
Regulation of Taurine Transport in Rat Hippocampal Neurons by
Hypoosmotic Swelling

James E. Olson1,2 and Eduardo Martinho Jr.1,3
1 Department of Emergency Medicine Wright State University School of Medicine Cox Institute 3525
Southern Blvd. Kettering, Ohio 45429

2 Department of Neuroscience, Cell Biology, and Physiology Wright State University School of
Medicine Cox Institute 3525 Southern Blvd. Kettering, Ohio 45429

3 United States-Brazil Biotech Training Consortium Wright State University School of Medicine Cox
Institute 3525 Southern Blvd. Kettering, Ohio 45429

Abstract
Taurine, an important mediator of cellular volume regulation in the central nervous system, is
accumulated into neurons and glia by means of a highly specific sodium-dependent membrane
transporter. During hyperosmotic cell shrinkage, net cellular taurine content increases as taurine
transporter activity is enhanced via elevated gene expression of the transporter protein. In
hypoosmotic conditions, taurine is rapidly lost from cells by means of taurine-conducting membrane
channels. We reasoned that changes in taurine transporter activity also might accompany cell swelling
to minimize re-accumulation of taurine from the extracellular space. Thus, we determined the kinetic
and pharmacological characteristics of neuronal taurine transport and the response to osmotic
swelling. Accumulation of radioactive taurine is strongly temperature-dependent and occurs via
saturable and non-saturable pathways. At concentrations of taurine expected in extracellular fluid in
vivo, 98% of taurine accumulation would occur via the saturable pathway. This pathway obeys
Michaelis-Menten kinetics with a Km of 30.0 ± 8.8 μM (mean ± SE) and Jmax of 2.1 ± 0.2 nmol/mg
protein min. The saturable pathway is dependent on extracellular sodium with an effective binding
constant of 80.0 ± 3.1 mM and a Hill coefficient of 2.1 ± 0.1. This pathway is inhibited by structural
analogues of taurine and by the anion channel inhibitors, 4,4′-diisothiocyanostilbene-2, 2′-disulfonic
acid (DIDS) and 5-nitro-2-(3 phenylpropylamino) benzoic acid (NPPB). NPPB, but not DIDS, also
reduces the ATP content of the cell cultures. Osmotic swelling at constant extracellular sodium
concentration reduces the Jmax of the saturable transport pathway by approximately 48%, increases
Kdiff for the non-saturable pathway by 77%, but has no effect on cellular ATP content. These changes
in taurine transport occurring in swollen neurons in vivo would contribute to net reduction of taurine
content and resulting volume regulation.
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Introduction
Taurine (2-aminoethanesulfonic acid) is one of the most abundant free amino acids in several
organs of the body and plays an important role in a variety of essential biological processes
(Awapara et al. 1950; Wright et al. 1986). Taurine is involved in neurodevelopment and
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membrane stabilization and may be a neuromodulator (Huxtable 1992); however, the best
understood function of taurine in the central nervous system is as an osmolyte (Pasantes
Morales and Schousboe 1988; Pasantes-Morales et al. 2002). Taurine's small size, relative
metabolic inertness, and low rate of diffusion across membranes enable cells to maintain high
intracellular concentrations of this amino acid. While some cell types, including brain cells,
can synthesize taurine from cysteine (Chan-Palay et al. 1982; Beetsch and Olson 1998), the
majority of body taurine in most carnivores and humans is derived from the diet (Wright et al.
1986) and is accumulated into cells by a specific membrane transporter.

Accumulation of millimolar concentrations of intracellular taurine is mediated by a high
affinity taurine transporter (TauT). Functional loss of this protein leads to defects in vision and
exercise performance (Heller-Stilb et al. 2002; Warskulat et al. 2004). The primary amino acid
structure for the transporter has been defined in many cell types including mouse and rat brain
(Liu et al. 1992; Smith et al. 1992) and is consistent with a monomeric peptide with 12
membrane spanning regions. Specific antibodies raised to unique amino acid sequences from
these proteins label a 72 kD protein band on Western Blots (Smith et al. 1992; Han et al.
1999). Two distinct high affinity carrier transporters for taurine have been described in the
rodent brain based on amino acid sequence and taurine binding affinities (Pow et al. 2002).
While these two transporters show different regional and cellular distribution in the brain, the
functional significance of this distribution is not clear. Kinetic analysis of cellular taurine
accumulation generally reveals a non-saturable, diffusional component in addition to a high
affinity carrier-mediated component (Schousboe et al. 1976; Holopainen et al. 1987; Takahashi
et al. 2003). The diffusional component of taurine accumulation movement may represent
passive amino acid movement through membrane channels, such as the volume sensitive
organic osmolyte and anion channel (Jackson and Strange 1993) and others (Roy and Banderali
1994).

In the brain, taurine is the most important osmotically active organic molecule involved in
volume regulation during both hypoosmotic hyponatremia (Verbalis and Gullans 1991) and
hyperosmotic dehydration (Trachtman et al. 1988; Bedford and Leader 1993). Through the
loss of intracellular taurine and osmotically obliged water, cells avoid potential pathological
sequelae which result from persistent alterations in cellular volume (Haussinger et al. 1994;
Kimelberg 1995). Brain taurine content is reduced during several days of systemic
hypoosmotic conditions and contributes to a significant fraction of the brain volume regulation
observed in this condition. With shorter periods of hypoosmolality, brain volume regulation
is mediated by loss of inorganic osmolytes with little change in the content of taurine or other
organic molecules (Melton et al. 1987). However there is evidence that taurine is redistributed
amongst brain cells during the early stage of hypoosmotic hyponatremia. Mobilization of
intracellular taurine is indicated by a 5-10 fold increase in the extracellular taurine
concentration measured during acute systemic or local hypoosmotic exposure (Solis et al.
1988; Wade et al. 1988). In addition, histochemistry for taurine-like immunoreactivity reveals
taurine contents of cerebellar Purkinje cells are reduced while contents of adjacent astroglia
are elevated during the first hour of acute hypoosmotic hyponatremia (Nagelhus et al. 1993).
The mobilization of taurine and potentially other osmolytes out of neurons and into astrocytes
may underlie the observed greater swelling of glial cells relative to that of neurons during
pathological conditions characterized by cytotoxic edema (Plum et al. 1963; Klatzo 1967;
Wasterlain and Torack 1968; Betz et al. 1989).

Cellular mechanisms that underlie the mobilization and cellular redistribution of taurine during
in vivo hypoosmotic hyponatremia are not well understood. In cell culture, taurine is
preferentially lost from osmotically swollen neurons as compared with astroglial cells (Olson
and Li 2000). We reasoned that, in addition to elevated taurine efflux, the rate of neuronal
taurine influx may be reduced during brain swelling to minimize re-accumulation of taurine
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from the extracellular space and thus, facilitate net transport of taurine from neurons to glia.
To explore this mechanism, we determined kinetic and pharmacological characteristics of
taurine transport in cultured neurons incubated in normal and hypoosmotic conditions. We
focused this study on neurons from the hippocampus because of high content of taurine and
taurine transporter protein in hippocampal pyramidal neurons (Pow et al. 2002) and the
importance of taurine for osmotic volume regulation of the hippocampus (Kreisman and Olson
2003). Our data suggest neurons rapidly downregulate the taurine transporter when osmotically
swollen. These data have been presented in preliminary form (Olson and Martinho 2003; Olson
and Martinho in press).

Materials and methods
Materials

Media, sera, and additives for tissue cultures were purchased from Invitrogen Life
Technologies, Inc. (Chicago, Illinois). Primary antibodies for glial fibrillary acidic protein
(GFAP) and synapsin-25 (SNAP) were purchased from Sternberger Monoclonals (Baltimore,
Maryland). Antibodies for neuron specific enolase (NSE) and taurine transporter (TauT) were
purchased from Sigma-Aldrich Chemical Company (St. Louis, Missouri) and Chemicon
International (Temecula, California), respectively. Fluorescein-conjugated and Texas
redconjugated secondary antibodies were obtained from Jackson ImmunoResearch, Inc. (West
Grove, Pennsylvania). Goat anti-rabbit antibody conjugated with Alexa Fluor 568 was
purchased from Molecular Probes (Eugene, Oregon). Radioactive taurine was from New
England Nuclear (Boston, Massachusetts). Cell lysis solutions, enzymes, and buffers for ATP
analysis and bicinchoninic acid kit for protein determination were obtained from Sigma-
Aldrich Chemical Company (St. Louis, MO). All other salts and chemicals for HPLC and
glutamine synthetase assays came from Fisher Scientific (Fair Lawn, New Jersey) and were
the highest grade available.

Primary cell cultures
Hippocampal neuron cultures were prepared from rat fetuses at the eighteenth gestational day
using a modified procedure (Scholz et al. 1988) originally described by Banker and Cowen
(Banker and Cowan 1977). Pregnant dams were anesthetized to a surgical plane with
pentobarbital (65-85 mg/kg) and a sterile laparotomy was performed. All fetuses were removed
from the uterus, placed in ice-cold divalent cation-free Hank's balanced salt solution (DCF-
HBSS), decapitated, and the hippocampi dissected with the aid of a stereo microscope.
Hippocampi pooled from 4-6 fetuses were exposed for 15 min to 0.125% trypsin at 37° C in
DCF-HBSS. The tissue then was rinsed three times with DCF-HBSS and triturated by repeated
passage through a fire-polished glass pipette. The resulting suspension was centrifuged and
the cells resuspended in Eagles' Minimum Essential Medium (E-MEM) medium containing
10% horse serum plus 50 μg/ml streptomycin and 50 U/ml penicillin (Bartlett and Banker
1984) for plating at a density of 30,000 cells/cm2 onto 35 mm plastic Petri dishes or 12 mm
glass coverslips previously coated with 5.0 μg/ml polyornithine. After 2 to 4 hours, when the
cells have attached to the surface, the medium was changed to neuron growth medium
consisting of defined Neurobasal™ medium containing B27 additives, 50 μg/ml streptomycin,
50 U/ml penicillin, and a sufficient volume of 3 M NaCl to raise the osmolality to 290 mOsm
(Brewer et al. 1993). Twice each week, one-half of the culture medium was removed and
replaced with fresh medium. The percentage of neurons and the presence of contaminating glia
were determined by immunocytochemical staining for neuron-specific enolase and GFAP,
respectively, and by measuring the activity of glutamine synthetase as described below.
Cultures were used after 10-14 days in vitro.
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Hippocampal astrocyte cultures are prepared as described by Pappas et al. (1994) using
methods similar to those we have described for cerebral cortical astrocyte cultures (Olson and
Holtzman 1980). Two to four day-old rat pups were decapitated and the hippocampi dissected
with sterile techniques. Tissue from 6-8 animals was softened with 0.125% trypsin for 15 min,
vortexed vigorously and then triturated by passage 20-30 times through a 10 ml serum pipette.
The cell suspension was filtered through an 80 μm nylon mesh, centrifuged, and the cells
resuspended in growth medium consisting of 20% newborn calf serum and 80% E-MEM
containing two times the normal amino acid concentrations (except for the glutamine
concentration which remains normal) and four times the normal vitamin concentrations.
Streptomycin and penicillin also were added (50 μg/ml and 50 U/ml, respectively) as was 19
mM additional sodium bicarbonate (Olson and Holtzman 1981). After 1-2 days in culture, cells
were fed with a medium containing only 10% newborn calf serum but otherwise identical to
that used for the initial plating. This medium was used for subsequent feedings twice each
week. Experiments were performed on cells after 14-21 days in vitro. For some cells, medium
was replaced three days prior to experimentation with a 1:1 mixture of conditioned neuron
medium removed from hippocampal neuron cultures and fresh neuron growth medium.

Immunocytochemistry
Coverslips containing cells were removed from petri dishes and rinsed twice with staining
buffer consisting of 137 mM NaCl and 10 mM Na2HPO4 at pH=7.2. Cells then were fixed
with 2% paraformaldehyde in this buffer for 15 min. When staining for GFAP, cells also were
fixed for 15 min in 95% ethanol containing 10 mM HCl. All fixatives were rinsed from the
cover slips using staining buffer containing 0.1% Triton X-100 (SBT). Non-specific antigen
sites were blocked with a 30 min exposure to 20% pre-immune goat serum in SBT. Coverslips
were rinsed twice and then incubated with SBT for 5 min following this and other antibody
exposures described below. Primary mouse antibodies for either GFAP (1:5000) or SNAP
(1:5000) plus rabbit antibodies for either NSE (1:100) or TauT (1:100) were applied together
for 60 min in SBT. Then, cells were sequentially exposed to goat anti-mouse secondary
antibodies conjugated with fluorescein (1:100) and goat anti-rabbit secondary antibodies
conjugated with either Texas red (for TauT, 1:300) or Alexa Fluor 568 (for NSE, 1:200) for
30 min each. Some cultures stained for GFAP and NSE also were exposed to 1.0 μg/ml 4′,6-
diamidino-2-phenylindole (DAPI) in SBT for 5 min. After a final 10 min incubation and rinse
in staining buffer, cells were immersed in distilled water for 10 min. Coverslips were affixed
onto glass slides with an aqueous mounting medium (BioMeda Corp, Foster City, CA) and
illuminated with epifluorescence for photography. For some coverslips, exposure to one or
both of the primary antibodies was omitted.

Glutamine Synthetase
Glutamine synthetase activity was determined in neuronal and glial cell cultures using the
method described by Allen et al. (2001). Briefly, cells grown on 35 mm dishes were lysed in
a hypotonic imidazole-Triton X-100 buffer and scraped from the dish. The suspension was
sonicated and a portion saved for protein determination by the method of Lowry et al.
(1951). The remaining suspension was added to a reaction buffer to give final concentrations
of 120 mM l-glutamine, 10 mM Na2HAsO4, 50 mM imidazole, 30 mM hydroxylamine, 0.4
mM ATP, and 0.06 mM MgCl2 in 0.8 ml. Blank reactions and standards were performed using
fresh imidazole lysis buffer and imidazole lysis buffer with known concentrations of
hydroxylglutamate, respectively. After 60 min at 37° C the reaction was stopped with addition
of 0.2 ml of 15% FeCl3 in 25% trichloroacetic acid plus 2.5 M HCl and incubated in an ice
bath for 30 min. Then the solution was centrifuged and the optical density of the supernatant
was determined at 490 nm. Values for cell lysates were compared to those obtained from
hydroxylglutamate standards prepared contemporaneously.
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Taurine accumulation
Culture medium was removed and cells were washed three times and then incubated at 37° C
in isoosmotic phosphate buffered saline (PBS) containing 137 mM NaCl, 2.7 mM KCl, 1.0
mM CaCl2, 0.5 mM MgCl2, 2.7 mM Na2HPO4, 0.5 mM KH2PO4, and 5.5 mM glucose (pH
7.3). Small volumes of 3 M NaCl were added to adjust the osmolality to 290 mOsm. This
typically increased the NaCl concentration by approximately 7 mM. After 30 min, PBS in the
culture dish was replaced with 1.5 ml of the same PBS plus 0.5-0.75 μCi/ml [3H]-taurine
together with various concentrations of unlabeled taurine. For some experiments, the PBS
solutions also contained taurine transport inhibitors or other substances. For other experiments,
the PBS solution used during [3H]-taurine exposure was made hypoosmotic by reducing the
concentration of NaCl to 100 mM and adjusting osmolality to 200 mOsm by adding sucrose.
Results from these studies were compared to data from cells incubated in isoosmotic PBS
containing 100 mM NaCl plus additional sucrose to adjust the osmolality to 290 mOsm. Unless
otherwise noted, taurine accumulation proceeded at 37° C for 0, 10, 20 or 30 min. At the
appropriate time point, triplicate 10 μl samples of PBS were removed for radioactivity counting.
Then, the cells were rinsed with ice-cold 10 mM tris buffer plus sufficient sucrose to match
the osmolality of the PBS used during 3H-taurine exposure. Cells on the culture surface were
scraped into 1.0 ml of 0.6 M HClO4 plus 4 mM CsCl and then centrifuged at 10,000 × g for 1
min. A 100 μl aliquot of the resulting supernatant was used for HPLC analysis of amino acids
and 800 μl was counted for radioactivity. Precipitated protein remaining on the dish was
dissolved with 1.0 ml of 1 M NaOH. This was added to the pellet formed during centrifugation
and the protein content determined in the resulting solution by the method of Lowry et al.
(1951).

Some taurine accumulation studies were performed at 0° C to determine the temperature
dependence of taurine transport. For these studies, cells were chilled on a bed of ice for 30 min
prior to exposure to 0° C PBS containing [3H]-taurine. Cells remained on the ice in a closed
styrofoam container for the duration of the exposure period. Fixation with 0.6 M HClO4 and
subsequent sampling for radioactivity uptake then proceeded at room temperature as described
above.

Data for radioactive taurine accumulation were fitted to the sum of carrier-mediated (saturable)
transport plus diffusional (non-saturable) transport terms using a nonlinear least squares
approximation according to the equation:

J =
Jmax ⋅ S

Km + S + Kdiff ⋅ S , (1)

where J represents the measured velocity of uptake (nmol/mg protein min), Jmax is the
calculated maximal velocity (nmol/mg protein min), Km is the calculated taurine binding
constant (μM) for the carrier-mediated component of taurine uptake, Kdiff is the calculated rate
constant for the diffusion-mediated uptake mechanism (ml/mg protein min), and [S] is the total
extracellular concentration of taurine present during accumulation (μM).

To determine the sodium dependence of taurine uptake, [3H]-taurine accumulation was
performed in PBS containing various concentrations of Na+ ranging from 0 to 155 mM. These
studies were carried out at a low extracellular taurine concentration to ensure the majority of
accumulation was mediated by the saturable component. A zero-sodium PBS solution was
made by replacing all NaCl and Na2HPO4 in the PBS with choline chloride and KH2PO4,
respectively, and removing KCl to maintain the potassium concentration at 3.2 mM. The
sodium concentration of other solutions was adjusted by partial replacement of NaCl in the
PBS with choline chloride. For all these solutions, osmolality was adjusted to 290 mOsm by
adding choline chloride. Using a nonlinear least squares algorithm, data were fit to the equation:
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J =
Jmax
′ ⋅ S N

KNa
N + S N , (2)

where J represents the measured velocity of taurine uptake (nmol/mg protein min), Jmax
′  is

the calculated maximal velocity of taurine uptake at the concentration of taurine present during
accumulation (nmol/mg protein min), KNa is the calculated concentration of sodium that
produces half-maximal rate of transport (mM), [S] is the concentration extracellular of sodium
present during accumulation (mM), and N is the calculated Hill coefficient.

Taurine content
The content of taurine in neuronal cultures was determined as previously described (Olson
1999). Cells on 35 mm petri dishes were rinsed two times in PBS to remove growth medium
if present. Cultures then were fixed in 1 ml of 0.6 M HClO4. The cells were loosened from the
dish with a rubber policeman and scraped into a microcentrifuge tube together with the acid
solution. These tubes were centrifuged at 10,000 × g for 1 min and amino acid contents were
determined in the supernatant by HPLC after neutralization with a small volume of 4.5 M KOH
and derivitization with o-phthalaldehyde. NaOH (1 M) was added to each petri dish to remove
residual precipitated protein and then was transferred to the microcentrifuge tube to dissolve
the remaining protein pellet. Protein content was determined in this solution by the method of
Lowry et al. (1951).

Medium concentrations of amino acids also were determined by HPLC. A volume of medium
was mixed 1:1 with 0.6 M HClO4 and then precipitated material was removed by centrifugation
at 10,000 × g for 1 min. Amino acid concentrations were determined in the supernatant after
neutralization with KOH as described above.

ATP Content
ATP contents of neuron cultures were determined using the luciferin-luciferase method. Cells
from a 35 mm culture dish were rinsed free of culture medium, if present, and then lysed with
200 μl mammalian cell lysis solution. A 10 μl aliquot was added to luciferin-luciferase enzyme
solution and the initial light emission determined with a luminometer. Data were compared
with ATP standards to calculate the total ATP content of each dish. This result was normalized
to the protein content of the cell lysate determined using the bicinchoninic acid method.

Statistical analyses
Unless otherwise indicated, quantitative data are expressed as the mean ± SEM of results
obtained from independent replicate experiments. Parameters from regression analyses are
given as the calculated value ± SE of the approximation. Differences in mean values between
control and experimental groups were analyzed using Student's t-test or ANOVA followed by
Dunnett's test as appropriate. Significant differences in parameters calculated from curve fits
of different data sets were determined using ANOVA, ANCOVA and linear or nonlinear
regression analyses. Values were assumed significantly different for p < 0.05.

Results
The taurine transporter is strongly expressed in hippocampal neurons

Immunocytochemical analysis of the hippocampal neuron cultures revealed a mixed
population of cells predominantly comprised of neurons (Figure 1A). NSE-positive neurons
had rounded phase-dark cell bodies while GFAP-positive astrocytes appeared flattened and
were less dark under phase contrast microscopy. GFAP-positive cells had multiple branching
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processes extending for several hundred microns. Numerous SNAP-positive neuron cell bodies
were present throughout the culture within a dense matrix of finely branching SNAP-positive
fibers and thicker cell processes. Immunostaining of hippocampal glial cultures revealed
approximately 95% of the cells were positive for GFAP (data not shown) as we and others
previously described for cerebral and hippocampal astrocyte cultures (Olson and Holtzman
1980; Pappas and Ransom 1994).

Immunostaining for TauT demonstrated labeling of both neuron (SNAP-positive) and
astroglial (GFAP-positive) cell bodies (Figures 1B and 1C). In addition, numerous neuronal
and glial processes showed positive TauT immunoreactivity throughout the culture. The
intensity of TauT labeling was consistently lower in GFAP-positive and SNAP-negative cells
compared with other cells observed in the same microscopic field.

Cell counts in neuron cultures prepared at several times over a six month period yielded 22 ±
2% GFAP-positive cells relative to all cells with DAPI-stained nuclei (mean ± SD, N = 4).
Similar results for the astrocyte content of neuron cultures were obtained by comparing
glutamine synthetase (GS) activity in astroglial and neuronal cultures. The GS specific activity
of astrocyte cultures grown continuously in astrocyte growth medium containing 10% calf
serum was 35.7 ± 0.7 nmol/mg protein min. This activity increased by 51% to 54.0 ± 7.8 nmol/
mg protein min when these cells were exposed for three days to neuron growth medium prior
to measurement of enzyme activity (p < 0.05). In contrast, the specific activity of GS in neuron
cultures was 12.8 ± 2.2 nmol/mg protein min, or approximately 24% of the specific activity
measured in astrocyte cultures exposed to neuron growth medium.

Neuron cultures accumulate net taurine
Although the freshly prepared neuron culture growth medium does not contain taurine, we
measured a concentration of 2.5 ± 0.1 μM, in medium removed from cultures just prior to
experimentation. Cellular content of taurine in the cultures was 10.6 ± 0.7 nmol/mg protein
and did not change during the initial 30 min incubation in PBS. Cultures subsequently incubated
with PBS containing 100 μM taurine showed a linear increase in taurine content over 30 min
at a rate of 2.14 ± 0.08 nmol/mg protein min (r2 = 0.96).

Neuronal taurine accumulation is temperature and sodium dependent
Cultures maintained at 37° C during accumulation of tritium-labeled 100 μM taurine also
showed a linear uptake for 30 min (Figure 2). The uptake rate, calculated as the slope of the
linear regression fit to the data, was 1.46 ± 0.13 nmol/mg protein min (r2 = 0.98). This rate was
reduced by nearly 99% to 0.016 ± 0.003 nmol/mg protein min (r2 = 0.92) for cultures
maintained on a bed of ice prior to and during the period of taurine accumulation. The linearity
of the graphs of taurine accumulation versus time at both temperatures suggests rates of uptake
are constant throughout this interval. Except where noted, all subsequent studies of taurine
accumulation were performed with a 20 min period of exposure to the radiolabeled compound.

Taurine accumulation in neuron cultures was strongly dependent on the concentration of
extracellular sodium (Figure 3). These studies were performed with 1 μM extracellular taurine
to minimize the contribution of the non-saturable component of uptake (see below). In PBS
made without sodium, the taurine accumulation rate was reduced to approximately 0.5% of
the value measured in cells incubated with normal PBS. For values of extracellular sodium
concentration between 0 and 155 mM the relationship between extracellular sodium
concentration and taurine accumulation was sigmoidal. Non-linear regression analysis yielded
a Km for sodium of 80.0 ± 3.1 mM and a Hill coefficient of 2.05 ± 0.09. If the Hill coefficient
was fixed at 2.0 in the regression analysis, the calculated Km for sodium became 81.4 ± 1.6
mM.
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Taurine accumulation kinetics is comprised of saturable and non-saturable components
The dependence of taurine accumulation on extracellular taurine concentration appeared to
consist of Michaelis-Menten (saturable) and linear (non-saturable) kinetic components (Figure
4). Non-linear regression analysis of the data to fit Equation 1 yielded Km and Jmax values for
the saturable component of 30.0 ± 8.8 μM and 2.10 ± 0.23 nmol/mg protein min, respectively.
The calculated coefficient for the non-saturable component (Kdiff) was 0.0013 ± 0.0002 ml/
mg protein min. Subtracting the non-saturable component from data gathered at each taurine
concentration and replotting the results as a double reciprocal graph yielded a strongly linear
relationship (Figure 4B).

The saturable component of taurine transport is specific for taurine
Accumulation of tracer quantities of [3H]-taurine was strongly inhibited by unlabeled taurine
and by structural analogs of taurine (Figure 5). At 1 mM concentrations, taurine, hypotaurine,
β-alanine and guanidinoethanesulfonate (GES) inhibited radiolabeled taurine accumulation to
less than 5% of the control value. In contrast, 1 mM glutamine, glutamate, or betaine, substrates
for various other membrane transporters (Palacin et al. 1998), had significantly smaller effects
on taurine accumulation; reducing the accumulation rate to values ranging from 50% to 70%
of the control value.

DIDS and NPPB inhibit saturable and non-saturable components of neuronal taurine
transport

In an attempt to isolate the saturable component of neuronal taurine accumulation, we measured
uptake at various concentrations of taurine in the presence of the anion channel and organic
osmolyte efflux inhibitors, 5-nitro-2-(3 phenylpropylamino) benzoic acid (NPPB) or 4,4′-
diisothiocyanostilbene-2, 2′-disulfonic acid (DIDS) (d'Anglemont de Tassigny et al. 2003).
For these studies, cells were exposed to drug or drug vehicle (0.3% DMSO) for 10 min prior
to the addition of radioactive taurine as well as throughout the period of taurine accumulation.
The resulting kinetic data were fit to the form of Equation 1. Vehicle alone and 100 μM DIDS
had no effect on Jmax, Km, or Kdiff in isoosmotic conditions (Figure 6A). However, 1000 μM
DIDS inhibited Jmax by 35% but had no effect on Km and Kdiff. Similarly, in isoosmotic PBS,
100 μM NPPB reduced Jmax of the saturable component by 67% and Kdiff of the non-saturable
component by 63%. This concentration of NPPB had no effect on Km for the saturable
component (Figure 6B).

Taurine transport is downregulated by osmotic swelling
The rate of taurine accumulation in hippocampal neuron cultures was reduced by hypoosmotic
exposure (Figure 7). In initial studies, taurine accumulation was determined with tracer
quantities of [3H]-taurine plus 1 μM unlabeled taurine to minimize the contribution of the non-
saturable component of accumulation to the calculated rate of taurine uptake. Based on results
shown in Figure 4, 98% of the accumulated taurine occurs via the saturable component at this
concentration of extracellular taurine. Because of the strong dependence of the transporter on
extracellular sodium (Figure 3), both isoosmotic and hypoosmotic PBS solutions used for these
studies were formulated to have the same concentration of NaCl (100 mM). Radioactive taurine
was added after various periods of hypoosmotic exposure and cells were prepared for sampling
2 min later. Taurine accumulation measured in the 2 min beginning immediately after the
introduction of hypoosmotic PBS was not different from that measured in cultures exposed
only to isoosmotic conditions. After 5 min in hypoosmotic PBS, the rate of taurine
accumulation was reduced by approximately 28% and remained at this diminished level for
least 30 min of hypoosmotic exposure.
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The reduction in taurine transport by the saturable transporter indicated in Figure 7 may result
from a shift in Km to a higher value or a reduction in Jmax. To explore these possibilities, we
evaluated the entire kinetic curve for taurine accumulation using extracellular taurine
concentrations ranging from 1 μM to 2000 μM (Figure 8). Analysis of these data by ANCOVA
showed a significant effect of osmolality on the resulting rate of accumulation. Data fit to the
form of Equation 1 resulted in a calculated Jmax value which was approximately 48% lower in
hypoosmotic PBS than that obtained in isoosmotic PBS (Table 1). In contrast, the values for
Km were similar for cells in each osmolality. Kdiff for the non-saturable component was 77%
higher for cells in hypoosmotic conditions. Subtracting the calculated non-saturable component
from each mean value of the kinetic curve and plotting the resulting data as double reciprocal
plots gave linear relationships which show a similar intercept on the abscissa but different
slopes (Figure 8B).

Neuronal ATP is not altered by hypoosmotic exposure
ATP content of neuron cultures was measured in conditions similar to those used for taurine
accumulation studies. After incubation for 30 min in isoosmotic PBS, neuron culture ATP
content was 20.7 ± 0.8 nmol/mg protein (Figure 9A). This content was not changed for cells
incubated for an additional 20 min in isoosmotic PBS, a time period equal to that used during
taurine accumulation studies. Following the initial 30 min PBS incubation, ATP content was
insignificantly reduced for cultures incubated for 20 min in hypoosmotic PBS containing only
100 mM NaCl. This value was not different for cells incubated for an equivalent period of time
in isoosmotic PBS containing the same reduced NaCl concentration.

When measuring taurine accumulation in the presence of DIDS and NPPB, the drugs were
added to the incubation PBS 10 min prior to the start of the 20 min period of taurine
accumulation. Therefore, we measured neuron culture ATP contents after 10 min of drug or
vehicle exposure and, in other cultures, after an additional 20 min of drug or vehicle exposure.
DIDS was found to have no effect on ATP content at concentrations as high as 1000 μM (Figure
9B). In contrast, 100 μM NPPB caused a 63% and 74% decrease in ATP content after the initial
10 min exposure and after the additional 20 min exposure period, respectively.

Discussion
These data describe kinetic and pharmacological characteristics of taurine transport in cells
cultured from fetal rat hippocampus and the response of taurine transport mechanisms to
osmotic swelling. The majority of cells in these cultures are neurons which strongly express
the taurine transporter in their cell bodies and processes. We found astrocytes comprise 22-24%
of the cultured cells as determined by cell counts of GFAP-positive cells and by in vitro
determination of glutamine synthetase activity. Astroglial cells, characterized by positive
GFAP immunostaining, also demonstrated immunoreactivity for TauT; however, the intensity
of staining was significantly lower than that observed for neurons in the same microscopic
field of view. Thus, we expect our data regarding the saturable component of taurine
accumulation primarily reflect characteristics of TauT in cultured neurons.

Taurine is not a component of the defined growth medium used for these cell cultures (Brewer
et al. 1993). Nevertheless, about 2.5 μM taurine was detected in the growth medium at the time
of experimentation. This concentration is similar to that typically measured in CSF or in vivo
microdialysis of extracellular fluid (Wade et al. 1988; Lehmann 1989; Solis et al. 1990; Stover
and Unterberg 2000) and is not likely to be high enough to cause downregulation of TauT gene
expression as has been observed in other cell types (Jones et al. 1990; Bitoun and Tappaz
2000; Kang et al. 2002). Using this value for the taurine concentration in the interstitial fluid
and the kinetic data shown in Figure 4A, we calculate that approximately 98% of neuronal
taurine accumulation would be facilitated by the saturable transport mechanism in vivo.
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We found that uptake of radiolabeled taurine in the hippocampal neuronal cultures is linear
over time for at least 30 min indicating that appreciable quantities of accumulated radioactive
taurine are not lost from the cells during this period. Thus, our data represent unidirectional
taurine accumulation. The kinetics of taurine accumulation is similar to that described in other
preparations of nervous system tissue including glial cells, synaptosomes, and cerebral
endothelial cells (Schousboe et al. 1976; Kontro and Oja 1978; Holopainen et al. 1987;
Sanchez-Olea et al. 1991; Beetsch and Olson 1993; Tamai et al. 1995; Qian et al. 2000). The
relationship between the rate of taurine accumulation and the extracellular taurine
concentration between 1 μM and 2000 μM in these diverse cell systems appears to represent
the sum of saturable and non-saturable components. Similar to rat synaptosomes and astrocytes,
taurine accumulation in rat hippocampal neurons is strongly temperature dependent (Hruska
et al. 1978; Kontro and Oja 1978; Beetsch and Olson 1993). This property has been associated
with energy dependent transporters and is consistent with the absolute dependence on a sodium
gradient for taurine accumulation (Smith et al. 1992; Qian et al. 2000). The saturable
component of taurine accumulation in neuron cultures shows a strong dependence on
extracellular sodium with a Hill coefficient of 2 and significant inhibition by GES and other
structural analogs of taurine. Inhibition of taurine accumulation by the amino acids glutamate
and glutamine and by the quarternary amine, betaine, is markedly lower. Some portion of the
inhibition by glutamate may result from a reduction in the sodium gradient caused by activation
of ionotropic glutamate receptors known to be present on these cells (Dingledine et al. 1999;
Xin et al. 2005). The Jmax we report here for saturable taurine transport in rat hippocampal
neuron cultures is higher than values we previously reported from primary rat cerebral
astroglial cultures (Beetsch and Olson 1993) and others have reported for rat astrocytes
(Larsson et al. 1986; Sanchez-Olea et al. 1991) and bovine endothelial cells (Qian et al.
2000). This result is consistent with the high taurine content observed in hippocampal
pyramidal neurons in vivo (Pow et al. 2002).

In response to hypoosmotic swelling, the Jmax of the saturable component of neuronal taurine
accumulation is significantly diminished. This reduction in maximal transport rate occurs
independent of changes in extracellular sodium and chloride concentrations and requires
several minutes to develop. Thus, it does not appear to be a direct result of abrupt cellular
swelling or a decrease in the magnitude of ion gradients necessary for taurine transporter
activity. Indeed, cellular swelling likely to occur rapidly during hypoosmotic exposure would
dilute the intracellular sodium concentration. Consequently, the net sodium gradient driving
carrier-mediated taurine accumulation in these cells would be expected to be larger in the
hypoosmotically treated cells compared to those in isoosmotic PBS with the same extracellular
NaCl concentration. In addition, the reduction in taurine transport rate is not due to a diminished
energy state of the cell as ATP contents are similar for cells in hypoosmotic and isoosmotic
conditions with similar sodium contents. Finally, the saturable transporter Jmax remains
downregulated for at least 30 min during persistent hypoosmotic exposure, a period when
regulatory volume decrease is likely to occur (Pasantes-Morales et al. 1993; Olson and Li
2000). In contrast to these data on rat hippocampal neurons, Sanchez-Olea et al. (1991) showed
no effect of osmotic swelling on cultured rat astroglial taurine transporter activity. This
differential response to osmotic swelling occurring in vivo would contribute to net transfer of
taurine from neurons to glial cells. Such an osmolyte transfer has been observed in the
cerebellum of hypoosmotic hyponatremic rats (Nagelhus et al. 1993).

Mechanisms responsible for reduced taurine transporter activity in osmotically swollen
cultured neurons are not clear from these studies; however, preliminary data suggest tyrosine
kinase activity is required (Olson and Martinho in press). For kidney cells, retina, and
astrocytes, activation of PKC leads to decreased carrier-mediated taurine accumulation (Loo
et al. 1996; Tchoumkeu-Nzouessa and Rebel 1996; Han et al. 1999). However, no effect of
PKC on neuronal taurine accumulation is observed (Tchoumkeu-Nzouessa and Rebel 1996),
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suggesting control of TauT in different cell types is mediated by different biochemical
pathways. In addition to direct modification of the transporter molecule, the protein may be
removed form the plasma membrane and sequestered into intracellular sites as has been
described in kidney cells by Chesney et al. (1989).

We utilized drugs known to inhibit passive anion and organic osmolyte movements in an
attempt to separate and isolate the saturable and non-saturable components of taurine
accumulation. We found DIDS had no effect on the non-saturable component of taurine
accumulation in cells maintained in normal isoosmotic conditions. Thus, the pathway
responsible for this component of influx has different pharmacological characteristics from
that of the swelling-activated taurine efflux pathway described in other cell types (Sanchez-
Olea et al. 1991; Warskulat et al. 1997; Deleuze et al. 1998; Grant et al. 2000). However, we
also found 1000 μM DIDS significantly reduced the Jmax of the saturable component. The
reduced maximal transport rate occurred without any apparent change in the energy status of
the cells suggesting this drug may interact directly with the transporter protein.

NPPB produced even greater effects on neuronal taurine transport. In isoosmotic conditions,
this drug reduced the Jmax of the saturable component of taurine transport at a concentration
that also significantly reduced the non-saturable component of taurine accumulation and
rapidly and drastically reduced the ATP content of the neurons. Thus, the reduction in Jmax
may be a result of diminished sodium gradient in some or all of the cells in the dish resulting
from compromised energy status. NPPB is known to have significant effects on volume-
activated taurine release and anion conductance in cultured rat neurons, astroglial cells, and
other cell types (Strange et al. 1993; Sanchez-Olea et al. 1996; Ordaz et al. 2004). This drug
also inhibits volume regulation of adult rat hippocampal slices exposed to hypoosmotic
conditions (Kreisman and Olson 2003). While widely regarded as an inhibitor of anion channels
(d'Anglemont de Tassigny et al. 2003), NPPB also has been shown to reduce cellular ATP
content in skate hepatocytes (Ballatori et al. 1995) and to interact with band 3 protein (Branchini
et al. 1995), Na-K-2Cl cotransporter (Wangemann et al. 1986), adenylcyclase (Heisler 1991),
and photosystem II of thyalkoid membranes (Bock et al. 2001). NPPB was found to block the
CFTR anion channel by interacting deep within the pore structure (Zhang et al. 2000). Thus,
in addition to reducing the cellular energy state, this drug may block the taurine transporter by
interfering with the chloride or the taurine binding sites on the molecule. A complete
understanding of NPPB's action on neuronal taurine transport must await more detailed
pharmacokinetic analysis.

Because of its linearity with the concentration of extracellular taurine, the non-saturable
component of taurine accumulation has been ascribed to passive movement of taurine through
membrane channels. We recently described taurine currents in cultured hippocampal neurons
(Li and Olson 2004) that have characteristics similar to taurine-conducting channels or taurine
currents in cultured rat cerebral and hippocampal astroglial cells (Jackson and Strange 1993;
Roy and Banderali 1994; Olson and Li 1997). The voltage-current relationship for the neuronal
pathway is only slightly outwardly rectifying suggesting anionic taurine may diffuse passively
with nearly equal facility in either direction. The apparent activation of the non-saturable
component of taurine accumulation by osmotic swelling also is consistent with taurine
movements through channels since anion and taurine conductance as well as unidirectional
taurine efflux have been shown to increase in a variety of cells during hypoosmotic exposure
(Pasantes-Morales et al. 1990; Jackson and Strange 1993; Olson and Li 1997). Additionally,
we observed that NPPB, a potent inhibitor of taurine efflux and volume activated anion
channels (d'Anglemont de Tassigny et al. 2003), reduces, but does not completely block, the
non-saturable component of taurine neuronal accumulation in isoosmotic conditions. In
contrast, DIDS does not alter this non-saturable neuronal taurine accumulation pathway. In
other systems, 1000 μM and lower concentrations of DIDS inhibit plasma membrane anion
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movement via calcium-activated and voltage-sensitive channels and cotransporters and
volume-sensitive taurine fluxes (Sanchez-Olea et al. 1991; Thinnes and Reymann 1997;
Romero and Boron 1999; Hoffmann 2000; Fuller et al. 2001). However, in many cell types,
DIDS does not affect taurine efflux in isoosmotic conditions (Warskulat et al. 1997; Deleuze
et al. 1998; Grant et al. 2000). These results imply transport mechanisms in addition to NPPB-
and DIDS-sensitive plasma membrane channels are responsible for the non-saturable
accumulation of taurine into these cultured neurons in isoosmotic PBS.

Under steady state conditions, intracellular taurine concentration is determined by the rate of
accumulation via the saturable taurine transporter and the rate of taurine efflux through passive
and non-saturable pathways such as anion and organic osmolyte conducting channels. The rate
of taurine accumulation depends on the extracellular taurine concentration while the rate of
taurine efflux depends on the gradient of taurine across the plasma membrane. Assuming
complete reversibility of the non-saturable pathway, we can use this measured component of
taurine accumulation to calculate an approximate rate of passive taurine efflux. With this
assumption, we compute a steady state intracellular taurine concentration of 0.12 mM at 2.5
μM extracellular taurine, the value we measured in neuron culture growth medium. With a
neuronal cell volume of 4.6 μl/mg protein (Olson and Li 2000), this intracellular taurine
concentration is equivalent to 0.56 nmol/mg protein. However, this calculated value of
neuronal taurine content is substantially smaller than the 10.6 nmol/mg protein measured for
cells freshly removed from neuron growth medium. There may be several reasons for this
discrepancy. Potentially, the nonsaturable component is not symmetric, allowing a higher
permeability for taurine influx compared with taurine efflux. The lack of change in neuronal
taurine contents during the initial 30 min incubation in PBS without added taurine provides
support for this hypothesis. Alternatively, the saturable and non-saturable components of
taurine accumulation measured in neuron cultures may reside in different cellular
compartments. For example, the saturable component may be predominately expressed in
neurons while the non-saturable component may be equally expressed in neurons and glial
cells. The kinetic data also are consistent with a low affinity transporter in parallel (at the cell
membrane) or in series (e.g. at an intracellular organelle) with the neuronal plasma membrane
taurine transporter protein. Low affinity plasma membrane taurine transporters have been
described in Ehrlich ascites tumor, human carcinoma, and retinal cells (Militante and
Lombardini 1999; Wersinger et al. 2001; Poulsen et al. 2002). Additionally, significant
intracellular localization of TauT at intracellular sites including mitochondria and the nuclear
membrane is consistent with a model of taurine accumulation into organelles in series with its
accumulation into the cytosol (Voss et al. 2004; Christensen et al. 2005). Finally, de novo
synthesis of taurine by these cells may maintain a higher intracellular concentration of taurine
than predicted by this analysis of unidirectional fluxes (Chan-Palay et al. 1982). Some of these
possibilities may be addressed in the future using neuron cultures of higher purity or with glia-
specific metabolic poisons. A more detailed analysis of intracellular localization of taurine and
the transporter protein also may further characterize the components of neuronal taurine
accumulation.
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1.
Images of 14 day-old hippocampal neuron cultures simultaneously immunostained for (A) glial
fibrillary acidic protein (GFAP) and neuron-specific enolase (NSE), (B) synapsin-25 (SNAP),
and taurine transporter (TauT), or (C) GFAP and TauT. Each panel shows the same field
illuminated for phase contrast and for each of the secondary immunofluorescent antibodies as
indicated. The black bar in each phase contrast panel represents 50 μm. A. Arrowheads and
arrows indicate neuron and glial cell bodies, respectively. B. Arrowheads indicate several
neuron cell bodies. The arrows point to regions unlabeled with SNAP but showing significant
TauT staining. C. Arrows indicate glial cell bodies and processes stained for both GFAP and
TauT.
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2.
Time and temperature dependence of taurine accumulation in hippocampal neuron cultures.
Cells were exposed to tracer quantities of [3H]-taurine in isoosmotic PBS containing 100 μM
unlabeled taurine for the times and at the temperatures indicated before sampling to determine
cellular taurine accumulation. Data points are the mean ± SEM of 6-9 independent
measurements. Straight lines are drawn for the best fit linear regression to all data points.
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3.
Sodium dependence of taurine accumulation in hippocampal neuron cultures. Cells were
exposed to tracer quantities of [3H]-taurine plus 1 μM unlabeled taurine in isoosmotic PBS
containing the indicated sodium concentration for 20 min before sampling to determine cellular
taurine accumulation. Sodium chloride was replaced with choline chloride in solutions with
reduced sodium concentrations. Data points are the mean ± SEM of 4-5 independent
measurements. The smooth line is drawn according to the best fit non-linear regression to a
second order Michaelis-Menten equation as described in the text.
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4.
Taurine transport kinetics of hippocampal neuron cultures. (A) Cells were exposed to the
indicated concentration of unlabeled taurine plus tracer quantities of [3H]-taurine in isoosmotic
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PBS for 20 min before sampling to determine cellular taurine accumulation. Data points are
the mean ± SEM of 2-6 independent measurements. The smooth line is drawn according to the
best fit non-linear regression to the sum of saturable plus nonsaturable components of taurine
accumulation as described in the text. (B) Double reciprocal plot of the mean values at each
taurine concentration following subtraction of the calculated non-saturable component. The
line represents the best fit linear regression analysis (r2 = 0.999).
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5.
Inhibitors of taurine accumulation in hippocampal neuron cultures. Cells were exposed to tracer
quantities of [3H]-taurine in isoosmotic PBS containing 1 μM unlabeled taurine (control) or to
the same specific activity of taurine plus 1 mM of the indicated compound for 20 min before
sampling to determine radioactive taurine accumulation. Results are expressed as the
radioactivity cleared from a volume of extracellular fluid in order to compare inhibition by
added unlabeled taurine with that of other compounds. Data points are the mean ± SEM of 5-6
independent measurements. All values from cultures with added compounds are significantly
different from the control accumulation rate.
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6.
Taurine transport kinetics of hippocampal neuron cultures in the absence and presence of anion
channel blockers. Cells were exposed to the indicated concentration of taurine plus tracer
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quantities of [3H]-taurine in isoosmotic PBS for 20 min before sampling to determine cellular
taurine accumulation. For some cultures, drugs were added 10 min prior to and throughout the
20 min exposure to [3H]-taurine. The drug vehicle was 0.3% DMSO. Smooth lines are drawn
according to the best fit non-linear regression to the sum of saturable plus non-saturable
components of taurine accumulation as described in the text. Data points are the mean ± SEM
of 4-5 independent measurements. (A) Taurine accumulation during exposure to 100 μM
DIDS, 1000 μM DIDS, or drug vehicle. (B) Taurine accumulation during exposure 100 μM
NPPB or drug vehicle.
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7.
Inhibition of taurine accumulation in hippocampal neuron cultures by hypoosmotic exposure.
Cells were exposed to isoosmotic or hypoosmotic PBS containing 1 μM taurine. A tracer
quantity of [3H]-taurine was added to the PBS during the indicated time intervals. Then cells
were rapidly sampled to determine cellular taurine accumulation. The sodium concentration
of both isoosmotic and hypoosmotic PBS was 100 mM. Data are the mean ± SEM of 5
independent measurements. * indicates mean values which are significantly different from the
measurement made in isoosmotic PBS at time t = 0 min.
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8.
Taurine transport kinetics of hippocampal neuron cultures in isoosmotic and hypoosmotic
conditions. (A) Cells were exposed to the indicated concentration of taurine plus tracer
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quantities of [3H]-taurine in isoosmotic or hypoosmotic PBS for 20 min before sampling to
determine cellular taurine accumulation. Smooth lines are drawn according to the best fit non-
linear regression to the sum of saturable plus non-saturable components of taurine
accumulation using parameters given in Table 1 as described in the text. Data points are the
mean ± SEM of 3-4 independent measurements. Error bars are not shown if they are smaller
than the graph symbol. (B) Double reciprocal plots of the mean values at each taurine
concentration following subtraction of the calculated non-saturable component. Straight lines
represent the best fit linear regression analyses of the resulting data points (Isoosmotic r2 =
0.994, Hypoosmotic r2 = 0.993).
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9.
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ATP contents of hippocampal neuron cultures. Drug and osmolality treatments were performed
similarly to those used when measuring taurine accumulation. (A) ATP contents were first
determined after a 30 min incubation period in isoosmotic PBS (solid bar). Then the PBS
bathing the culture was changed to either fresh isoosmotic PBS, isoosmotic PBS with reduced
NaCl concentration, or hypoosmotic PBS as indicated. After 20 min in these PBS solutions,
cells were sampled for ATP contents (open bars). (B) Drugs or drug vehicle was added during
the last 10 min of the initial 30 min incubation period in isoosmotic PBS. ATP contents were
measured at the end of this 10 min drug exposure period (solid bars) or after an additional 20
min of drug treatment (open bars). * indicates mean values which are significantly different
from the measurement made in isoosmotic PBS at the same time point.
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Table 1
Calculated kinetic parameters for taurine accumulation into cultured hippocampal neurons incubated in
isoosmotic and hypoosmotic conditions.

Jmax
nmol/(mg protein min)

Km
μM

Kdiff
ml/(mg protein min)

Isoosmotic 1.58 ± 0.23 57 ± 22 0.00064 ± 0.00015
Hypoosmotic 0.82 ± 0.22* 38 ± 29 0.00113 ± 0.00016*

Values are the mean ± SE of the parameters calculated using a non-linear least squares method as described in the text.

*
indicates parameters which are significantly different from the value measured in isoosmotic conditions.
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