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Taurine, a B-amino acid, plays an important role as a neuromodulator and is necessary for the normal
development of the brain. Since de novo synthesis of taurine in the brain is minimal and iz vivo studies
suggest that taurine dose not cross the blood-brain barrier, we examined whether the choroid plexus,
the blood-cerebrospinal fluid (CSF) barrier, plays a role in taurine transport in the central nervous system.
The uptake of [*H]-taurine into ATP depleted choroid plexus from rabbit was substantially greater in
the presence of an inwardly directed Na* gradient taurine accumulation was negligible. A transient in
side-negative potential gradient enhanced the Na'-driven uptake of taurine into the tissue slices, su-
ggesting that the transport process is electrogenic. Na*-driven taurine uptake was saturable with an
estimated V. of 111 + 20.2 nmole/g/15 min and a Ky of 99.8 + 29.9 uM. The estimated coupling ratio
of Na* and taurine was 1.80 + 0.122. Na* -dependent taurine uptake was significantly inhibited by -amino
acids, but not by ¢-amino acids, indicating that the transporter is selective for B-amino acids. Since it
is known that the physiological concentration of taurine in the CSF is lower than that in the plasma,
the active transport system we characterized may face the brush border (f.e, CSF facing) side of the
choroid plexus and actively transport taurine out of the CSF. Therefore, we examined in vivo elimination
of taurine from the CSF in the rat to determine whether elimination kinetics of taurine from the CSF
is consistent with the in vitro study. Using a stereotaxic device, cannulaes were placed into the lateral
ventricle and the cisterna magna of the rat. Radio-labelled taurine and inulin (a marker of CSF flow)
were injected into the lateral ventricle, and the concentrations of the labelled compounds in the CSF
were monitored for upto 3 hrs in the cisterna magna. The apparent clearance of taurine from CSF was
greater than the estimated CSF flow (p<0.005) indicating that there is a clearance process in addition
to the CSF flow. Taurine distribution into the choroid plexus was at least 10 fold higher than that found
in other brain areas (¢. g., cerebellum, olfactory bulb and cortex). When unlabelled taurine was co-ad-
ministered with radio-labelled taurine, the apparent clearance of taurine was reduced (p<0.01), suggesting
a saturable disposition of taurine from CSF. Distribution of taurine into the choroid plexus, cerebellum,
olfactory bulb and cortex was similarly diminished, indicating that the saturable uptake of taurine into
these tissues is responsible for the non-linear disposition. A pharmacokinetic model involving first order
elimination and saturable distribution described these data adequately. The Michaelis-Menten rate co-
nstant estimated from i vive elimination study is similar to that obtained in the in vitro uptake ex-
periment. Collectively, our results demonstrate that taurine is transported in the choroid plexus via a
Na*-dependent,saturable and apparently B-amino acid selective mechanism. This process may be func—
tionally relevant to taurine homeostasis in the brain.

Taurine, a B-amino acid, is essential for normal rine has been shown to alter the release of neu-
development and function of the cerebellum and rotransmitters such as acetylcholine and norepi-
visual cortex, as well as the retina.'”¥ Also, tau- nephrine,” and, thus, it is generally accepted to
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be a neuromodulator.>®

Biosynthesis of taurine is minimal in brain®?
so that a systemic source is essential. Since tau-
rine is zwitterionic at physiologic pH, it is unlikely
that taurine diffuses passively through biological
mem-branes. Therefore, its transport into or out
of the brain must involve carrier-mediated pro-
cess(es) at the blood-brain barrier and/or the
blood-cerebrospinal fluid (CSF) barrier. In gene-
ral, such membrane-associated transport system
(s) at the barriers of the central nervous system
(CNS) functions to provide a protected environ-
ment for the brain by selectively excreting certain
substances and reabsorbing others. However, the
site and underlying mechanism for taurine’s entry
into or exit from the CNS is currently unknown.

Recently, Na*-dependent taurine transporter
has been cloned from the human thyroid,® the

19 Intere-

human placenta® and the mouse brain.
stingly, Liu ef al. ' reported that the brain mi-
crovessel, the blood brain barrier, did not contain
mRNA for the taurine transporter. This obser-
vation suggests that the blood-CSF barrier, rather
than the blood-brain barrier, may be an important
site for maintaining homeostasis of taurine in the
brain.

Although few data are available specifically for
taurine, an important role for the choroid plexus
in maintaining homeostasis of ¢-amino acids in
the brain has been suggested by both in vitro™
2 and i vive™'® studies. For example, it has been
documented that isolated choroid plexus tissue
slices accumulate a-amino acids against a conce-
ntration gradient via saturable and energy depe-
ndent mechanism.” ' Also, in the perfused cho-
roid plexus of the sheep, Preston and Segal noted
that the net flux for several o-amino acids bet-
ween blood and the CSF could be directed into
or out of the CSF depending on the amino acid
concentrations in the biological fluids.® These
observations suggest that the choroid plexus plays
a significant role inregulating the concentrations

J. Kor. Pharm. Sci, Vol. 25, Supplement (1995)

of a-amino acids in the CSF and inmaintaining
the low CSF to plasma concentration ratios.' *®
However,there are no available data in the lite-
rature to explain the low CSF to plasma ratio of
taurine.

Based on the recent biochemical evidence that
reports the absence of a taurine transporter in the
blood-brain barrier, we hypothesized that the
choroid plexus is a site for the transport of taurine
via the CSF. Thus, the objectives of this study
were to determine whether taurine is transported
in the choroid plexus and to characterize the
mechanism responsible for its transport. In ad-
dition, we were interested in comparing in vitro
uptake kinetics and #n wivo elimination characte-
ristics of taurine. We describe a Na*-dependent
transport system for taurine in choroid plexus.
Kinetics of elimination for taurine iz vivo was also
similar to that found in the in vitro uptake ex-
periment. These observations suggest that the
taurine transporter in the choroid plexus is im-
portant in maintaining homeostasis of taurine in
the CSF and, ultimately, the extracellular fluid of
the brain.

Materials and Methods

Materials

[*H] Taurine (21.9 Ci/mmol) and [*C] inulin
(28 mCi/g) was obtained from Du Pont-New
England Nuclear (Boston, MA). [“C] Mannitol
was obtained from Moravek Biochemicals (Brea,
CA). All other chemicals were purchased from
Sigma Chemical Co. (St. Louis, MO). New Zealand
White rabbits were purchased from Nitabell Ra-
bbitry (Hayward, CA). Male Sprague-Dawley rats
(270~300 g) were purchased from Simonson Inc.

(Gilroy, CA). Cytocint ES scintillation fluid was

obtained from ICN Biomedical Inc. (Irvine, CA).
Acepromazine was obtained from Aveco Co., Inc.
(Fort Dodge, Iowa). Ketamine was obtained from
Fort Dodge Laboratories, Inc. (Fort Dodge, lowa).



Sodium Dependent Taurine Transport into the Choroid Plexus, the Blood-Cerebrospinal Fluid Barrier — S9

Preparation of ATP-depleted Choroid Plexus

Choroid plexus was obtained from male New
Zealand White rabbits (2~3 kg) and ATP-deple-
ted by the method of Carter-Su and Kimmich,””
modified by Suzuki ef. al.'® and our laboratory.’®
Briefly, rabbits were anesthetized with ketamine
(5 mg/kg) and then quickly decapitated. The
choroid plexuses were immediately isolated from
the lateral ventricles and placed in either of the
following buffers (mM) : KCI(120), mannitol (40),
HEPES (25), or NaCl (120), mannitol (40), HEPES
(25), pH 74 with 1 M Tris. The choroid plexuses
were cut into 2~3 mm pieces and then placed
into buffer containing 250 yM 2,4-dinitrophenol
(DNP)or 20 min at 37C to deplete the tissue of
ATP. When it was necessary to prevent the de-
velopment of an electrical potential gradient, the
tissue slices were initially equilibrated in either
(mM) choline chloride (120), KCl (40), HEPES
(15) (pH 74, adjusted with 1M Tris) or NaCl
(120), KC1(40), HEPES (15) (pH 74, adjusted with
1M Tris) and the K* ionophore,valinomycin (10
uM), was added along with DNP.

In all studies, after ATP-depletion, the tissue
slices were stored in buffer on ice, until the ex
periments were performed (<2 hrs after the DNP
treatment). For the initiation of uptake, the tissue
slices were removed from the preloading buffer,
blotted lightly on a tissue paper and added to the
appropriate reaction mixture (see Uptake Stu-
dies).

Electrical Potential Gradient Studies

To test whether Na*-dependent taurine uptake
is electrogenic, the Na*-dependent taurine uptake
in the presence of inside negative potential gra-
dient was compared to that under voltage clam-
ped condition. In these studies all buffers con-
tained 15 mM HEPES (final pH 7.4). Valinomycin
(10 uM) was present in the DNP treatment (. e,
preloading) buffer. When an inside negative po-
tential was created, DNP treatment buffers con-
tained 40 mM KCI and uptake was carried out in

K*-free buffer with 40 mM mannitol. In the vo-
Itage clamped condition, preloading and uptake
buffers contained equal concentration of KCl (ie.,
40 mM). When a Na® gradient was test‘ed, pre-
loading buffers contained choline chloride (100
mM) and uptake mixtures contained NaCl (100
mM). When taurine uptake in equal Na® or no
Na* was tested, equal concentrations of either
NaCl (100 mM) or choline chloride (100 mM) was
present in both preloading and uptake buffers.

Uptake Studies

The uptake of taurine into the choroid plexus
was examined by incubating the tissue slices at
37°C with 140 p/ of uptake mixture that contained
[°*H] taurine (0.0391 uM), [*C] mannitol (17.9
uM) and unlabeled taurine (25 uM) in an appro-
priate buffer (see figure legends). DNP (250 uM)
was present to ensure continued depletion of
ATP. Under the voltage clamped condition, Na*
-dependent taurine uptake was linear and repro-
ducible at 15 minutes (Fig. 2). Therefore, uptake
at 15 minutes was determined in subsequent
studies.

For inhibition studies, the uptake (at 15 min)
was studied in the presence of [*H]J-taurine and
test compounds (2 mM). For all studies, uptake
was terminated by removing the tissue from the
uptake mixture and blotting it on laboratory tissue
paper. The blotted tissue was placed on a pre-
weighed piece of aluminum foil, dried under an
IR-lamp heater for 1 hr, and then weighed to
calculate the net dried tissue weight. The tissue
was carefully detached from the foil with a forceps
and digested in 50 W of 3 N KOH solution in a
liquid scintillation counting vial. After the tissue
was completely dissolved, the identical volume of
3 N HCI solution was added to neutralize the
KOH. After the corresponding aluminum foil
piece was added to the vial, the tissue associated
radioactivity was determined by liquid scintilla-
tion counting. In addition, the uptake mixture
(50 u/) was sampled and added to separate vials
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for liquid scintillation counting. [*C] and [*H]

were determined by a dual isotope liquid scinti- -

llation counting on a Beckmann Mode] 1801 liquid
scintillation counter (Beckmann Instruments Inc.,
Fullerton, CA). Counting efficiency of [*H] ranged
from 45 to 47% andof [“C] ranged 92 to 94%.

Stereotaxic Surgery

Rats underwent a stereotaxic surgery to imp-
lant cannulaes into the lateral ventricle and the
cisterna magna.”® Briefly, the rat was mounted on
a stereotaxic device (David Kopf Instrument, Tu-
junga, CA) under a ketamine and acepromazine
anesthesia (80 mg/kg and 10 mg/kg, respectively).
The frontal, parietal and occipital bones were
exposed thréugh a linear midline incision. Using
coordinate obtained from a stereotaxic atlas of rat
brain,®” the left lateral ventricle was located (1.
0 mm posterior, 1.6 mm lateral, and 3.6 mm ve-
ntral to the bregma). A buir hole was drilled and
a steal guide cannulae (22GA, 4 mm below the
pedestal, Plastics One, Roanoke, VN) was lowered
using an electrode manipulator of the stereotaxic
device to pierce the dura and enter the lateral
ventricle. The cannulae was secured to two an-
choring screws using a dental acrylic cement
(Lang Dental, Chicago, IL).

A polyethylene catheter was also placed into
the cisterna magnafor serial sampling of the CSF.
The catheter consisted of PE10 (9.5 mm in length)
tubing, inserted 3 mm inside PE 50 tubing (20 mm
in length). A stainless steal wire was inserted
inside the PE tubings to add rigidity to facilitate
piecing the dura. A burr hole was drilled at 3 mm
posterior to the lambda and the PE 10 portion of
the catheter was inserted caudally. The stainless
steal guide was then removed. A microsyringe
(Gastight #1802, Hamilton Co., Reno, NV) was
connected to the catheter and CSF flow was in-
duced by a gentle pullof the syringe. Upon con-
firming the CSF flow, the microsyringe was dis-
connected and the catheter was secured to two
anchoring screwsby a dental acrylic. The animal
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was allowed to recover for 1.5 hr before the start
of the study. The ketamine/acepromazine anes-
thesia was maintained throughout the study.

Ventriculocisternal Procedure

The objectivity of this study was to determine
elimination kinetics of taurine from the rat CSF.
Thus, 5yl of solution, containing *H-taurine (40
pmole) and “C-mannitol (60 pg; e., a marker of
the CSF flow) in sterile water, was administered
into the lateral ventricular cannulae using a mi-
crosyringe (Hamilton Co., Reno, NV). Sterile wa-
ter was used as a vehicle because mock CSF or
physiological saline would have produced a hy-
pertonic injection solution (i.e., approximately 700
mOsm). Preliminary experiments showed that
taurine elimination Kinetic was not significantly
affected by vehicles (data not shown).

Taurine dose dependency was studied, 0.3
umole or 2 umole of unlabelled taurine was ad-
nii_nistered along with the radio-labelled compou-
h/clls. When selectivity of taurine elimination was
studied, 2 umole of a- or B-alanine was added to
the injection solution. The CSF sample (5 W) was
collected at time 2, 5, 15, 30, 45, 60, 90, 120, 180
min. Scintillation fluid (5 m/) was mixed with the
CSF and the radioactivity in the CSF was then
determined by a dual isotope liquid scintillation
counting.

The distribution of *H-taurine into selected
parts of brain wasdetermined at the end of the
180 min CSF collection. The rat was decapitated
and the brain was immediately removed. Repre-
sentative samples (approximately 10 mg) from the
olfactory bulb, cortex and cerebellum were ob
tained. Also, the choroid plexi from each lateral
ventricle were obtained. The dissection and the
isolation procedure was completed in approxima-
tely 10 min. Isolated brain tissues were then
weighed on pre-weighed aluminum foils and di-
ssolved in 200 p/ of 3N NaOH overnight. After the
tissue was completely dissolved, 50 u aliquots of
tissue lysate were added to scintillation vial.
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Then, the lysate was neutralized with 50 u/ of 3N
HCI solution and the tissue associated radioacti-
vity was determined by a dual isotope liquidsci-
ntillation counting. Tissue to media (T/M) ratio,
representing the distribution of radiolabelled
taurine into the representative brain tissue, was
then calculated.

Pharmacokinetic Analysis

Kinetics of taurine disappearance from the CSF
were analyzed by a standard pharmacokinetic
analysis. A potential pharmacokinetic model was
first constructed by assuming first order elimi-
nation from the CSF via bulk flow clearance, sa-
turable distribution into the brain tissue, inclu-
ding the choroid plexus, and first order transfer
from the deep to the shallow compartment. In this
model, we assumed that the saturable rate pro-
cess is reasonably described by the Michaelis-
Menten kinetics. Then, the mass balance was
written as shown in Scheme 1, model 1. Definition
of pharmacokinetic variable is asfollows : Vi, the
apparent volume of distribution of the CSF; CLeux,
bulk flow clearance; CL2, transfer clearance from
the brain tissue tothe CSF; Vi, apparent maxi-
mal velocity; KM, the Michaelis-Mentenconstant;
Vzapparent volume of distribution of the brain
tissue. Then, more complex pharmacokinetic mo-
dels were built on to model 1 (e,g, an additional
saturable elimination from the CSF was added in
model 2; see Scheme 1). Overall, four potential
pharmacokinetic models were constructed and
analyzed to determine the model which best de-
scribes our results with the least complexity.

Since the equations in Scheme 1 contained
non-linear terms, Ccsr cannot be analytically in-
tegrated to obtain a concentration vs. time rela-
tionship. Therefore, all the data in the taurine
dose dependency study were simultaneously fit-
ted to each model by the Runge-Kutta numerical
integration method using PCNONLIN (Statistical
Consultants Inc., Lexington, KY) running on a 386
personal computer. The sums of squares, the

Akieke’s information criteria, and the Schwartz
criteria were then calculated to determine the

’ mostappropyiate pharmacokinetic model.

Data Analysis

The uptake of taurine into the choroid plexus
was expressed asvolume of distribution (Vg),"”
which is essentially a concentration ratio of tissue

to media, by the following equation :

dpm(H ] taurine in choroid plexus/g of chovoid plexus

Vi=

dpm[°H] taurine in mediyml of media
apm*C’] mamnitol tn choroid plexus/g of choroid plexus
dpm["C] manmnitol in mediy'ml of madia

When taurine uptake into the brain tissue of
the rat was examined, a tissue to media ratio
(T/M)*was calculated by the following €quation :

_ dpm[PH] tavrine in brain bissuelg of brain tissue

/M —
dpm[*H taurine in CSF at 3 hyml of CSF

dpm[MC] inulin i brain tissue/g of brain tissue
dpm[MC] tmdin in CSF at 3 hr/ml of CSF

For the Michaelis-Menten studies, the initial
rate of uptake was expressed as nmoles/g of
choroid plexus/15 min and plotted against the
initial concentration of taurine. The data were fit

to the following equation :

Vmux * ctaunne in uptake misture

Rate _KM+ Clraurine in uptake mixture
where V.. is the maximal uptake rate and Ku is
the concentration of taurine when the rate is 50%
of the maximal rate. The data were fit to this
equation using a non-linear regression program
on Kalidagraph® (version 2.0, Synergy Software,
Reading, PA) on a Macintosh SE computer.

To determine the stoichiometric coupling ratio
of Na* and taurine, the Hill equation was used :

" Lo .
Vmax M C Na+taurine in uptake mixture

KK/I+ C?aun'ne in uptake mixture

Rate=

J. Kor. Pharm. Sci, Vol. 25, Supplement (1995)
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Diagram
VYmax/Kip
Model 1 CSF Brain
Y
Lbulk
Y
Vmax1/KM1
Model 2 CSF Brain
CL2t
Vmax2/KM2 Clbuik
Vmax1/KM1
Vmax2/Ky2 .
Model 3 CSF »| Brain
' ~ Clat
Lbutk
Vman/KMJ
CSF Brain
Model 4 T —
Lbulk

Scheme L.

where V.. is the initial rate at the saturating
concentration of Na*, Kuis the concentration of
Na* at half maximal rate, and n is Hill's coeffi-
cient.” However, since we could not achieve the
saturating concentration of Na* in the physiolo-
gical osmolarity range (i.¢., up to 250 milliosmo-
lar), the data were fit to a simplified version of

Hill's equation :
Rate =a - C[nVa+in uptake mixture

where a is essentially Vi /&% when Ki> > Cla+in
wiake miwre. 1he data were transformed with a lo-
garithm and linearly regressed to obtain ¢ and

n.
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Mass Balance

dc, V.. C
V) =8 = Ol - Cey + CLy, - G, — 228
' d’ Lu C3F l‘ll Sram K,+C“‘.
Voo C
V,-£m=—”—£—Cl,,-C,.
dt Ky +Cof
v, %o _cr e rct,c, - Ve Cor Ve Cow
di KH|+CC]I Ku,*crxr
v -
V,.Eﬂi:.:l_?ﬂ__cl‘n.c.".
dr Ky, +Cosr
Voo ot o1,y oy Ly G - S G Yoy Cov
di Ky +Cor K, +Cs
v'.di‘m:_‘:ﬂi‘l+lﬁz_'fﬂ_am.c~
dr Ky +Cor  Kuy, +Cixe -
v, %o _cp gy - Yo Cest | Vo, Car
a KH.+CCSI Ku,*ccv
V"dC o Ve Cor Veu, Coe

d K, +Cey Ky +Cox

To calculate the apparent clearance and the
volume ofdistribution, the moment analysis was
used® The areas under the concentration vs.
time curve (AUC) and the concentration-time
product vs. time curve (AUMC) were calculated
by a linear trapezoidal method up to 180 min.
Remaining area to infinity for AUC was then es-
timated by dividing concentration of the last co-
llection time by the terminal slope. Remaining
area from the last samplingtime to infinity for
AUMC was estimated by the following equation :

@+ Cesp)znr
terminal slope " terminal slope?

. Cesr 3

j?hrt + Cesedt =
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The apparent clearance was then calculated by
dividing dose by AUC. The volume of distribution
(Vss) was calculated by the following equation :

Dose - AUMC
AUC?

ss—

In general, each data point was determined in
triplicate and a minimum of 3 experiments was

carried out. Data are expressed in terms of mean

+ standard deviation (S.D.) of all determinations. -

Means were compared using unpaired Student’s

t-test or one-way ANOVA and p<0.05 was acce-
pted as denoting statistical significance.

Results

Time Course of Taurine Uptake

The uptake of taurine into ATP-depleted cho-
roid plexus slices was examined in the presence
and absence of an inwardly directed Na* gra-
dient (120 mM) (Fig. 1). The uptake of taurine was
significantly greater (p<0.001, except at 2 min) in
the presence of a Na* gradient, compared to the
uptake when Na® was present at equal concen-
trations inside and outside the tissue slices. Also,
in the absence of Na™ (i.e., equal K™ concentration
inside and outside), the accumulation was dep-
ressed-further than that in the presence of equal
Na* concentration (p<0.01, except 2 and 90 min).

In the presence of an inwardly directed Na*
gradient, the accumulation of taurine into the ti-
ssue reached a maximum at approximately 15
min (5.76 *+ 0.619 m!/g), after which the concent-
ration of taurine in the tissue declined with time

(at 3 hrs 3.12 + 0.356 m//g, p<0.001 compared to
Vd at 15 min). Although a distinct “overshoot

phenomenon” was not observed, taurine accu-
mulation in the presence of an initial Na* gradient
was still statistically greater at 3 hours that that
obtained when the Na* concentration was equal

inside and outside (p<0.001), suggesting that an
equilibrium was not achieved.

81
5
E &
Q
£
5 4
8
o
o
‘o B
3 2
ol
0 60 120 180

Time (min)

Figure 1—Temporal profile of taurine accumulation in
ATP-depletedrabbit choroid plexus. Uptake (in Vd) of tau-
rine (25 uM) was determined at 37C. Points represent the
mean *+ S.D. of data from 5 experiments. Each experiment
consisted of triplicate measurements of uptake.

Key : @;120 mM inwardly directed Na* gradient, O; 120
mM equal Na* inside and outside of the tissue, []; 120
mM equal K* inside andoutside of the tissue.

Electrogenicity Studies

To determine whether the Na*-driven trans-
port of taurine in the choroid plexus is electro-
genic, we studied Na*-driven taurine uptake in
the presence and absence of an electrical potential
difference. (Fig. 2). At 1, 5 and 15 min, taurine
uptake in the ATP-depleted choroid plexus was
enhanced when an inside negative electrical po-
tential gradient was created (p<0.05), suggesting
that Na*-dependent taurine uptake is electroge-
nic. However, the enhanced accumulation of tau-
rine was no longer apparent at 60 min, most likely
because the potential difference had dissipated.
Electrical potential alone, however, could not
drive taurine accumulation (Fig. 2). Since choline
and valinomucin may have affected taurine uptake
in ATP-depleted choroid plexus, control studies
were performed to test the effects of these co-
mpounds. Neither choline nor valinomycin dire-
ctly affected Na*-driven taurine uptake (data not
shown).

Concentration-dependency and Stoichiometry
Studies

The rate of taurine uptake as a function of co-

J. Kor. Pharm. Sci, Vol. 25, Supplement (1995)
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Vd of taurine (ml/g)

Time (min)

Figure 2— Effect of potential gradient and Na* gradient on
the uptake of taurine (25 uM) in ATP-depleted rabbit cho-

roid plexus. Datarepresent the mean = S.D. of 3 experi-
ments. Each experiment consisted of triplicate: measure-
ments of uptake.

Key : @; 100 mM inwardly directed Na*-gradient in addi-
tion to inside negative potential gradient, fl; 100 mM in-
wardly directed Na* gradient under voltage clamp condi-
tion, O; 100 mM equal Na* concentration inside and ou-
tside of tissue with insidenegative potential gradient, A;
100 mM equal choline™ concentrationinside and outside of
tissue with inside negative potential gradient O; 100mM
equal choline® concentration inside and outside of tissue
undervoltage clamp condition.

ncentration was determined at 15 min in the
presence of an inwardly directed Na* gradient
under voltage clamped conditions (Fig. 3). The
uptake rate of taurine was saturable, consistent
with the Michaelis-Menten kinetics. The data
were fit to equations involving one as well as two
Michaelis-Menten terms. However, the goodness
of the fit was not significantly improved in the
more complex kinetic model. Therefore, the si-
mpler kinetic model with a single saturable co-
mponent was selected. The estimated V. and Ky
were 111 +20.2 nmol/g/15 min and 99.8 + 29.9
uM, respectively. We did not correct for the non-
saturable component of taurine uptake, since the
uptake values for the four highest concentations
of taurine were not statistically different, indica
ting that nonsaturable taurine uptake is not a

major component of the overall taurine transport
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Figure 3—Concentration dependency of taurine uptake.
Uptake innmole/g/15 min was measured at 37C. This study
was carried out inthe presence of inwardly directed 120
mM Na™ gradient under voltage clamped conditions. Points
represent the mean = S.D. of data from 3 experiments.
Each experiment consisted of triplicate measurements
ofuptake. Taurine uptakes for 4 highest substrate conce-
ntrations werenot statistically different from each other
(one-way ANOVA).

into the tissue.

To assess the stoichiometry of the Na*-depe-
ndent taurine transport, the effect of various co-
ncentrations of Na* (5 to 120 mM) on the uptake
of taurine (25 uM) at 15 min was examined (Fig.
4). The uptake of taurine was dependent on the
Na* concentration. The estimated slope coeffi-
cient, n, was 1.80 + 0.122 (mean * standard er-
ror), consistent with a 2:1 Na™ : taurine ratio.

Inhibition Studies

The effect of various potential inhibitors of
taurine transport in choroid plexus was exami-
ned (Table I). At a concentration of 2 mM, the
a-amino acids, L-alanine, glycine and glutamate,
did not affect tauring uptake. However, -amino
acids (Z.e, PB-alanine, taurine and hypotaurine)
inhibited taurine uptake significantly (p<(.05),
indicating that the Na™*-driven taurine transporter
in the choroid plexus is selective for B-amino
acids.

Taurine Dose-Dependency Study

When 40 pmole of radiolabelled taurine was

injected into the lateral ventricle, the concentra-
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Figure 4— Effect of Na™ concentration on taurine uptake.
Uptake oftaurine (25 mM) in nmole/g/15 min was measu-
red at 37C under voltage clamped condition. Points rep-
resent the mean = S.D. of data from 3 experiments. Each
experiment consisted of triplicate measurements of uptake.
Observed Vd value for taurine is represented by solid ci-
rcle. The computer generated fit, estimated by the modified
Hill's equation(see Material and Method section), is shown
by a solid line.

Table I—The Uptake of Taurine (25 yM) in the Presence
of Potential Inhibitors. Data were Obtained from 3 Expe-
riments. Each Experiment Consisted of Triplicate Measu-
rements of Uptake. Unless Specified, Values Represent
Taurine Uptake (Va) with a 120 mM Inwardly Directed Na*
Gradient in the Presence of Various Inhibitors at 15 min
at 37¢.

Test Vd of taurine (mi/g) ¢ of
condition mean S, P control  p value
Control, taurine 4.85 0.675 100 -

25 uM
no Na* gradient . 0487 0.189 100 p<0.01
Taurine, 2 mM 1.98 0.554 409  p<0.05
Hypotaurine, 2mM 0593  0.296 122 p<got
B-Alanine, 2 mM 0.838 0510 173 p<0.01
L-alanine, 2 mM 5.05 1.18 104 N.S“
Glycine, 2 mM 4.35 1.26 89.7 N.S#

Glutamate, 2mM 441 0.776 90.9 N.Ss

¢ N.S. : not significant
"p value by t-test compared to control.

tion of taurine declined in a bi-exponential ma-
nner (Fig. 5) while inulin followed an apparent
mono-exponential decline (data not shown). The
clearances, calculated from the moment parame-

ter, for taurine (40 pmole) and inulin were 73.4

.19

.01 3

(uM)

.001 4

Labelled Taurine Concentration

.0001 ¥ T
0 60 120 180

Time (min)

Figure S—Dose dependency of radiolabelled taurine con-
centration inthe CSF vs. time curve.

Key : @, 40 pmole labelled taurine dose; A, 40 pmole la-
belled taurine +0.3 pmole unlabelled taurine dose; W, 40
pmole labelled taurine +2 pmole unlabelled taurine dose.
Solid line wasgenerated by a nonlinear regression fitting
of a pharmacokineticmodel shown in Scheme 1, model 1

with parameters in Table IV. Dataare expressed as means
of 3 runs + S.D.

+ 27.7 W/min and 3.85 & 1.08 p//min, respectively

(p<0.005). When 40 pmole of the labelled taurine
was administered with 0.3 pmole of unlabelled

taurine, the apparent clearance for the labelled
taurine was decreased to 24.7 + 11.8 wW/min (p<
0.01). The clearance was further decreased in the
presence of 2 umole of unlabelled taurine (15.5
%+ 0.0438 p//min). This observation suggests that
taurine disappeared from the CSF by a clearance
process(es) in addition to bulk flow and that the
additional clearance process is saturable. The
decrease in the clearance was associated with si-
milar decrease in the Vss parameter (p<0.01, Ta-
ble II). The inulin clearance was not affected by
the unlabelled taurine co-administration.

The uptake of labelled taurine was also exa-
mined in representative brain areas. When exp-
ressed as a tissue to media ratio (T/M, in m//g)
at 3 hrs, taurine uptake into the choroid plexus
was at least 10 fold higher than in other parts of
the brain (Fig. 6, p<0.005). In addition, taurine
uptake into the cortex and the choroid plexus
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decreased in a dose-dependent manner (p<0.01,
Fig. 6). These observations suggest that the sa-

turable disposition of taurine in the CSF is due
to saturable distribution of taurine into the brain.

Pharmacokinetic Analysis

To analyze these observations quantitatively,
four potentialpharmacokinetic models were con-
structed (Scheme 1) and a nonlinearregression
analysis was conducted via a simultaneous fitting
of allthree dose (8 observations for each dose, Fig.
5) to eachpharmacokinetic model shown in
Scheme 1. Therefore, this analysiswould allow an
estimation of pharmacokinetic parameters enco-
mpassinga dose range of 62,500 fold. The Ai-
keike’s information criteria andthe Schwarz cri-
teria were calculated to determine a model which
bestdescribes our results with the least comple-
xity (Table III). Also,weighted sums of squares
was calculated to select a mode! thatresults in the
least deviation from the observations. Based on
allthe criteria we used, model 1 best described
our results (Table IV)

Discussion

Taurine is highly concentrated in the mamma-

Suk-Jae Chung, Vikram Ramanathan, Claire M. Brett and Kathleen M. Giacomini

Olfactory Bulb Cerebellum
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Tissue to Media Ratio (mi/g)

50

° L o
Low Tau Med Tau High tau Low Tau Med Tau High tau

Figure 6—Distribution of radiolabelled taurine in brain
areas 3 hr after administration.

Key : Low TAU, 40 pmole labelled taurine dose; Med TAU,
40 pmole labelled taurine +0.3 pmole unlabelled tauri-
nedose; High TAU, 40 pmole labelled taurine +2 pmole
unlabelled taurinedose; Panel A, taurine distribution in
the olfactory bulb; Panel Btaurine distribution in the
choroid plexus; Panel C, taurinedistribution in the cere-
bellum; Panel D, taurine distribution in thecortex. Data
are expressed as means of 3 runs £ S.D. *; statistically
different from Low TAU by p<0.05 (t-test). **; statistically

differentfrom Low Tau by p<0.01 (one-way ANOVA, fo-
llowed by Turkey’smultiple comparison test).

Table II— Clearance and Volume of Distribution of Taurine and Inulin in Dose Dependency and in Inhibitor Studies. The
Zero (i.e., Area Under the Taurine Concentration in the CSF vs. Time) and the First (i.e., Area Under the Product of
Time and the Concentration vs. Time) Moments were Calculated by the Linear Trapezoidal Rule. Apparent Clearance and
Volume of Distribution were then Calculated by the Standard Pharmacokinetic Method. Data are Expressed in the

Means + S.D. of Three Runs.

Taurine Inulin
Apparent Clearance (W/min)  Vss(ml) Apparent Clearance(uw/min)  Vd(ml)

Low taurine dose (40 pmole taurine) 734 +27.7 ‘ 523 +2.26 3.85 +1.08 0.240 + 0.106
Medium taurine dose (0.3 pole taurine) 247 + 11.8* 156 +1.22%* 504 + 1.64 0.253 + 0.082
High taurine dose (2 umole taurine) 15,5 £ 0.0437** 0.819 + 0.161** 7.34 + 3.36 0.404 +0.178
B-alanine coadminstration (40 pmole taurine+ 2 pymole B-alanine)

8.85 +1.29* 0414 +0.225* 397 +0.659 0.2047 + 0.0528
a-alanine coadministration (40 pmole taurine+ 2 umole o-alanine)

125 + 1.15* 0430 +0.245* 344 £ 0409 . 0.162 + 0.0384

*

; statistically different from low taurine dose by p<0.05 (t-test)

**; statistically different from low taurine dose by p<0.01 (one-way ANOVA and Turkey’s multiple comparison)
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Table 11— Summary of Non-linear Regression Analysis.

AlC* sC Sum of residual
Model 1 339 434 2.11
Model 2 84.1 93.6 17.1
Model 3 50.9 60.3 4.28
Model 4 NA? NA. NA.

“: Akaike’s Information Criteriaon (AIC)=N - In(Sum of
residual)+2 -+ p where N represents number of observa-
tions and p is number ofparameters in a model

*: Schwartz Criteria (SC)=N - In(Sum of residual}+p - In
(W)

°: Sum of residual &

Z{(}’A s — Vi cal)z/yi, abs}

=1

where yi, obs represents observed concentration and yi,
cal iscalculated concentration based on a pharmacoki-
netic model
: N.A, not applicable. A convergence could not be achie-
ved for thispharmacokinetic model and, therefore, AIC,

SC and sum of residualcould not be calculated.

Table IV—Summary of Estimated Pharmacokinetic Para-
meters. Pharmacokinetic Parameters were Estimated Ba-
sed on Model 1 (Schemel). Data from Taurine Dose De-
pendency Study was Used in the Non-linear Regression
Analysis. The Estimates are Represented by Estimated

Parameter + Standard Error Generated during the Fitting
Procedure.

Pharmacokinetic parameters Regression estimate

Vi (m)) 021 +0.051
Ve (nmole/min) 41 +22
Kur (M) 40 +£25
Ve (mf) 56 35
CLa (ml/min) 017 +£0.12

CLuu (m//min) 0.026 £ 0.0059

lian brain and isknown to have important func-
tions in the CNS.}"® In particular, ithas been su-
ggested that taurine is vital for the normal de-
velopment ofthe brain, and deficiency is associa-
ted with neurologic dysfunction.'”® For example,
pediatric patients who develop taurine deficiency
whilereceiving longterm intravenous alimentation
have abnormalelectroretinograms.”

Taurine is a polar molecule, and therefore its
movement acrossbiological membranes must in-

volve interaction with transport system(s),since
simple diffusion should be insignificant. Indeed,
Na*-driventaurine transport has been identified

in a variety of tissues.* %

However, the specific
transport systems at the barriers between the-
systemic circulation and the brain have not been
studied extensively. The physioloical significance
of such transport mechanism is further empha-
sized by the fact that taurine homeostasis in the
brain appears to be tightly regulated.”™ * This
regulation may occur at a site of a concentrative
transport system which mediates taurine’s entry
into and/or exit from the extracellualr fluid of the
brain.

In this study, we demonstrated that a specific
Na*-driven system for the transport of B-amino
acids exists in the choroid plexus of the rabbit.

By ATP-depleting the tissue, it was possible to
test the role ofion gradients in the transport of
a particular substrate.””'® In the presence of an
initial inwardly directed Na* gradient, taurine
uptake was greately enhanced. However, only a
slight overshoot phenomenon,characteristic of a
concentrative uptake, was achieved. This pattern
of transport is consistent with an extremely slow
efflux of taurine from the tissue. In this study,
we did not investigate the mechanisms of taurine
efflux in the choroid plexus tissue slices. Howe-
ver, the efflux half-life of taurine from different
areas of rat brain ranges from 9 to 240 hours,™
supporting the speculation that taurine exits slo-
wly from choroid plexus tissue.

We examined the Na*-taurine coupling ratio by
controlling the Na*-gradient in the ATP-depleted
tissue. The data are consistent with coupling ratio
of 2:1 for Na'-dependent taurine transport. Si-
milar coupling ratios have been reported in re-
nal® and placental® brushborder membrane ve-
sicles. However, maximal velocity of taurine tra-
nsport was not achieved even in the presence of
a Na* concentrationof 120 mM. Similarly, maximal
taurine transport was not clearly reachedat a Na*
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concentration of 200 mM in renal brush border

 We did not examine taurine

membrane vesicles.
uptake in the presence of ahigher Na*-gradient,
since extending the Na* concentration beyond
120 mM may not be physiologically relevant and
hyperosmotic conditions are known to increase
taurine uptake in a number of tissues.*™*?

The stoichiometry data are consistent with the
finding that a transient inside-negative potential
difference could enhance the uptake of taurine in
the ATP-depleted choroid plexus (Fig. 2). That is,
with a coupling ratio of 2:1, the inward transport
of the electrically neutral taurine results in a net
uptake of positive charges (i.e., Na*).

The Na‘-dependent taurine uptake into the
ATP-depleted choroid plexus slices was saturable,
con-sistent with the Michaelis-Menten kinetics.
The estimated Kv was 99.8 uM, suggesting a high
affinity transport system, and is slightly higher
than Ky values reported in other tissues (i.e., 4-
86 uM).*~*" The selectivity of the transport in
rabbit choroid plexus also exhibited a similar pa-
ttern to that reported in other tissues and species.
Only B-alanine and hypotaurine inhibited taurine
uptake, while the g-amino acids did not affect
taurine transport(Table II). Therefore, the taurine
transporter we characterize in this study appears
to be consistent with the previously described
system B-amino acid transporter.”* Interesti-
ngly, a high concentration of unlabeled taurine
(2 mM) did not completely inhibit taurine uptake,
suggesting that there may be a low affinity taurine
uptake system inthe choroid plexus.

In this study, we demonstrated that taurine is
eliminated from the CSF by a mechanism in ad-
dition to bulk flow and that this additional clea-
rance process decreased with taurine dose (Table
II). The decrease in the clearance of taurine was
accompanied by a similar decrease in the volume
of distribution (Table II) and in the distribution
of taurine into specific brain areas (Fig. 6). These
observations indicate that the distribution of tau-

J. Kor. Pharm. Sci, Vol. 25, Supplement (1995)

rine into the brain is saturable. Therefore, a sta-
ndard pharmacokinetic analysis was performed to
estimate distribution and elimination kinetics of
taurine. Nonlinear regression analysis revealed
that the taurine distributioninto the brain com-
partment was saturable with estimated Ku of 40
uM. Also, estimated volume of distribution for the
brain compartment is 56 m/, indicating the taurine
readily distributed into the brain. This estimation
is consistent with a high concentration of taurine
in the brain. The volume of taurine distribution
into the CSF compartmentwas estimated to be
0.210 m!/, similar to the estimated volume of CSF
(i.e., inulin volume of distribution, Table II). As
expected, first order clearance of taurine from the
CSF was estimated to be 26 u//min, close to the
apparent clearance in medium and high taurine
dose (Table II). Overall, the goodness of the fit
acceptable considering the dose range of 62,500
fold (Fig. 5).

Taurine distribution into the representative
brain areas was dose-dependent (Fig. 6). Among
the brain areas examined, the choroid plexus had
at least 10 fold higher tissue to media ratio for
all doses. In addition, the calculated tissue to
media ratio at 3 h for the choroid plexus was over
100, indicating the taurine concentration in the
choroid plexus was substantially higher than that
of the CSF. In this study, we did not attempt to
characterize the release kinetics of taurine into
the systemic circulation from the choroid plexus.
However, in a preliminary experiment, we atte-
mpted to measure the concentration of radio-ia-
belled taurine in the systemic circulation after
taurine was administered into the lateral ventri-
cle. We could not detect any radioactivity in the
plasma up to 2 hr after the injection (data not
shown), a time when the taurine in the CSF would
have reached an equilibrium with the choroid
plexus. Taken together, these observations sug-
gest that taurine is actively transported into the
choroid plexus, and leaks out from the tissue
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slowly. Such slow release of taurine from variety
of tissue has been reported in both in vivo and
in vitro studies.”

The Michaelis-Menten rate constant obtained
in vivo taurine dose dependency study was similar
to that found in the uptake experiment. These
data are consistent with the hypothesis that high
affinity, Na*-dependent transport plays a role, at
least in part, in taurine elimination from the CSF,
indicating that the Na*-dependent taurine tran-
sporter is responsible for the small CSF to plasma
concentration ratio for taurine. However, further
studies (e.g, i situ hybridization study) will be
necessary to elucidate clearly the location of the
transporter and its physiologic significance. In
conclusion, we have characterized the Na*-depe-
ndent taurine uptake in ATP-depleted rabbit
choroid plexus. The process appears electrogenic
with an estimated coupling ratio of 2 Na* to 1
taurine molecule. The accumulation of taurine is
saturable with high selectivity for B-amino acids.
This uptake system may be functionally relevant
in maintaining taurine homeostasis in CSF and,
ultimately, the extracellularfluids of the brain.
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