of platelets
and polymorphonuclear cells and was free of erythrocytes.
Cell viability, cstimated by trypan blue exclusion, was about
98%.

Release of [*H)taurine. Cells were preincubated in KBM
containing [*H]taurine (SpuM final concentration) at 37°
for 1hr. After this loading period, cclls were filtercd in
Millipore filters (0.65 uM pore). For the time-course
experiments, filters were transferred to glass superfusion
chambers of 0.25mL and supcrfused at a flow rate of
0.8 ml/min with KBM at 37°. Fractions of the perfusate
were collected at 1-min intervals directly into scintillation
vials. After a washing period of 8 min, the bascline cfflux
was attained and cells were then stimulated for 8 min with
media of reduced osmolarily. At the end of the super(usion,
radioactivity remaining in cells and that of collected samples
was measured by scintiflation spectrometry. Inother experi-
ments, filters were transferred to vials containing 1 mL of
the different cxperimental media and incubated during
8 min at 37°, At the cnd of this incubation period, radio-
activity was measured in incubation mcdia and filters.
Results are expresscd as fractional release, i.c. the radio-
activity in fractions as pereent or lol.xl ndxmcnvny in the

P-alanine at concentrations ranging from 20 to 26 nmol/mg
protein (Table 1). The cellular volume/mg protein was
calculated to be 8,17 puL, considering an average ccll volume
of 190 gm?* (0.19 x 107¢ L) [2, 15} and 43 X 10° cellymg
protein. Accordingly, the concentration of taurine was
found to be 27.5 mM, which is within the range reported
[12], and that of total FAA was 42.7 mM. Those valucs
may he even higher, since the osmotically active water in
human lymphocytes corresponds to only 687 of the celtular
volume [3].

Upon incubation in media of deereasing osmolarity, the
FAA content of cells deereased. Most FAA responded to
hyposmolarity, but differences were obscrved in the
amount released by cells and in the sensitivity to the stimu-
tus. According to these differences, FAA may be grouped
as follows: (1) Taurine, glutamate and histidine were tightly
retained by the cells in isosmotic conditions but were
released in response to reductions in asmolarity, cven to
small decreases (Fig. 1A). The ccllular content of these
amino acids decreased 70-90% by reducing osmolarity to
150 mOsmol (Fig. 1A). The largest deerease (almost 90%)
was observed for taurine. (2) Glycine, alaninc and S-alanine
were also strongly retained by cells in isosmotic conditions
but upon stimulation with  hyposmalar  medium
(150 mOsmol), cells still retaincd 35-40% of their initial
content (Fig. 1B). (3) Valine, isolcucine and scrine were
released in isosmotic conditions and were practically unre-
sponsive to hyposmolarity (Fig. 1C). Reduction in the
intracellutar content of FAA was due ta an activation of
efflux since the decreasc in celiular content was quan-
titatively accounted for by the concentration found in the

cells at the start of supcrfusion or i g the

washing period. The drugs to be tested were added 15 min
before the end of the loading period and were present
during all the supcrfusion or incubation periods, When
drugs were dissolved in solvents other than water, controls
were exposed to the same ion of the solvent

used,

Determination of endogenous free amino acids., Free
amino acids were extracted with 70% cthanol and deri-
vatized with O-phthaldinldehyde, The amino ucid content
was dclcrmmcd by reversed phase HPLC in a Beckman

graphic system, cquipped with an Ultrasphere
column,

Results and Discussion

The concentration of FAA of human lymphocytes is
shawn In Table 1, Taurlne, with o concentration of
239 nmol/mg protein was the most abundant FAA, con-
firming previous obscrvations by Fukudn etal. (13}, Thurine
nccounled far mote thin 6% of the lotal FPAA poal, Qther

(Fig. 1),

The time~coursc of taurine release in response to hypos-
molarity was cxamined by (ollowing the cfflux of
["H)taurine in hyposmotically stressed cells. Figure 2 shows
that decreasing ommhmy to 150 mOsmol resulted in
rapid release of [*Htaurine which attained a maximum
within the first minute (after subtracting the dead space
of the superfusion system) and then declined despite the
persistence of the stimytus, Reduction in osmolarity was
obtained by dccrc.mng the N;\ conccmmlion of the

di but it is the hyy ion and not the
reduction of Na*-concentration which induces taurine
relcase, since a solutjion with low Na* but made isosmotic
with sucrose did not clicit the release of [*H]taurine.

The hyposmolarity-sensitive release of [‘Hlnunnc was
unaffected by deerensing the temperature to 15°, but it was
reduced by 609 nt 4°. ‘This abservation suggests that the
release of taurine is not energy dependent, The inhibltion
abserved at low temperalure may be due to changes in
membrane fuldity that muy affeet diffusional processes,
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Fig. 1. Effect of decreased osmolarity on FAA content in
human lymphocytes. Cells were incubated in isosmotic
medium (300 mOsmol) or in media of decreased osmol-
arity: 0.85, 0.7 or 0.5 of the isosmotic medium, during
8 min. Afterincubation, cells were centrifuged and washed,
and FAA were extracted with 70% ethanol. FAA content
in cell extracts (white bars) or in incubation media (dashed
bars) was measured by reversed phase HPLC. Results are
expressed as percent change in cells or in incubation media,
with respect to the endagenous FAA content in non-incu-
bated cells (100%, broken line). (A) Changes in taurine,
glutamate and histidine. (B) Changes in f-alunine, alanine
and glycine. (C) Changes in valine, serine and isoleucine.
Results are the means = SE of 4-6 cxperiments. FAA
release in hyposmotic media was significantly different from
isosmotic medium by: *P < 0.001; *P < 0.01; *P < 0.02; and
4P < 0.05.

Volume regulation in human lymphocytes is associated
with losses of cellular K* and Cl= [4, 5]. The changc’in K*
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3o

SH-TAURINE RELEASE (%)
n
[+]
7

s e s
— L 20
SUPERFUSION TIME (min)

Fig. 2. Time-course of [*H]taurine release stimulated by
decreased osmolarity. Loading and release conditions were
as described in Methods. During the time indicated by the
bar, the superfusion medium (isomotic) was replaced by &
hyposmotic medium (150 mOsmol, 35 mM NaCl), Results
are expressed as fractional release as defined in Methods.
‘The graph corresponds to a representative experiment from
a total of 4.

such as quinine, tetraethyl and 4 inopyri-
dine, and by agents interfering with the Ca®*-calmodulin
system like chlorpromazine and trifluoperazine [1,3,4].
The volume-induced increase in Cl™ efflux occurs simul-
taneously but independently of the K* fluxes. CI™ con-
ductance associated with volume changes in human lym-
phocytes is blocked by dipyridamol and by the disulfonic
stilbene derivatives 4,4'-diisothiocyanostilbene-2,2"-disul-
fonic acid (DIDS) and 4-acetamido-4'-isothiocyanato-
stilbene-2,2"-disulfonic acid (SITS) [4). To investigate
whether the hyposmolarity-induced release of FAA was
associated with the ionic fluxes activated by swelling, the
effects of quinidine, barium, tetracthy ium (TEA)
and gadolinium on the release of [*H]taurine were
examined. The concentrations used were those reported to
inhibit ionic fuxes [1,3,4], i.c. 75 M quinidine, 15mM
barium, and 15 mM tetraethylammonium. Gadolinium was
used at concentrations of 10 and 100 #M. None of these
compounds modified taurine efflux (Table 2). Higher con-
centrations, particularly those of quinidine, were toxic to
cells, DIDS showed an inhibitory effect on the hyp-
osmolarity-sensitive release of taurine. The effect of DIDS
was examined on the release of labeled as well as of
endogenous taurine due to some quenching produced by
DIDS at high concentrations in the experimental procedure

efflux activated by hyposmolarity scems to be
at least in part [4, 5). K* Muxes associated with cell swelling
ited by ists of Ca**-dependent K* ch el

used for me g rad ivity. The y effect of
DIDS was concentration dependent, with a maximal inhi-
bition of about 40% at 200 #M (Fig. 3). Inhibition close to
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Table 2. Effect of omission of Na* or Cl™ and or,inllibilo}‘s o
of ionic fluxes on the relcase of [*Htaurine evoked by 77 °

hyposmolarity

[*H]Taurine release (%)
Conditi 1 h H

lyy ic
Contro! 6.1 20.8 72.7%6,2
Na*-free 59=03 71058
Cl™-frce 5.0=0.1 67.9%1.7
TEA, 15mM 6.4 =03 69.7=5.9
Barium, 15 mM 7.0+0.8 71.0£3.5
Quinidinc, 75 uM 51209 737 %21
Gadolinium, 10 pM 6.8 0.7 N7+£29

Ceils were loaded with [*H]taurine and incubated as
described in Methods, with isosmotic medium or with a
medium of reduced osmolarity (150 mOsmol). The ionic
compasition was modificd in both, isosmotic and hypos-
motic media. Na* and CI” in the experimental solutions
were replaced by the corresponding salts of choline and
gluconate. Drugs were present during the last 15 min of
the loading period and in media during aill incubation
periods, When solvents other than walter were used, coni-
trols were exposed to the same amount of solveat, Results
arc expressed as (ractional release (%) and are the
means * SE of 4-12 experiments.

maximal was observed in the presence of 50-100 M DIDS.
A noticeable inhibition was observed at 10 uM DIDS (Fig.
3). The inhibition of DIDS increased in a C1™-free medium.
No effect on the release of {*H] taurine was obscrved in the
presence of pimozide (10 uM) or trifluoperazine (10 sM)
(results not shown). All these obscrvations suggest that the
hyposmolarity-scnsitive release of FAA occurs inde-
pendently of the ionic fuxes activated during the volume
regulatory process and of Ca?*-mediated transduction reac-
tions. In further support to this notion is the obscrvation
that activating K *-fluxes in isosmotic conditions by A23187
did not elicit *H]taurine relcase (results not shown). It has
been observed in human lymphocyles that K*-fluxes in
isotonic Jiti are d in the § of the
jonophore [3].

“The mechanism responsible for the release of FAA in
response to hyposmolarity is unclear at present. The hyp-
osmolarity-sensitive ¢{lux may result from a stimulation of
the Na*-dependent, carricr-mediated transport system for
amind acids or from an activaton of lcak pathways. To
investigate whether taurine efflux might occur through the
carrier transport system working outwards, the effect of
removal of external Na* was cxamined on the spontancaus
and the hyposmolarity-sensitive release of taurine, Under
these conditions a Na* gradient inside > autside is imposed,
which should drive taurine cfflux in that direction. Also,
evidence of the ubility of the carsicr to operate transporting
intraceliular taurine to the extracellular space was tested
by measuring in an isosmotic medium the rclease of
[PH)taurinc upon increasing the concentration of extra-
cellular unlabeled taurlne. Results of these experiments
showed that ncither thc spontancous nor the hyp-
osmolarity-sensitive relense of |*H]taurine were affccted by
Na' omisslon (Table 2). Also, the efflux of previously
accumulated [PH]taurine was_not activated by homo-
exchange (results not shown). These results arguc ngainst
the involvement of the Na*-dependent carricr on the swell-
{ng-associnted release of tautine. Morcaver, the insen-

. T . Maral

INHIBITION OF *H-TAURINE RELEASE (%)

L s
50 100 150 200

DIDS (1M)

Fig. 3. Effcct of DIDS on the hyposmolarity-scasitive
relcase of endogenous taurine. Lymphocytes obtained as
described in Methods were incubated in i i di

containing the concentration of DIDS indicated for cach
point for 30 min. After this time, cells were incubated for
8min in hyy i dium (0.75 larity) inii

the same concentration of DIDS as in the isosmatic
medium. Controls were incubated in isosmotic and hypos-
motic media without DIDS. Taurine released to the incu-
bation medium and that remaining in cclls at the end of the
experiment was measured by HPLC, Resuits are expressed
as percent inhibition of taurine released by hyposmotic
medium in the absence of DIDS. Results ure mean = SE

of 3-8 experiments.

sitivity of taurine relcase to decreases in temperature sup-
. Y
of

ports this since the [
the taurine carricr is well established {16].

Results of the present study indirectly suggest that FAA,
particularly taurine, participate in volume regulatory pro-
cesses in human lymphocytes. As compared to jonic osmo-
lytes, the contribution of FAA may be relatively small,
since 6095, on the average, of a tolal FAA pool of about
43 mM leaves the cell in response to large decreases in
osmolarity (150 mOsmol). Lymphocytes, as many other
cells, have an anionic deficit with respect to cation con-
centration. The potassivin concentration in human lym-
phocytes is about 140-170mM |3, 17), whereas the Cl™
content of cells is much lower. There arc large discrcpancies
in the valucs reported for intracellular CI™ in lymphocytes,
varying [rom 30 to 90 mM (3, 18, 19]. Morcover, the free
cytoplasmic concentration of CI~ may be significantly dif-
ferent from the total cellular concentration reported, since
compartmentation is suggested by the several components
observed in the kinetics of CI” efflux [19]. These abser-
vations suggest that not all CI~ in the cell may be available
for volume regulation. In these conditions the contribution
of lectrolyte solutes, especially FAA, may be impore
tant to compensate for the lonic deficit.

In summary, this study has shown that human lym-
phocytes possess a hyposmolarity-scnsitive relcasc of FAA,
particularly of the most abundant one, taurine. This release
may contribute to the volume regulatory decrease in lym-
phocytes.
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inyl-N-hydroxysuccini

as a cross-linking agent for the

attachment of protein to liposomes
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1 lobuli 10

drugs have
been examined (i) for their ability to specifically interact
with cognate surface :mlxgcn on tumour cells and (ii) for
targeting 1o tumours in animals [1]. Antibody coated
hposumcs have bccn prcpurcd by H.xshnmuto et al. [t}
who i 1 N- ido benzoyl) d yl-
phosphnhdyl cthanclamine into liposomes \&hu:h were then
reacted with immunoglobulin. Covalent .m.nchmcm occurs

Materials and Methods
Chemicals. Cholesteryl  h i , N-hydroxy-
succinimide and N, N'-dicyclohexyl carbodiimide were
purchased from the Sigma Chemical Co., Pool, U.K.).
[’H]Puromycin (3 Ci/mmol) was supplied by Amersham
(Bucks. U.K.). All other reagents were of analytical grade.
Preparation of cholesteryl hemisuccinyl-N-hydroxy-

vin protcm sulphydryI-SH groups to the maleimido area of
the pholipid. A ofil
has also been achieved through a disulphid sulphydryl
group c(chnngc rc'\cuon using liposomes containing
1 phosphatidyl-eth lamine-3-(2-pyridyldithio)
propmnnu: 12] Lcss-spccnf: cross-linking proccdures have
made use of the coupling reagents toluenc-2 4-diisocyanate
and 1-ethyl-3-(dimethylaminopropyl) carbudiimidc (3,4).
In the present communication we describe an alternative
procedure for attaching proteins and amino group-
comnmlng molccu]cs to hposomcs The method makes use
ofch yl-succinyl-N- oxysuccinimide incorporated
into membrane slruclurcs of hposumcs (l‘lg 1). The
rcsullmg fiposomes were found to be capable of interacting
with amino group: ta give mol
covalently attached to the surface.

de (Fig. 1). Cholesteryl hemisuccinate (97.4 mg,
0.2 mmol) and N-hydroxysuccinimide (25.3 mg, 0.02 mmol)
were dissolved in 1 mL of dioxane. To this solution was
added N,N'-dicyclohexyl carbodiimide (41.3 mg,0.2 mmol)
dissolved in 0.3mL dioxane. The reaction mixture was
allowed to stand at room temperature overnight.
Dicyclohexylurea was removed by filtration and the clear
filtrate taken to dryness at 37° under vacuum. The residue
was taken up in 2mL dioxane and allowed to stand at
room temperature for 2 hr untit no further crystallization
of dicyclohexlurea occurred. Following filtration the final
solution was concentrated to dryness and the residue
recrystallized from isopropanol. m.p. 151-152°, Chroma-
tography on silica gel 60F, TLC plates developed
in CHCly:methanol (9:1, v/v) gave a single spot
(hydroxylamine/FeCl, for active ester and 1% HCIO, with
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Taurine Release Associated to Volume Regulation in
Rabbit Lymphocytes

). Jests Garcfa, R. Sdnchez Olea, and H. Pasantes-Morales
Institute of Cell Physiology, National A. University of Mexico, 04510 México D.F., Mexico

Abstract Rabbit lymphocytes exposed to hyposmotic media first swell and then recover their initial volume
within 6 min. During volume recovery, free amino acids (FAA) decrease from 451.1 to 208 nmoles/mg protein, Taurine
was the dominating FAA, accounting for 70% of the FAA pool. The time course of *H-taurine release induced by
hyposmolarity followed that of volume recovery. Efflux of *H-taurine in an 8 min period was 17.8% (of total labeled
taurine accumulated during loading) in an isosmotic medium, Reducing osmolarity to 0.87, 0.75, 0.62, and 0.5
increased this release t0 24.8%, 38.1%, 56.4% and 70.9%, respectively. The volume-sensitive release of *H-taurine was
unaffected by omission of external Na* or Ca** and was reduced by 23% in the absence of CI". It was unaffected by
agents disrupting the cytoskeleton or by tetraethylammonium, barium, quinidine, and gadolinium, but was 26% -
reduced by DIDS. Taurine release was inhibited at 4°C, but was unchanged at 15°C or 25°C. An involvement of FAA,

particularly taurine, in lymphocyte volume regulation is suggested.

Key words: hyposmolarity, swelling, free amino acids, DIDS

Cell volume regulation is a process described
in several animal cell types exposed to anisos-
motic media [1,2). In hyposmotic conditions,
cells rapidly swell because of their high perme-
ability to water. Swelling is followed by a slower
recovery phase in which cells return to near-
normal volume. This process is known as regula-
tory volume decrease (RVD) and is mediated by
& reduction in the internal solute content. Vol-
ume regulation has been observed in epithelial
cells [3,6], red blood cells [7,8], Ehrlich ascites
tumor cells, astrocytes (10,11], and human lym-
phocytes [12). In vertebrate cells, the RVD is
mainly supported by & net loss of intracellular
K* and ClI- [8,12,13]. In blood cells of euryhaline
invertebrates and fishes, free amino acids (FAA),
particularly taurine, also contribute to the regu-
latory process [14-16). This occurs through the
activation of amino acid efBux, thus reducing
the osmotic gradient. In mammalian cells, the
involvement of taurine and free amino acids in
volume adjustment has been described in bird
erythrocytes [17], Ehrlich acites cells {9], and
cultured MDCK cells [18] and astrocytes [19).
Mammalian lymphocytes contain large amounts
of taurine, in the millimolar range [20,21), and
also possess the ability to regulate cell volume

Racelved February 28, 1690 accepted Septomber 31,1690, *
© 1990 Wiley-Liss, Inc.

[22,23]). In order to investigate whether taurine
and other FAA participate in the process of
volume regulation in lymphocytes, in the present
work, the release of taurine and FAA in re-
sponse to decreases in external osmolarity was
examined in rabbit lymphocytes.

MATERIA!S AND METHODS
Chemicals and Solutions

A23187, DIDS, quinidine, tetraethylammo-
nium, furosemide, colchicine, and cytochalesin
B were purchased from Sigma Chemical Com-
pany (St. Louis, MO). Bumetanide was a gift
from Leo Laboratories, Denmark.

Krebs-bicarbonate medium contained (in mM)
NaCl 118, KCl 4.7, KH,PO, 1.17, CaCl, 2.5,
MgS0, 1.2, NaHCO, 25, and glucose 10, pH 7.4,
adjusted by bubbling with 0,/CO, (95%:5%). So-
Jutions with decreased osmolarity were pre-
pared by reducing the concentration of NaCl
without modifying the concentration of other
solutes, as follows: 100% osmolarity, NaCl 118
mM; 75% osmolarity, NaCl 79 mM; 62.5% osmo-
larity, NaCl 67.6 mM; 60% osmolarity, NaCl,
88.5 mM. Drugs were dissolved in water (boiling
water for quinidine), except bumetanide and
A28187, which were dissolved in ethanol, and
cytochalasin B, in dimethylsulfoxide,
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Lymphocyte Isolation

Lymphocytes were obtained from adult albino
rabbits (2-3 kg weight). A constant population
of rabbits was used through all the experiments.
The procedure of Boyum [24] was used for isola-
tion of lymphocytes. Periferic blood was ob-
tained by cardiac punction with sterile syringes
containing 10% EDTA. The blood sample (20
ml) was diluted 1:1 with Krebs-bicarbonate me-
dium, and 4 ml of this dilution was carefully
layered on 3 ml of Hystopaque (Sigma) in coni-
cal centrifugue tubes of 16 ml. After centrifuga-
tion at 400g for 40 min, the interphase contain-
ing lymphocytes was separated, washed once,
and resuspended in Krebs-bicarbonate medium.
This preparation contained negligible contami-
nation of platelets and polimorphonuclear cells
and was free of erythrocytes. Cell viability, esti-
mated by trypan blue exclusion, was about 98%.

Cell Volume Measurements

Cell volume changes were followed by changes
in the optical properties of the lymphocyte sus-
pension incubated in media of different osmolar-
ity. Absorbance at 700 nm was measured in a
double-beam spectrometer equipped with a mag-
netic stirrer and temperature controller. A cell
suspension in Krebs-bicarbonate medium was
diluted with water to obtain the desired osmolar-
ity in 1 ml! final volume. Changes in absorbance
were followed during 10 min at 37°C. Except as
otherwise indicated, volume measurements were
carried out in a calcium-free medium to avoid
cell aggregation. Volume regulation is unaf-
fected under these conditions [12),

Release of ’H-Taurine

For release experiments, cells were preincu-
bated in a Krebs-bicarbonate medium contain-
ing *H-taurine (5 uM, 2 nCi/650 ul) at 87°C.
After this loading period, cells were filtered in
Millipore filters (0.65 wm pore). Filters were
then transferred to glass superfusion chambers
of 0.256 ml and superfused at a flow rate of 0.8
ml/min with Krebs-bicarbonate medium at 37°C.
Fractions of the perfusate were collected at 1
min intervals directly into scintillation vials.
After a washing period of 18 min, the baseline
efflux was attained and cells were then stimu-
lated during 8 min with media of reduced osmo-
larity. At the end of the superfusion, radioactiv-
ity remaining in colls and that of collected
samples was moasured by scintillation apsctrome

etry, Results were expressed as fractional re-
lease, i.e., the radioactivity in fractions as per-
cent of total radioactivity in the cells at the start
of the superfusion, excluding the washing pe-
riod. In some experiments, filters were trans-
ferred to vials containing 1 ml of the different
experimental media and incubated during 8 min
at 37°C. No difference was found between re-
sults of these two experimental procedures, Ex-
cept when otherwise indicated, the tested drugs
were added at the end of the loading period (16
min) and were present during the whole superfu-
sion period. When drugs were dissolved in a
solvent other than water, controls were exposed
to the same concentration of the solvent used.
Cell viability was examined in all experiments
with drugs.

Determination of Endogenous Amino Acids

The FAA content of lymphocyles exposed to
media of different osmolarity and FAA released
by hyposmotic conditions were determined by
reversed-phase HPLC in a Beckman chromato-
graph equipped with an Ultrasphere column.
FAA from cells were extracted with 70% ethanol
and derivatized with O-phthaldialdehyde. FAA
in the superfusate were measured directly after
derivatization.

RESULTS

Lymphocytes exposed to a medium with re-
duced osmolarity (1569 m Osmoles) rapidly swell,
reaching the highest volume within 30 s. Then
the volume decreased and almost recovered the
initial value after 6 min (Fig. 1),

Decreasing osmolarity of the superfusion me-
dium resulted in a massive release of *H-taurine
accumulated by cells during the loading period.
The fractional release of *H-taurine that in isos-
motic conditions corresponded to 17.8% in 8 min
increased to 70.9% in the same period upon
exposure to a medium with 50% reduction in
osmolarity. The time course of the release pro-
cess is shown in Figure 2. The peak release was
attained within the first minute, after substract-
ing the dead space of the superfusion system,
and then the effiux declined to reach prestimula-
tion values, despite the persistence of the hypos-
motic conditions. A medium containing the re-
duced amount of NaCl was required to decrease
osmolarity, but when made iscamotic with su-
crose, was unable to stimulate "H-taurine re-

“ loase (Fig. 2).
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Fig. 1. Regulalory volurne decrease in rabbit lymphocytes.
Cells were susp d in ic Krebs medium (upper line)
or In hyposmotic (0.5) solution (lower line). Changes in absor-
bance were followed as described in Materials and Methods.
Results correspond to a representative experiment from four
separale experiments.

The efflux of *H-taurine from lymphocytes
was clearly associated to reductions in osmolar-
ity. The fractional release of *H-taurine in media
of 318, 270, 238, 197, and 159 Osmoles corre-
sponded to 17.8%, 24.8%, 38.1%, 56.4%, and
70.9% of total accumulated *H-taurine, respec-
tively (Fig. 3).
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Fig- 2. The time course of *H-taurine release stimulated by
decreased osmolarity. Loading and release conditions are as
described In Materials and Methods. During the time indicated
by the bar, the superfusion medium (isosmotic) was replaced
by & hyposmotic medium (O}, (159 mosmoles, 38.5 mM NaCl)
or by a medium with reduced NaCl but made isosmotic with
sucrose (@), Results are expressed as fractional release as
described in Materlals and Methods. Results are means of 4-6
separate experiments, S,E.M, range 2%-13%,
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Fig. 3. The effect of decreasing osmolarity on *H-taurine re-
lease from rabbit lymphocytes. Cells were loaded with *H-
taurine and superfused with solutions of decreasing osmolari-
ties as indicated. Bars correspond to the release (%) during 8
min of superfusion, Results are means = 5.E.M. of the number
of experi indicated in par

The efflux of *H-taurine stimulated by reduc-
tion in osmolarity was unaffected when NaCl
was omitted from the superfusion medium and
replaced by choline chloride. The osmotically
induced *H-taurine release was significantly re-
duced (30%) by replacing chloride with the im-
permeant anion gluconate. Removal of external
calcium had no effect on the osmolarity-sensi-
tive release of taurine (Table I).

The release of *H-taurine evoked by hyposmo-
larity was independent of pH in the range of
6.0-7.8. Taurine release induced by hyposmotic
conditions examined at temperatures of 16°C

Table 1. Effect of Replacing
External Ions on the Release of "H-Taurine

Evoked by Hyposmolarity
*H-taurine Release (%)
Conditions Isosmotic Hyposmotic
Control 9.08 = 0,82 (38) 68.0 = 7.17(38)
Na‘-free 6.02 =13 (4) 725 2.5 (4)
Cl"-free 5.70 % 1.81 (10)  52.5 = 4.58 (6)
Ca**-free 8.40 = 2.0 (3) 72.7 = 0.46 (3)

Cells were loaded with *H-taurine and superfused as de-
scribed in Materials and Methods with isosmotic medium or
with a medium of reduced larity (0.5). The jonic compo-
sition was modified in both isosmotic and hypoamotic medis.
Na* and CI" in the expsrimental solutions were replaced by
the corresponding salts of choline and gluconate. Calcium.
froo medium contalns no calclum and 200 uM EGTA. Re-
suls are means * B.EM, of the number of experiments
indlcated in parenthesss.
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Table II. Effect of Inhibitors of
Ionic Fluxes and Other Compounds on

Table I¥. Effect of Decreased
Osmolarity on FAA Content of Rabbit

"H-Taurine Release Stimulated by Lymphocytes
H larit
YPosmo artty Concentration

Concen. 'H-taurine Release (%) (nmoles/mg protein)
Drug tration Isosmotic Hyposmotic Amino acid Isosmotic Hyposmotic*
Control 91=+08 680=71 Taurine 314.8 = 26.8 134.6 = 254
TEA I5mM 64=+10 743=01 Glycine 22919 104 =10
Barium 15mM 103x08 67.1=04 B-Alanine 17.2+42 89.0+ 1.6
Gadolinium 10pM 8303 69.6=x34 a-Alanine 12214 7.7+ 05
DIDS 100pM 105x26 502x14 Glutamic acid 8.2%26 3.6 %04
Quinidine 7pM  82=x16 66.1=120 Serine 7.0 % 1.0 4907
Bumetanide 20pM 8808 694=*48 Valine 46=x156 41=09

100pM 109 +0.8 657 =3.0 Phenylalanine 2.6 =06 25+0.3
Furosemide I1pM  82=04 663=6.9 Histidine 1.6 £ 04 1201
z‘:‘;l%z;darazine lg m gg f ég 222 f 5'221 *Cells were incubated in iscsmotic medium or in medium
Colchs pe O5mM 160 %30 69580 with reduced osmolarity (60%) at 37°C during 8 min, After

chicine - 16.0 = 3.0 69.5=3.0 incubation, cells were centrifuged and washed and FAA

CytochelasinB  10pM 63+183 68521 extracted with 70% ethanol. FAA content was mesasured by

Cells were Incubated with the drugs during 15 min at the
end of the loading period and in the media during the whole
superfusion period. When solvents other than water were
used, controls were exposed to the same amount of solvent.
Repults are means = S.E.M. of 3-38 experiments.

and 25°C was not different from that observed at
37°C. At 4°C, the volume-sensitive release of
taurine was markedly inhibited to only 20% of
control at 37°C (results not shown).

The influence of the cytoskeleton on the vol-
ume-sensitive release of *H-taurine was exam-
ined by exposing cells to colchicine (0.5 mM) or
cytochalasin B (10 uM). None of these drugs
affected *H-taurine efflux (Table II).

The effects of compounds affecting ionic fluxes
activated during the regulatory volume process
on the release of *H-taurine evoked by hyposmo-
larity were examined in order to investigate a
possible link between these two processes. Table
Ishows that the inhibitors of K*/Cl~ cotransport
furosemide and bumetanide had no effect on the
volume-sensitive release of 'H-taurine. From in-
hibitors of CI- channels, DIDS (100 pM) re-
duced *H-taurine release by 26%, whereas gado-
linjum had no effect. The K* channel blockers,
tetrasthylammonium (TEA), barium, and quini-
dine all failed to modify *H-taurine release (Ta-
ble II). In complementary experiments, potas-
slum channels were activated in isosmotic
conditions by increasing intracellular calcium
concentration with the ionophore A28187 [12).
Taurine relesso was not stimulated under these
conditions (results not shown), Pimozide and
trifluoperazine did not affect "H-taurine releass.

reversed-phase HPLC, Results are means = S.E.M. of four
separate experiments.

Taurine was the most abundant free amino
acid in rabbit lymphocytes and accounts for 70%
of the total FAA pool (Table III). Other compo-
nents of the FAA pool include glutamic acid,
glycine, serine, a- and B-alanine, and histidine
(Table III). Following stimulation with a hypos-
molar medium, taurine content in cells fell from
314.8 to 134.6 nmoles/mg, i.e., & reduction of
more than 58% (Table III). Similar decreases
were observed in the intracellular concentration
of glycine, glutamate, and B-alanine, whereas
the concentration of a-alanine, serine, and histi-
dine decreased only by 37%, 30%, and 13%,
respectively. The concentration of valine, pheny-
lalanine, and other non-identified FAA was unaf-
fected by decreases in osmolarity (Table III).
The concentration of FAA and taurine found in
the extracellular medium after the hyposmotic
stimulus was practically equivalent to that lost
from the cellular pool.

DISCUSSION

Results of the present study showed that rab-
bit lymphocytes possess the mechanisms for cell
volume regulation that have been described in
other blood cells, including human lymphocytes
{12,23]. Cell swelling in rabbit lymphocytes ex-
posed to hyposmotic conditions is very rapid,

"and volume restoration is also rapid, somewhat

fester than in human lymphocytes, Rabbit lym-
phocytes respond to the hyposmotic challenge
by a massive rolease of FAA, particularly tau-
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rine, which is the predominant component of
the FAA pool. The time course of taurine release
closely follows that of the volume regulatory
process, The magnitude of taurine release is
proportional to the intensity of the stimulus and
is quite sensitive, responding to small changes
in osmolarity.

In most cells with the ability for volume adjust-
ment, a loss of K* and Cl- largely contributes to
cell volume recovery in response to hyposmolar
stimulus {1,13]. As previously mentioned, in
many cells of marine invertebrates and verte-
brates and in avian and mammalian tissues,
FAA contribute also to the volume regulatory
process. A possible link between the volume-
sensitive release of FAA and the ionic fluxes
activated by hyposmolarity has not been investi-
gated. The results of the present study suggest
that FAA efflux and K* conductance associated
to volume recovery are unconnected eventssince
anyone of the blockers of K* fluxes affected FAA
release. The complementary observation that
activating K* fluxes in isosmotic conditions did
not elicit FAA release further supports this no-
tion. A possible connection between Cl™ move-
ments and FAA efflux is suggested by the inhibi-
tory effect of DIDS, a blocker of Cl™ channels,
and of the omission of CI°, on the volume-
sensitive release of taurine. Taurine release
evoked by hyposmolarity in rabbit Jymphocytes
seems unrelated to intracellular calcium concen-
tration or to calcium-dependent transduction
mechanisms. This is in contrast to that observed
in Ehrlich ascites tumor cells, in which release
of FAA stimulated by hyposmolarity is inhibited
by anticalmodulin drugs [25].

The mechanism of taurine and FAA release
associated with volume regulation is still un-
clear. Taurine, as many amino acids, enters the
cell by a Na*-dependent, energy-mediated, spe-
cific, and saturable transport system. This mech-
anism apparently is not involved in the release
of taurine evoked by hyposmolarity since tau-
rine efflux is not affected by removal of Na* and
the release of endogenous taurine is not stimu-
lated by an increase in external taurine concen-
tration ([26,26] and the present results). In
flounder and eel red cells, a Na*-independent,
non-gaturable process of taurine accumulation
is highly activated in hyposmolar conditions.
These observations suggest that a simple leak
pathway, independent of the saturable uptake
syatem, ia responsible for the net loss of taurine
during the regulatory volume decrease. This

seems to be the mechanism also in rabbit lym-
phocytes as suggested by the Na* and tempera-
ture independence of the taurine release process.
The inhibitory effect of very low temperatures
on the volume-sensitive efflux of taurine may be
due to changes in the fluidity of membrane
constituents that could affect diffusional pro-
cesses. .

FAA and taurine contribute only a minor frac-
tion to volume restoration in hypotonically swol-
len lymphocytes since the loss of FAA is 54% of
an endogenous pool of approximately 45 mM. It
has been assumed that in human lymphocytes
K* and CI” are the only osmotically active sol-
utes involved in volume regulation {27], but the
present observations on the magnitude and the
temporal course of taurine release in hyposmot-
ically challenged rabbit lymphocytes suggest a
contribution, although modest, of this organic
compound to the regulatory process. Early obser-
vations of Hoffmann and Handel [28] have also
pointed to the involvement of FAA, particularly
taurine and glycine, in volume regulation in
Ehrlich ascites cells. Moreover, Deutsch and Lee
[23] have stressed the requirement of an efflux
of osmolytes other than K* and Cl- to underlie
regulatory volume decreases in lymphocytes, par-
ticularly in conditions of large reductions in
osmolarity. This consideration is based on the
amount of chloride [Cl), in lymphocytes being
entirely exhausted under conditions of large de-
creases in osmolarity in which, however, a regu-
latory volume decrease still occurs. Taurine and
other FAA may then contribute to cell volume
adjustment in these stringent situations.
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Summary. The amino acid pool of MDCK cells was essentially
constituted by alanine, glycine, glutamic acid, serine, taurine,
lysine, B-alanine and gl ine, Upon reductions in larity,
free amino acids were rapidly mobilized. In 509 hyposmotic
solutions, the intracellular content of free amino acids decreased
from 69 to 25 mM. Glutamic acid, taurine and B-alaninc were the
most sensitive lohyposmolamy followcd by glycine, alanine and
serine, whi phenylalanine and valine were only
weakly reactive. The properties of this osmolarity-sensitive re-
lease of amino acids were examined using *H-taurine. Decreasing
osmolarity to 85, 75 or 509 increased taurine cfflux from 0.6%%
perminto 1.6, 3.5 and 5.06 per min, respectively. The time course
of JH-taurine release closely follows that of the regulatory volume
decrease in MDCK cells. Taurine release was unaffected by re-
moval of Na*, Cl- or Ca?*, or by treating cells with colchicine
or cytochalasin. It was temperature dependent and decreased
at low pH. Taurine release was unaffected by bumetanide (an
inhibitor of the Na*/K* IZCI‘ carrier); it was mhlbucd 16 and 67
by TEA and quinidine (inhibitors of K* ), unaf-
fected by gadolinium or d|phenylamm¢-2-cnrboxyln[: (inhibitors
of Cl~ channels) and inhibited 509 by DIDS. The inhibitory
effects of DIDS and quinidine were additive. Quinidine but not
DIDS inhibited taurine uptake by MDCK cells.

Key Words MDCK cells + amino acid release - taurine * vol-
ume regulation - quinidine « DIDS

Introduction

Cultured cells from the MDCK line are able to regu-
late cell volume in anisotonic conditions. MDCK
cells exposed to a medium of reduced osmolarity
respond initially by marked swelling followed by a
slower phase of volume restoration, which occurs
despite the persistence of the hyposmotic condition.
This process of volume adjustment is accomplished
by the extrusion of osmotically active solutes,
mainly K* and Cl~ (Simmons, 1984; Roy & Sauvé,
1987; Volkl, Paulmichl & Lang, 1988). It has been
reported that the intracellular concentration of nin-
hydrin-positive compounds also decreases as a con-

bl

sequence of hyposmotic stimulus, suggesting that
amino acids may contribute to the volume regulatory
process (Roy & Sauvé, 1987). The specific free
amino acids implicated in celt volume regulation and
the features of the osmotically activated amino acid
efflux in MDCK cells have not been investigated. In
the present study we examined the free amino acid
content in MDCK cells and their release in response
to decreases in external osmolarity. The properties
of the volume-sensitive release of free amino acids
were examined using labeled taurine, which due to
its metabolic inertness is particularly convenient for
this purpose.

Materials and Methods

SOLUTIONS

Krebs-HEPES (isosmotic solution) contained (in mm): NaCl 118,
KC14.7, KH,PO, 1.2, CaCl, 2.5, MgS0, 1.17, glucose 10, HEPES
25, adjusted to pH 7.6 with NaOH. Hyposmotic solutions were
prepared by reducing the concentration of NaCl to obtain the
required osmolarity. In some experiments solutions with reduced
osmolarity (38.5 mm NaCl) were made isosmotic with sucrose.

CeLL CULTURES

The MDCK linc was obtained from the American Type Culture
Collection (MDCK, CCL-34) (Madin & Darby, 1958) and cloned.
Cells were grown at 36°C indisposable plastic tissue culture Alasks
(Costar 3150, Cambridge, MA), with air 5%/CO, 95% in humid
atmosphere and Dulbecco’s Modified Eagle Medium with Earle's
salt (GIBCO, 430-1600, Grand Island, NY), 100 U/ml penicillin.
100 ug/ml of streptomycin and 10% calf (etal serum (GIBCO 617).
Cells were harvested with trypsin-EDTA (GIBCO 540) and plated
at confluence on 35-mm plastic pstri dishes or in multidishes of 24
wells (Linbro Chemical, New Haven, CT). In most experiments,
cells were between 60-80" passage.
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AMINO AcID CONTENT

The endogenous free amino acid content of MDCK cells was
measured in extracts prepared in 70% ethanol. The analysis was
carried out after amino acid derivatization with O-phthaldialde-
hyde by reversed phase HPLC, according to Geddes and Wood
(1984) and to Rajcndm (1987) in a Beckman chromatographer

d with an Ultrasphere column.

RELEASE

For rclease experiments using *H-taurine, cells were preloaded
with the labeled amino acid (1 xCi/mi) in the culture medjum.
After 30 min of incubation, the medium was replaced by Krebs
solution. For studies on the time course of *H-taurine release,
cells grown in petri dishes were superfused according 1o the
procedure of Drejer, Honore and Schousboe (1987). Cells were
superfused at a rate of 0.1 ml/min. After a wash pcnod of 8 mm
at which time H-taurine cfflux baseline was
were collected every min. At the time indicated at each cxpcn-
ment, the superfusion medium was replaced by analogous me-
dnum wnh reduced osmolarity. At the end of the superfusion,
ivity in ples and that in cells was measured
by scintillation spectrometry. Results are expressed as fractional
rate constants calculated according to the equation

A
Sy

where A represents the radioactivity lost in the interval r and Ar
represents the difference between total radioactivity accumulated
by cells during loading and radioactivity relcased at a given perfu-
sion time (Hopkin & Neal, 1971).

For experiments to measure the release of endogenous free
amino acids and all other experiments with ‘H-taurine, cells
grown in 24-well plates were used. Cell loading was carried out
as described above and after 30 min of incubation with labeled
taurine, the culture medium was replaced by Krebs-HEPES solu-
tlon, Cells were washed three times with Krebs-HEPES isosmotic
solution and incubated for 15 min (three periods of § min each).
Media from this incubation period were pooled and corresponded
to basal stimulation, Cells were then incubated with medium of
reduced osmolarity for a period of 15 min. Results are expressed
asap ge of total radi '-i.y 1 during loading,

luding the hing period, i.c., vuy in basal and
mmula(ed release plus radioactivity remaining in the cells at the
¢nd of the cxperiment.

To examine the effect of drugs, the tested compounds were
added at the end of the loading period and were present through-
out the washing and Incubation periods. When solutions of drugs
were prepared using solvents different from water, controls were
exposed to the same concentration of the solvent used.

Results

FREE AMINO AciD CONTENT

The free amino acid content of MDCK cells cultured
in an Eagle's medium is shown in Table 1. Glycine
was the most abundant, followed by glutamic acid

Table 1. Frce amino acid conlcnl ol’ MDCK cells grown in the
presence of 5 mMm taurine

Amino Control
acid
nmol/mg Taurine,
protein Smm

Gly 84.9 248 61.5 = 3.62

Glu 794 = 3.0 583 = 338

Ala 72.8 % 3.29 56.0 = 7.50

Tau 41.2 = 0.92 2546 =163

Gln 25.2 = 0.42 248 .= 032

Ser 21.4 = 1.60

Lys 19.8 = 0.94 16.9 = 1.06

Thr 16.8 = 1.00 .
- p-Ala 12,4 £ 0.35 9.53 = 0.32

Arg 12.0 = 0.60

His 10.8 = 0.64

Val 8.4 = 0.54 8.7 % 0.46

Leu 7.3 = 0.42

Phe 6.2 = 0.34 6.1 = 0,66

lle 5.4 % 0.55 5.6 = 0.26

Tryp 2.1 = 0.098 20 = o.11i

Celis were cultured in Eagle's medium for two days. At this time
5 mM taurine was added to the medium. One day later, the free
amino acid content of cells grown in the presence or absence of
taurine was determined by HPLC. Results are means = sga of
eight experiments.

and alanine. Taurine concentration in cells grown in
the culture medium without taurine was 41.5 nmol/
mg protein, but when cells were cultured in a me-
dium containing taurine, the endogenous levels of
taurine markedly increased. Addition of taurine to
the culture medium at a concentration of 150 uM,
which is within the range of plasma levels, resulted
in a threefold increase of intracellular taurine. When
the concentration of external taurine was 5 mm, an
increase of about sixfold was observed after 24 hr
(Table 1). Coincident with the increase in taurine
content, a decrease in the major free amino acids
occurred. Reductions in glycine, alanine glutamic
acid and B-alanine levels were observed, whercas
the concentration of other amino acids did not
change (Table 1).

The initial endogenous concentration of free
amino acids was 426 nmol/mg protein (Table 1), and
the protein content of 360 pg/cell was found in our
cultures, Assuming an average volume of 2.2 pl/cell
(McRoberts, Tran & Saier, 1983; Mills, 1987; Roy
& Sauvé, 1987), a figure of 6 ul/mg protein was
calculated as cell volume, The concentration of the
free amino acid pool is therefore 69.8 mm.

VOLUME-SENSITIVE RELEASE OF TAURINE AND
AMINO ACIDS

Cells superfused with isosmotic medium (310
mOsmol) released previously accumulated *H-tau-




R.S. Olea et al.: Amino Acids and Volume Regulation in MDCK Cells - 3

18.0
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“ Fig. 1. Time course of *H-taurine release
é E 12.0 | from MDCK cells evoked by reduced
2 osmolarity. Cells were preloaded, washed
‘and superfused as described in Materials
g and Methods, At the time indicated by the
§ |"—" arrow, the superfusion medium (isosmotic
25 ol Krcbs-HEPES) was r_cplaccd by a medium
I " with reduced osmolarity (150 mosmol, 38
- § myM NaCl) (O), or with a medium with the
E same NaCl concentration but made
‘ isosmotic with sucrose (A). Results are
oo« $4ob 4 . expressed as effiux rate constants as
o5 10 20 30 40  defined in Materials and Methods and
correspond to means = sEM of four
TIME (MIN) experiments
rine at an effiux rate of 0.6% per min. Superfusion 80
with a medium of reduced osmolarity (509%) evoked {
an immediate and dramatic increase in the rate of
taurine efflux (Fig. 1). The peak release was attained T
after 10 min of superfusion, and then *H-taurine ef- 3= gl
flux declined despite the persistence of the hy- o
posmotic stimulus (Fig. 1). The release of 3H-taurine 2 X
from MDCK cells was clearly associated withreduc- &
tions in osmolarity. A release of 9.0% of accumu- w wh
lated *H-taurine was observed during incubation in
isosmotic medium (310 mOsmol) for 15 min. De- £
creasing osmolarity from 310 to 263 mOsmol, which 5 [
represents a reduction of only 15%, induced an in- =
crease in the effiux of *H-taurine to 24% in the same =~ £+  2°[
period, Lowering osmolarity by 25%, to 232
mOsmol, enhanced taurine efflux to 52.5%, and in
solutions of 150 mOsmol (50% hyposmotic) the re-

lease of taurine increased to 75.9% (Fig. 2).

Reductions in osmolarity were obtained by de-
creasing the concentration of NacCl in the solutions,
but the release of taurine in hyposmotic conditions
was not due to the reduction in NaCl, since no in-
crease in taurine efflux occurred in solutions with
low NaCl but made isosmotic with sucrose (Fig. 1).

Endogenous frec amino acids and taurine were
also released as a result of decreased osmolarity. All
amino acids responded to hyposmolarity, but the
magnitude of the release differed considerably. Glu-
tamic acid, B8-alanine and taurine showed the largest
response. Reducing osmolarity to 0.85, 0.75 or 0.5,
resulted in the release of 20-30%, 40-50% and
75-80%, respectively, of the endogenous concentra-
tion (Fig. 3A). In the same conditions of reduced
osmolarity, the release of alanine, glycine and serine
corresponded to 18-22%, 30-40% and 57-60% of
the original content in cells (Fig. 3B). A third group
of amino acids, which includes isoleucine, phenylal-
anine and valine, was much less sensitive to hypos-
molarity (Fig. 3C).

OSMOLARITY (%)

Fig. 2. Effect of decreasing osmolarity on the release of *H-
taurine from MDCK cells. Cells grown in 24.well plates were
preloaded, washed and incubated in isosmotic Krebs-HEPES
(100% osmolarity) for 15 min, Then this medium was replaced by
a medium of reduced osmolarity: 85, 75 and 50% of the original
100% isosmotic solution. Results represent *H-taurine released
in 15 min of exposure to the hyposmolar conditions, expressed
as a percentage of total radioactivity accumulated by celis as
descrited in Materials and Methods. In this and the following
figures, results are means = seM of the number of experiments
indicated

ErFecT OF EXTERNAL IONS
ON THE RELEASE OF *H-TAURINE

Removal of external calcium and addition of cobalt
to the incubation solutions did not affect the release
of taurine either in isosmotic or in hyposmotic condi-
tions. Also, calcium-depleted cells grown in a calci-
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Fig. 3. Effect of decreased osmolarity on free amino acid release
from MDCK cells. Cells were incubated in i i di
{100% osmolarity) or in media of decreased osmolarity as indi-
cated for 15 min, The concentration of free amino acid refeased
during incubation was determined by HPLC as described in Mate-
rinls and Methods, Results arc expressed as a percentage of the
amino acid concentration present in nonincubated cells. () Re-
Iease of B-alanine, taurine and glutamic acid. (8) Releasc of ser-
ine, glycine and alanine. (C) Release of phenylalanine, isoleucine
and valine. Results are means = SEM of four experiments

um-free cuiture medium showed responses identical
to those of nondepleted cells, Replacement of so-
dium by choline and of chloride by gluconate had
no cffect on the volume-sensitive release of taurine
(results not shown).
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Fig. 5. Effect of pH on *H-taurine release evoked by hyposmo-
larity. Cells were loaded, washed and incubated as described in
Fig. 2 in hyposmolar medium (5095} at the pH indicated

EFFECT OF TEMPERATURE AND EXTERNAL pH

The release of taurine in response to hyposmotic
conditions was clearly temperature dependent (Fig.
4). At 25°C the release was 78.6% of that observed
at 37°C. At 15 and 4°C taurine release was only 52
and 5%, respectively, from the release occurring at
37°C (Fig. 4). Taurine efflux evoked by a decrease
in osmolarity was reduced at low pH values and
increased at high pH values (Fig. 5).
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EFFECT OF AGENTS DISRUPTING
THE CYTOSKELETON

The effect of colchicine (0.5 mn) and cytochalasin
B (20 uM) on the volume-scnsitive release of taurine
was examined by preincubating cells in the presence
of the drugs for 30 min, followed by exposure to
the disrupting agents throughout the experimental
procedure. This treatment had no effect on the re-
lease of taurine evoked by decreased osmolarity,
which was 78.4 * 1.41% (n = 12) in controls, 81.7
= 1,18% (n = 8) in the presence of colchicine and
75.4 = 1.76% (n = 12) in the presence of cytocha-
lasin B.

EFFECT OF INHIBITORS
oF JoNic FLUXES ASSOCIATED
WITH REGULATORY VOLUME DECREASE

The effects of compounds or conditions known to
inhibit ionic fluxes associated with volume adjust-
ment were examined on the volume-sensitive release
of taurine in order to investigate a possible link be-
tween these ionic fluxes and the swelling-evoked
efflux of taurine. The inhibitors of the Na*/K*/2C1~
cotransporter furosemide and bumetanide did not
influence the volume-sensitive release of taurine
(data not shown). The stilbene derivative inhibitor
of Cl- channels, DIDS, at a concentration of 100
M, markedly reduced the release of taurine evoked
by 50% hyposmolar solutions. A less marked effect
of DIDS was observed in 75% hyposmolar solutions
(Figs. 6 and 8). Other inhibitors of chloride channels,
or of stretch-activated channels, gadolinium, DPC
and apamine did not influence the volume-sensitive
release of taurine (Fig. 6).

Barium, tetracthylammonium (TEA) and quini-
dine, blockers of potassium channels, are known to
inhibit the regulatory volume decrease in some cells
(Grinstein et al., 1983: Hoffmann, Simonsen & Lam-
bert, 1984; Hazama & Okada, 1988) and K* conduc-
tances in MDCK cells (Bolivar & Cereijido, 1987).
None of these compounds affected the release of
YH-taurine in isosmotic conditions, but the release
induced by decreasing osmolarity to 150 mOsmol
was inhibited by TEA (16%) and particularly by
quinidine (67%) (Fig. 7). Contrary to that observed
for DIDS, the inhibitory effect of quinidine was
higher in 75% hyposmotic solutions, in which quini-
.dine practically abolished the volume-sensitive re-
leasc of taurine (Fig. 8). The inhibitory actions of
DIDS and quinidine were additive (Fig. 8). These
drugs also inhibited the release of endogenous amino
acids evoked by hyposmolarity (50%) (Table 2).

Since quinidine but not other K*-channel block-
ers inhibited taurine release, experiments were de-
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Fig. 6. Effect of inhibitors of CI~ and stretch-activated channels
on the release of ’H-taurine evoked by decreased osmolarity. *
Cells were loaded and incubated as described in Materials and
Methods. Drugs used were DIDS (100 pM), diphenylamino-2-
carboxylate {100 M), gadolinium (10 uM) and apamin (0.1 uM).
Cells were treated with drugs at the end of the loading period for
15 min and were present in isosmotic and hyposmotic media. Bars
represent the release of H-taurine (%) evoked by exposure to
hyposmotic medium (50%%)

40

IH. TAURINE RELEASE (%)

Contret  TEA Suna
O2mM 1M vaimompcin

Fig. 7. Effect of K*-channcl blockers on the relcase of *H-taurine
evoked by decreased osmolarity, The experimental procedure
was as described in Fig. 6. Drugs used were TEA (10 mM), barium
(15 mm) and quinidine (0.2 and ! mm), and quinidine (1 mum) plus
valinomycin (1 #M). Bars represent the relcase of *H-taurine (%)
evoked by hyposmolar solutions (50%5)

vised to investigate the possible mechanism of this
inhibition. A decrease in intracellular K* subse-
quent to swelling-activated K* channels may be the
signal for taurine release, and therefore, the inhibi-
tion of K* fluxes by quinidine with subsequent main-
tenance of high K* levels may reduce taurine efflux.
To investigate this possibility the K* gradient was
dissipated with valinomycin (1 M), thus creating an
alternate K* efflux pathway insensitive to quinidine.
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OSMOLARITY 50% OSMOLARITY 75%
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Fig. 8. Effect of DIDS and quinidine on the release of *H-taurine
cvoked by hyposmolar 50 and 75 media. Loading, washing and
incubation with drugs were as described in Fig. 6, Concentration
of drugs was as indicated. When DIDS and quinidine were used
together, their concentration was 0.1 and 0.2 mM, respectively

Table 2. Effect of DIDS and quinidine on the release of free
amino acids from MDCK cells evoked by hyposmolarity

Amino acid Release (%2)

Control DIDS * Quinidine
Taurine 76.0 = 1.3 38.0= 2.0 1723 =13
B-Alanine 722 =20 482 =% 1.3 46.1 = 1.2
Glutamic acid 68.3 = 1.5 393 =17 39.4 =09
Serine 60.3 = 4.2 253=25 274 =08
Alanine 574 =28 232= 10 21.8 = 1.0
Glycine 58.6 = 2.9 315 = 14 20.2 = 0.9
Phenylalanine 47.3 = 1.8 154 = 1.2 300 = 3.4
Isoleucine 39.6 = 3.4 13.2=20 13.6 = 1.5
Valine 39.0 =29 171 = 0.4

Cells were incubated with DIDS (100 uM) or quinidine (1 mm) for
20 min and then exposed to media of reduced osmolarity (50%%)
containing the same concentration of the drugs. Amino acid re-
leasc is expressed as a percentage of the endogenous content of
cells, Results are means = seM of four experiments.

Under these conditions quinidine still inhibited tau-
rine release by 53% (Fig. 7).

It has been reported that quinidine decreases
amino acid transport in hepatocytes (Wondergem &
Castillo, 1988), and therefore, the inhibitory action
of quinidine on taurine release may be exerted on a
transport mechanism associated with taurine re.
lease. Taurine is accumulated by a Na*-dependent
process, Reduction in external Na* concentration
from 118 to 6 mM resulted in an inhibition of *H-
taurine uptake of more than 70% (Fig. 9). Quinidine
(1 mm) reduced *H-taurine uptake by MDCK cells

by about 60%, whereas DIDS and TEA had no effect
on this process (Table 3).

Discussion

The results of the present study confirm the observa-
tion of Roy and Sauvé (1987) on the loss of ninhy-
drin-positive compounds from MDCK celis exposed
to hyposmotic solutions. All the main constituents
of the free amino acid pool, i.e., glycine, alanine,
taurine, serine and glutamic acid, appear to be in-
volved in the volume regulatory process. Taurine
concentration is relatively low in cells grown in cur-
rent culture media that do not contain taurine. This
condition, however, may not reflect the physiologi-
cal situation, since plasma and extracellular fluids
always contain taurine, which is avidly accumulated
by cells. Cell taurine pool results from both biosyn-
thesis and active uptake, which contribute in propor-
tions varying in the different tissues (Huxtable &
Lippincott, 1982). The present results show that
MDCK cells are able to synthesize taurine to some
extent, but the taurine pool is substantially increased
by active accumulation. A decrease in the concen-
tration of other free amino acids is observed as tau-
rine accumulates, suggesting the existence of an ex-
changeable pool of the main free amino acids in
MDCK cells. This pool is probably the one involved
in cell volume regulation.

The intracellular content of free amino acids
decreases in responsc to hyposmotic stimulation.
Upon exposure to a 50% hyposmotic solution the
initial endogenous content of about 70 mat decreases
to less than 25 mM. Therefore, the release of free
amino acids contributes with about 40 mOsmol to
the volume adjustment of MDCK cells facing an
osmolarity reduction of 150 mOsmol.

The release of labeled taurine, taken as repre-
sentative of free amino acid release evoked by hy-
posmolarity, is rapid and proportional to reductions
in osmolarity. The time course of taurine release
closely follows the volume change in the cells, both
in onset and offset. The declining phase of taurine
efflux is not due to depletion of the intracellular pool
since at the end of the volume regulatory process
cells still contain about 20% of taurine. Also, taurine
efflux in the decreasing phase for the interval of
20-30 min has a constant slope despite the large
differences in intracellular taurine between the first
and last points of the curve at this interval, This
is an indication of a signal terminating the release
-process, Roy and Sauvé (1987) reported that no loss
of ninhydrin-positive compounds is observed when
osmolarity is reduced by 20%. Using labeled taurine
or HPLC fordetermination of free amino acid levels,
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TAURINE UPTAKE (pmol/mg prot /6 min)

Fig.'9. Effect of Na* on *H-taurine uptake by
MDCK cells. The concentration of Na* in the
s medium was decreased, replacing NaCl by

o 1 . L

o 40 80
NaCl (mid)
Table 3. Effect of inhibil of the vol release of

taurine on *H-taurine uptake by MDCK cells

cpm x 10%/mg protein

Control 75.1 = 0.07
Quinidine 1 mm 30.6 = 0.29
TEA 10 mm 76.4 = 1.92
DIDS 0.1 mm 81.2 = 0.80

Cells were incubated for 30 min with *H-taurine () #Ci/ml) in the
presence or absence of the drugs. After incubation cells were
washed and d radi ivity was by scintilla-
tion spectrometry. Results are means = sem of four experiments.

a volume-sensitive release could be observed in me-
dia containing 263 mOsmol with a reduction of only
15% in the osmolarity, although the magnitude of
the response of the various amino acids was different
and this diffcrence persisted at all the osmolarities
examined. The reason for this difference is still un-
clear. The largest release observed for some amino
acids may be due to the accessibility of endogenous
pools to the volume-sensitive efflux process, or al-
ternatively, release of amino acids may occur
through more than one mechanism with a different
threshold to activation by volume changes.

Free amino acids, together with K* and CI-,
are the main osmolytes mobilized during volume
regulation in most cells (Gilles, 1988; Macknight,
1988), and this also seems to be the case for MDCK
cells (Roy & Sauvé, 1987). lon transport systems
proposed to be directly involved in volume regula-
tion are cither electroneutral ion cotransporters or
conductive K* and Cl~ channels. Although this
question has not been clarificd in MDCK cells, the
failure of furosemide to modify K* and C1~ changes
in cells after hyposmotic challenge (Roy & Sauvé,
seems to exclude the involvement of K*/Cl™ or

described in Table 3. Results are means = se of

120 choline chioride. Incubation conditions were as
four experiments

Na*/K~/2CI" electroncutral carriers which are sen-
sitive to this drug, suggesting the involvement of
channel-mediated fluxes.

The possibility of a connection between ionic
and organic osmolytes has been addressed in the

present study by investigating effects of blockers of
volume-associated ionic fluxes on free amino acid
release. Antagonists of K~ channels excluding quin-
idine had only marginal effects on taurine efflux. In
MDCK cells, quinidine inhibits the swelling-acti-
vated K* efflux, whereas other blockers of K~ chan-
nels were ineffective (Roy & Sauvé, 1987). Simi-
larly, quinidine but not barium, inhibits the volume-
sensitive fluxes of sorbitol in cultured renal cells
(Sienbens & Spring, 1989). All these observations
suggest the involvement of a quinidine-sensitive
mechanism in the release of osmolytes during the
volume regulatory process. This may be the activa-
tion of a channel which, however, would be insensi-
tive to blockers of other well-characterized K*
channels. A number of stretch-activated channels
has been recently described, although none in
MDCK cells, but they have not been pharmacologi-
cally characterized. It cannot be excluded, there-
fore, that one of those channels sensitive to quini-
dine is directly orindirectly involved in the release of
taurine. The observation that stimulating K* efflux
with valinomycin does not counteract the inhibitory
effect of quinidine on taurine release supports the
notion that a coupled K*-taurine release occurs
through a quinidine-sensitive pathway. In this re-
spect it should be noted that besides the inhibition of
K* channels, quinidine has numerous other effects,
which include decreases in membrane fluiditiy
(Needham, Dodd & Houslay, 1987), blockade of
Na* and Ca** channecls (Honerjager ct al., 1986)
and inhibition of Na*/H* or Na*/Ca?* ecxchangers
(Parker, 1981).

a\\j 4l
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Since quinidine inhibited the Na*-dependent
taurine uptake, its effect on taurine release may be
alternatively explained through an action on the
Na~-dependent carrier working outwards. How-
ever, the failure of Na* omission to affect taurine
release observed in the present study would argue
against the involvement of such a carrier on the
osmolarity-sensitive release of taurine. Also the ab-
sence of homoexchange, i.¢., the stimulation of la-
beled taurine release by external unlabeled taurine
(results not shown), does not support the idea of a
mechanism for release involving the transport car-
rier. Activation of taurine leak pathays by hyposmo-
larity has been suggested in Ehrlich ascites tumor
cells (Hoffmann & Lambert, 1983) and in fish eryth-
rocytes (Fincham, Wolowyk & Young, 1987).

The inhibitory effect of DIDS on the osmolarity-
sensitive release of taurine suggests an association
of taurine efflux also with DIDS/SITS-inhibitable
conductances. An ionic transport system with rela-
tively low equilibrium potential activated upon ex-
posure to hyposmotic conditions in MDCK cells
(Volkletal., 1988), may correspond to a SITS-inhib-
itable unselective ion channel of the type that has
been described in cultured opossum kidney cells
(Ubl, Murer & Kolb, 1988) or in mouse B lympho-
cytes (Bosma, 1989). The lack of effect of other
inhibitors of chioride channels or of stretch-acti-
vated channels in different cells (Yang & Sachs,
1989) may be interpreted either as considering that
the effect of DIDS on taurine release does not reflect
its connection with chloride channels or stretch-acti-
vated pores or, alternatively, that these channels, if
present in MDCK cells, are only sensitive to DIDS.
Along this linc, a recent report describes a volume-
evoked CI~ efflux sensitive to DIDS but not to DPC
in MDCK celis (Rothstein & Mack, 1989). This re-
stricted sensitivity to distilbene compounds has also
been observed in the multiple conductance porc of
mice lymphocytes (Bosma, 1989). A definite answer
to this question must await the identification and
pharmacological characterization of ionic conduc-
tances associated with volume regulatory processes
in MDCK cells. The effects of DIDS and quinidine
were additive, suggesting that two different mecha-
nisms may be involved in the cfflux of taurine in-
duced by swelling. The different sensitivity of the
two drugs to decreases in osmolarity suggest that
these mechanisms may be activated at a different
stimulus intensity.

Besides inorganic ions, organic osmolytes are
also Involvad in volume regulation in renal cells.
Volume-scnsitive sorbitol fluxes have been charac-
terized, exhiblting many similarities with the hypos-
molarity-stimulated taurine cfflux (Bagnasco ct al.,
1988; Nakanishi, Balaban & Burg, 1988). The results

of the present study strongly support a contribution
of free amino acids to this process in MDCK cells.
Free amino acids are involved in mechanisms of
volume control in cells and tissues of vertebrates and
invertebrates naturally facing changes in osmolarity,
but it is only recently that their implication in such
a role in mammalian tissues has been considered.
The structure, function and antigenicity of MDCK
cells are remarkably similar to those of cells from
the distal nephron (Cereijido et al., 1988), a segment
intimately involved in osmotic regulation. Further-
more, plasma membrane of MDCK cells contains a
large (220-pS) potassium channel (Bolivar & Cerei-
jido, 1987) of the type that participate in the response
to cell swelling (Sachs, 1990). Therefore, MDCK
cells represent a very convenient model for further
exploring the role of free amino acids in cell volume
regulation.

This work was supported in part by a grant from the Organization
of American States (PRDCyT) and DGAPA (Grant No. IN.
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