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The ST14A cell line was previously derived from
embryonic day 14 rat striatal primordia by retroviral
transduction of the temperature-sensitive SV40 large
T antigen. We showed that cell division and expression
of nestin persists at 33°C, the permissive temperature,
whereas cell division ceases, nestin expression de-
creases, and MAP2 expression increases at the nonper-
missive temperature of 39°C. In this study, we further
characterized the cells and found that they express
other general and subtype-specific neuronal charac-
teristics. ST14A cells express enolase and BIII-tubulin.
Furthermore, they express the striatal marker
DARPP-32, which is up-regulated upon differentiation
of the cells by growth in serum-free medium. Stimula-
tion with dopamine, the D2-dopamine receptor ago-
nist quinpirole, or the Dl-dopamine receptor agonist
SKF82958 results in phosphorylation of CREB. Treat-
ment of the cells with a mixture of reagents which
stimulate the MAPK and adenylyl cyclase pathways
radically changes the morphology of the ST14A cells.
The cells develop numerous neurite-like appearing
processes which stain with BITI-tubulin. Moreover,

under these conditions, intracellular injection of

rectangular depolarizing current stimuli elicits
overshooting action potentials with a relatively fast
depolarization rate when starting from a strongly
hyperpolarized membrane potential. Taken to-
gether, these data imply that the ST14A cell line
displays some of the characteristics of a medium-
size spiny neuron subtype and provides a new tool to
elucidate the pathways and molecules involved in
medium-size spiny neuron differentiation and
disease. © 2000 Academic Press

INTRODUCTION

The medium-size spiny neuron (MSN) comprises
95% of the ncurons of the caudate putamen, or the

' Co-first author,
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rodent striatum. This neuronal subtype plays a major
role in sensorimotor and cognitive functions and in
many neuropsychiatric discases. MSNs use +y-ami-
nobutyric acid (GABA) as their primary neurotrans-
mitter and are morphologically homogeneous. The
MSNs, however, are biochemically heterogencous,
with subpopulations expressing various combinations
of receptors, ncuropeptides, and signal transduction
molecules (reviewed in 16). Therefore, primary neuro-
nal cultures derived from striatal progenitor cells are
also extremely heterogencous, making the study of the
biology of subtypes of MSNs technically difficult. More-
over, many studies cannot be performed on the small
amount of tissue provided by primary cultures. Immor-
talized neuronal cell lines represent a tool for the study
of the biology of specific neuronal subtypes, but few cell
lines representative of differentiated neurons have
been established. Several techniques have been uti-
lized, including the use of spontancously transformed
cells, e.g., PC12 (17), oncogene-containing retroviral
vectors (1, 13, 14, 22, 30, 31, 34-36, 41-43), and so-
matic cell fusion (40). Cell lines already in existence
have contributed significantly to the study of neurons
in general and to specific features of the medium-size
spiny neuron (40).

We have previously described the growth character-
istics of the ST14A cell line, derived from embryonic
day 14 (E14) rat striatal primordia by retroviral trans-
duction of the temperature-sensitive ts A58/U19 allele
of SV40 large T antigen (6). Unlike cells derived from
somatic fusion (40), cell lines derived in this manner
contain a normal complement of chromosomes without
contamination from a neuroblastoma cell line. They
have a built-in method to maintain or cease mitosis
and therefore potentially represent an alternative
model for the generation of an unlimited supply of
material for the study of the medium-size spiny neu-
ron. The ST14A cell line was previously chosen from
among many clones for more extensive analysis be-
cause it exhibited a high proliferative ability at 33°C
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(6). Cell division and expression of nestin persists at
33°C, the permissive temperature, whereas cell divi-
sion ceases, nestin expression decreases, and MAP2
expression increcases at the nonpermissive tempera-
ture of 39°C. Expression of the glial marker, glial fibril-
lary acidic protein, was not detected. Differentiation of
the ST14A cells was also demonstrated following intra-
cerebral grafting procedures (24). Under these condi-
tions, ST14A cells were shown to develop into postmi-
totic, differentiated neurons and glia, suggesting that
the immortalized cells truly represent a bipotential
CNS progenitor. More detailed studies performed by
other investigators showed that similarly derived cells
transplanted into the developing CNS undergo a dif-
ferentiation pathway that morphologically and anti-
genically resembles that of the surrounding host cells
(31, 35). However, information on the in vitro proper-
ties of the immortalized cells is required since it con-
tributes to defining the potential and limits of such
cells. In this study, we sought to determine whether
ST14A cells demonstrate other phenotypic and electro-
physiologic characteristics of neurons and, particu-
larly, whether they are representative of a medium-
size spiny neuron.

EXPERIMENTAL PROCEDURES

STI14A Cell Line

The establishment of the ST14A cell line was previ-
ously described in detail (6). Cells are propagated at
the permissive temperature of 33°C in Dulbecco’s mod-
ified Eagle medium (Life Technologies, Bethesda, MD)
supplemented with 0.11 g/liter sodium pyruvate, 3.7
g/liter sodium bicarbonate, 0.29 g/liter glutamine, 3.9
g/liter Hepes, 100 units/ml penicillin—streptomycin
(Life Technologies), plus 10% fetal calf serum. Division
ceases at the nonpermissive temperature in identical
medium which includes serum or at the permissive
temperature in the absence of serum. Pharmacologic
treatments included acidic fibroblast growth factor
(aFGF; 10 ng/ml), phorbol 12-myristate 13-acetate
(TPA; 200 nM), dopamine (1050 uM), isobutylmeth-
ylxanthine (IBMX; 0.25 mM), forskolin (50 uM),
SKF82958 (50 uM), quinpirole (10-60 M), and eticlo-
pride (40 uM). All reagents were from Sigma except
SKF82958, quinpirole, and eticlopride (RBI).

Immunocytochemistry

Cultures were grown on LabTek ecight-well slides
coated with laminin and fixed in 4% paraformaldehyde
in 0.1 M phosphate buffer (pH 7.4). Cultures were then
processed with the appropriate primary and secondary
antibodies using the immunoperoxidase/ABC method
(Vector Laboratories Elite Vectastain) or with a FITC-
conjugated antibody (Sigma). Antibodies used were
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neuron-specific enolase (1:1000; Polyscience, Inc.),
GABA (1:1000; Sigma), BIII-tubulin (1:200; Promega),
actin (1:1000; Sigma), DARPP-32 6a (1:20,000; from
Dr. Paul Greengard, The Rockefeller University, New
York, NY), ARPP-21 6a (1:10,000; from Dr. Paul
Greengard, The Rockefeller University), and phospho-
CREB (1:1000; Upstate Biotechnology).

Determination of Adenylyl Cyclase Activity

Adenylyl cyclase activity was measured as described
i Unterwald et al. (39). Crude membranes were pre-
pared from ST14A cells from individual cultures, and
10 pl of homogenate was incubated in 10 mM imidazole
(pH 7.4), 10 mM theophylline, 6 mM MgSO,, 0.6 mM
EGTA, 1.5 mM ATP, and 0.01 mM GTP, in the absence
or presence of 10 uM dopamine or forskolin (final re-
action volume 60 ul). The reaction was terminated by
boiling for 2 min, and the amount of cAMP formed was
determined utilizing a [’'H]cAMP binding protein assay
which is based on the separation of free cAMP from
that bound to the binding protein.

Western Blot Analysis

Proteins were derived from rapidly frozen cultures
grown in 35- or 60-mm dishes, which were not coated.
Total cellular protein was prepared according to the
manufacturer's instructions (TRIzol; Gibco BRL) or via
lysis in boiling sample buffer (20% glycerol, 62.5 mM
Tris—HCI, pH 6.9, 1% SDS, 5% B-mercaptoethanol,
0.025% bromophenol blue) followed by sonication, 15
min of centrifugation, and recovery of the superna-
tants. Western blot analysis with 20-40 ug of protein
was performed on 10% SDS—polyacrylamide gels. Fol-
lowing transfer to nitrocellulose, equal loading of pro-
teins was confirmed by Ponceau stain. Western blot
analysis was performed as previously described (8, 20)
and developed with the NEN-DuPont chemilumines-
cence system.

Solutions for Elcctrophysiological Recording

Scals between clectrodes and cells were established
in a bath solution consisting of (in mmol/liter): 135
Na(Cl, 1.8 CaCl,, 2 MgCl,, 5.5 KCl, 10 glucose, 10
Hepes/NaOH (pH 7.4). After establishing the whole-
cell configuration, for current-clamp recording and for
K" current recording in voltage clamp, the pipette fill-
ing solution contained (in mmol/liter): 140 KCl, 4 NaCl,
0.02 CaCl,, 0.8 EGTA, 2 MgCl,, 4 Mg-ATP, 10 Hepes/
KOH (pH 7.4). For the study of voltage-gated Na™ and
Ca® channels under voltage-clamp conditions, the
patch pipette was filled with (in mmoV/liter): 130 CsCl,
10 NaCl, 20 TEA-CI, 10 EGTA, 2 MgCl,, 4 Mg-ATP, 10
Hepes/CsOH (pH 7.4). To dissect Na® currents the
extracellular solution contained (in mmol/liter): 130
NaCl, 2 CaCl,, 2 MgS0,, 10 glucose, 5 tetracthylam-
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monium-Cl, 10 Hepes/NaOH (pH 7.4). For voltage-
gated Ca’" channel current recordings, extracellular
saline contained (in mmol/liter): 130 NacCl, 10 BaCl,, 2
MgCl,, 10 glucose, 10 Hepes/NaOH (pH 7.4), 1 4-ami-
nopyridine, 10 tetracthylammonium-Cl, 1.5 X 107" te-
trodotoxin. For K* channel current recordings, extra-
cellular saline contained (in mmol/liter): 13 NaCl, 4
KCIl, 2 CaCl,, 1.2 MgSO,, 220 glucose, 10 Hepes/KOH
(pH 7.4), 1 CdCl, 1.5 X 107" tetrodotoxin. A multibarrel
delivery system positioned close to the cell allowed a
fast exchange of external solutions, useful for a phar-
macological characterization of the different conduc-
tances.

Patch-Clamp Recording

Ionic currents were recorded under voltage-clamp
conditions using the patch-clamp whole-cell configura-
tion (19) at room temperature (20-24°C) with a LIST
LM/EPC7 patch-clamp amplifier (List Electoronic,
Darmstadt, Germany) and digitized at sampling inter-
vals of 26-100 ps using a 12-bit A/D Tecmar Lab
Master Board interfaced with an IBM-compatible PC.
Stimulation, acquisition, and data analysis were car-
ried out using the following software packages: pClamp
(Axon Instruments, Inc., Burlingame, CA) and Origin
(Microcal Software, Inc., Northampton, MA). For volt-
age-clamp experiments linear components of leak and
capacitive currents were first reduced by analogue cir-
cuitry and then almost completely canceled with the
P/N method. Patch pipettes were made from borosili-
cate glass tubing and fire polished. For current-camp
experiments, their tips were coated with Sylgard to
reduce capacitance. Pipettes had a final resistance of
1-2 MQ when filled with internal solution. Currents
were filtered at 3 kHz.

RESULTS

Undifferentiated ST14A Cells Express General
and Subtype-Specific Neuronal Markers

It was previously shown that ST14A cells express
low levels of MAP2 in the undifferentiated state and
that expression of this ncuronal-specific marker is first
down-regulated and then markedly up-regulated dur-
ing growth in serum-free medium (SFM) for up to 168 h
(6). ST14A cells also express neuron-specific enolase
(NSE) (Fig. 1a) and BI1I-tubulin (Fig. 4) when grown in
fetal calf serum. These data imply that even in the
immortalized, mitotic state, the ST14A cells are ex-
pressing antigens typically characteristic of neurons
which have progressed beyond the progenitor state.
When differentiated by growth in SFM or at the non-
permissive temperature, all ST14A cells continue to
express NSE (not shown). This contrasts with in vivo
data demonstrating that ST14A cells give rise to both

neurons and glia after transplantation (24), implying
that extracellular cues encountered after transplanta-
tion can induce ST14A differentiation toward a glial
lineage.

We next sought to determine whether the undiffer-
entiated ST14A cells also express more subtype-spe-
cific neuronal markers, specifically those associated
with the striatal medium-size spiny neuron. We found
that ST14A cells are immunopositive for GABA (Fig.
1b). However, almost 100% of primary neurons derived
from the El14 lateral ganglionic eminence are immu-
nopositive for GABA and/or glutamic acid decarboxyl-
asc (GADy;) after only 1 day in vitro (21). These data
suggest that the presence of this neurotransmitter-
synthesizing enzyme, and even the neurotransmitter
itself, is not an index of a terminally differentiated
phenotype. We therefore examined the ST14A cell line
for expression of DARPP-32, a dopamine- and cyclic
AMP-regulated phosphoprotein expressed in 98% of
the medium-size spiny neurons (28). This marker was
found by immunocytochemistry (not shown) and was
also easily detected by Western blot analysis (Fig. 2A).
The protein or mRNA for ARPP-21, another dopamine-
and cyclic AMP-regulated phosphoprotein expressed in
the majority of MSNs but structurally unrelated to
DARPP-32 (27), was undetectable, even following RT-
PCR (not shown).

To demonstrate that the expression of DARPP-32
was not an artifact of the immortalization procedure,
we examined similarly generated lines from the stria-
tum (ST86 and ST79-13a; Cattanco, unpublished) and
from the hippocampus (HiB5) (31). We found that high
levels of DARPP-32 were specific to the ST14A cell line
(Fig. 2A).

Differentiated STI14A Cells Up-regulate
Neuronal Markers

As described above, ST14A cells are induced to dif-
ferentiate by growth at the nonpermissive temperature
of 39°C in the presence of serum and/or growth in
serum-free media at either the permissive or the non-
permissive temperature. We previously reported that
the combination of removal of serum with a shift in
temperature up to 39°C causes STI14A cell death
within 2-3 days of incubation (6, 32). Therefore, most
of the studies of the phenotype of the ST14A cells were
originally performed at 33°C in the presence or absence
of serum, and we continued with this protocol in the
current study. Under ecither differentiating condition,
the cells ceased dividing, down-regulated nestin ex-
pression, and up-regulated MAP2 expression. The mor-
phology of the cells, however, did not radically change.
They continued to grow in a monolayer, retained a flat
morphology, and were somewhat ameboid in appear-
ance. There was no appearance of being connected by
processes, which remained very stunted (6) (Fig. 1b).
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FIG. 2. STI14A cells express DARPP-32. (A) Western analysis of
DARPP-32 in 20 pg of cell extract from ST14A, ST86, ST79-13a, and
HiBS5 cells. All ST lines were derived from the rat striatal primordia,
whereas the HiB5 cell line was derived from the hippocampal pri-
mordium (31). Western analysis of the same blot with an anti-actin
antibody demonstrates equal amounts of protein in all four lanes. (B)
Levels of DARPP-32 protein increase over the first 24 h of growth at
the nonpermissive temperature, 39°C, in the absence of serum, but
are already decreasing by 48 h, likely due to cell death. (C) Levels of
DARPP-32 protein increase steadily over a much longer period of
growth at 33°C, also in the absence of serum.

We therefore looked for molecular evidence of differen-
tiation. We found that the amount of DARPP-32 pro-
tein increases after growth for 24 h in SFM at 39°C, but
then begins to decrease, possibly due to impending cell
death (Fig. 2B). In SFM at 33°C, DARPP-32 levels
increase gradually for 3-5 days (Fig. 2C), consistent
with the previously described increase in MAP-2 levels.

STI14A Cells Have Functional Dopamine Receptors

Medium-size spiny neurons receive major dopami-
nergic input from the midbrain. All MSNs are dopami-
noceptive, expressing one, or more than one, of the
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dopamine receptor subtypes (37). To determine
whether ST14A cells express functional dopamine re-
ceptors, we examined the phosphorylation of the cyclic
AMP response-clement binding protein (CREB) (7, 44)
by immunocytochemistry or Western analysis follow-
ing stimulation with either dopamine, the D1-receptor
agonist SKF82958, or the D2-receptor agonist quinpi-
role. In a nonquantitative demonstration, P-CREB was
detected in the nucleus following stimulation with all
three agents (Fig. 3A). Phosphorylation of CREB fol-
lowing stimulation with dopamine was confirmed by
Western analysis and was dose-dependent (Fig. 3B).
Eighty percent of the phosphorylation of CREB by do-
pamine, 10 or 25 uM, was eliminated by pretreatment
with the D2-receptor antagonist, eticlopride (Fig. 3B),
whereas phosphorylation of CREB was not reproduc-
ibly diminished by pretreatment with the D1-receptor
agonist, SCH23390 (data not shown). These data dem-

FIG. 4.

Induction of morphologic neuronal differentiation in
ST14A cells grown in “differentiation mix.” Cells were grown in
acidic fibroblast growth factor (10 ng/ml), phorbol 12-myristate 13-
acetate (200 nM), dopamine (20 uM), isobutylmethylxanthine (0.25
mM), and forskolin (50 uM) and then immunocytochemically stained
for BIII-tubulin. (a—d) Microphotographs of the culture at the differ-
ent time points; scale bar, 25 um. (a’'-d’) Immunocytochemical assay
of the culture at different time points performed with anti BIII-
tubulin antibody; scale bar, 10 um. (a—a’) Baseline, (b—b’) 24 h, (c—¢')
48 h, (d—-d’) 72 h.
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onstrated the presence of both D2-like and Dl1-like
receptors, but implied that the majority of the recep-
tors which contributed to the phosphorylation of CREB
were of the D2-like subtype. D1-subtype receptors are
positively linked to adenylyl cyclase, so we measured
baseline and dopamine-stimulated adenylyl cyclase ac-
tivity. Forskolin, which directly stimulates the adeny-
lyl cyclase and bypasses the membrane receptor, stim-
ulated adenylyl cyclase activity greater than fivefold
(N = 4), but dopamine-stimulated cyclase activity was
cither the same as basal (N = 2) or slightly increased
above basal levels (10% above control; N = 2). This is
similar to what is seen in the prenatal and newborn
rodent striatum, but is also consistent with the major-
ity of the ST14A dopamine receptors being of the D2-
like subtype (33).

Morphologic and Physiologic Differentiation of STI14A
Cells by “Dopamine Differentiation Mix”

Many immortalized neuronal cell lines of various
origin are known to differentiate in the presence of
agents which lead to an increase in intracellular cAMP
levels, e.g., forskolin and butyrate (e.g., 17, 29). In an
attempt to further differentiate the ST14A cells, we
treated them with a mixture of reagents which stimu-
late the MAPK, adenylyl cyclase, and protein kinase C
pathways. This mix, labeled the “dopamine differenti-
ation mix,” was previously described in experiments
which led to transdifferentiation from a GABAergic to
a dopaminergic phenotype in cultured striatal neurons
(10). This mixturc consists of aFGF (10 ng/ml), TPA
(200 nM), dopamine (20 puM), IBMX (0.25 mM), and
forskolin (50 uM). When this mixture was applied to
ST14A cells for 4 days at 33°C, in the presence or
absence of serum, the morphology of the cells radically
changed. Division markedly slowed, even in the pres-
ence of serum. As usual, the cells remained in a mono-
layer. Most important, the cells developed numerous
neurite-like appearing processes which grew progres-
sively over the 3 days observed (Figs. 4a—4d). These
processes stained with BIH-tubulin, and the staining
intensity for this marker appeared to increase over the
same time period (Figs. 4a’-4d’). Of note, there was
marked variability between neurons, so that not all
developed the identical morphology, especially in
terms of length of neurites (Figs. 4d and 4d").

To examine whether the morphologically differenti-
ated ST14A cells had electrical characteristics of neu-
rons, we performed electrophysiologic determinations.
In a series of 24 in vitro differentiated ST14A cells
perfused with intra- and cxtracellular salines that
roughly simulate physiological intra- and extracellular
fluids, the resting potential had a mean value of —31 *
11 mV. Under current-clamp conditions, intracellular
injection of rectangular depolarizing current stimuli
from the resting potential could hardly elicit regener-
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ative voltage responses in these cells, even with very
large current stimuli (>150 pA). This difficulty in gen-
erating action potentials could be overcome in a frac-
tion of ST14A cells by starting from a hyperpolarizing
membrane potential as shown in Fig. 5A. In this case,
voltage responses that became regenerative for current
stimuli >75 pA could be obtained. In the same cell,
after switching to whole-cell voltage-clamp mode, a
pattern of currents was elicitable by membrane depo-
larization in which voltage-gated inward and outward
currents coexisted, with features, at first sight, similar
to the Na and K channel currents responsible for action
potential in neurons (Fig. 5B).

Isolation and Time Course of a Voltage-Gated Na
Current in ST14A Cells

Figure 5C shows a family of inward current record-
ings obtained during whole-cell voltage-clamp steps to
various membrane potentials in an in vitro differenti-
ated ST14A cell using bath and pipette filling solutions
suitable for the isolation of Na currents. This current
turned on at about —40 mV and its peak amplitude
increased up to O mV. Activation sped up with increas-
ing membrane depolarization. Inactivation was fast
and complete. Superfusion of ST14A cells with 1.5 uM
tetrodotoxin (TTX) caused a reversible current reduc-
tion of about 30% (N = 4), as shown in the inset of Fig.
5C (upper tracings). Furthermore the inward current
was strongly reduced by decreasing extracellular [Na™]
from 130 to 13 mM, as shown in the inset of Fig. 5C
(lower tracings). These observations clearly demon-
strate that the inward current, observed in about 70%
of the clamped ST14A cells (N = 34), is a voltage-gated
Na current with low sensitivity to the Na channel
blocker TTX.

The peak I-V relationship for an cight-cell sample
obtained over a voltage range between —40 and +70
mV and starting from a holding potential of —70 mV is
shown in Fig. 5D. It reached a peak at 0 mV and the
extrapolated reversal potential was about +80 mV.

The activation characteristics of the Na current were
analyzed by estimating the conductance (g) at different
depolarizations according to the relation Iy, = g (V —
E\.), where Iy, refers to peak current values. The data
were then fitted to the Boltzmann equation g = g,/
{1 + exp[(V = V»)k]). The maximum conductance, g,
was 6.1 £ 3.9 nS (N = 8). The average normalized
conductance is shown in Fig. SE, in which the half-
activation potential, Vv, and the slope, k, were —21.9
and —7.7 mV, respectively. The voltage dependence of
Na current inactivation (h..) was studied by measuring
the peak Na current elicited at —10 mV following a
conditioning potential of variable amplitude and 600
ms duration to allow the inactivation variable to reach
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FIG. 5. Voltage and current responses of in vitro differentiated ST14A cells. (A) Superimposed voltage responses were obtained under
current-clamp conditions using 140 mM K" intracellularly. The cell was stimulated with rectangular current pulses of increasing amplitude
(protocol shown over the voltage tracings). (B) Superimposed inward and outward current tracings obtained at the indicated membrane
potentials immediately after voltage recordings shown in (A) by switching from current to voltage clamp. The voltage pulse protocol is
illustrated over the current tracings. (C) Voltage-dependent activation of full inactivating outward currents in a ST14A cell. Superimposed
current traces were elicited in control intra- and extracellular saline appropriate to isolate Na current (see Experimental Procedures), using
the voltage pulse protocols illustrated over the current tracings. (Inset) Upper tracings: outward currents were recorded at —10 mV from the
same cell as in (C), before (Contr), during application of 1.5 uM TTX (TTX), and during wash out (Wash). Lower tracings: outward currents
were recorded at —10 mV from the same cell as in (C), in control saline (Contr), during application of an extracellular saline containing a
10-fold lower Na* concentration (low-Na), and during wash out (Wash). (D) Average of the peak Na current amplitude vs voltage (N = 8);
bars denote standard errors; holding potential =70 mV. (E) Average normalized conductance~voltage relation. Data are represented as
means and SD (N = 8); the continuous line through data points is the least-squares best fit of the Boltzmann equation gm = 1/{1 + exp[(V ~
Vw.)/k]}, where V. and k are —21.9 and —7.7 mV, respectively. (F) Average steady-state inactivation (h.) vs membrane potential obtained by
applying the protocol described in the text. To obtain values of h.. peak currents at —10 mV were normalized to their largest measured values.
The continuous line through data points is the least-squares best fit of the Boltzmann equation h. = 1/{1 + exp[(V — Vw)/k]}, where Vi =
~=79.1 mV and k = 11.7 mV. Bars indicate SD of the means (N = 8).
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FIG. 6. Voltage-dependent potassium and calcium currents in ST14A cells. (A) Superimposed outward current traces were elicited using
the voltage pulse protocol illustrated above, in the presence of extra- and intracellular saline appropriate to isolate K currents (see
Experimental Procedures). (B) Effect of TEA (100 mM) on the outward current elicited in a ST14A cell. (C) Average of the outward current
steady-state amplitude vs voltage (N = 7). Bars denote standard errors; holding potential —70 mV. (D) Average normalized conductance—
voltage relation for the K conductance. Data are represented as means and SD (N = 7); the continuous line through data points is the
least-squares best fit of the Boltzmann equation g, = 1/{1 + exp{(V — Vw»)/k]}, where Vi and k were 15.1 and —19.3 mV, respectively. (E)
Voltage-dependent activation of slowly inactivating outward currents in a ST14A cell. Superimposed current traces were elicited in control
intra- and extracellular saline appropriate to isolate Ca current (see Experimental Procedures), using the voltage pulse protocol illustrated
over the current tracings. (F) Peak current-voltage relationship for a three-cell sample Ca conductance; holding potential —70 mV.

its steady-state value at any potential. The mean peak Isolation and Time Course of a Voltage-Gated K

current, normalized to its maximum evoked with con- Current in STI14A Cells
ditioning hyperpolarization to —130 mV, is plotted vs
conditioning potential in Fig. 5F. The steady-state in- Under voltage-clamp conditions and using a low ex-

activation curve showed a sigmoidal dependence on ternal Na® concentration and a patch pipette contain-
voltage which fit the equation h, = 1/{1 + exp[(V — ing 140 mM K, a series of depolarizing voltage steps
Vi)/k]}, where V. = —79.1 mV and k = 11.7 mV. from —70 mV to potentials between —40 and +80 mV
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elicited an outward current, as shown in Fig. 6A. This
current was observed in about 40% of the clamped cells
(N = 45), activated at about —30 mV, and did not
display inactivation. These outward currents were sup-
pressed by replacing K* with 140 mM Cs” in the patch
pipette or significantly reduced in the presence of tet-
raethylammonium (TEA) in the extracellular solution
(Fig. 6B). On average, TEA (100 mM) caused a current
reduction of 68 * 12% (N = 6). In contrast, focal per-
fusion with 5 mM 4-aminopyridine (4-AP), or lowering
the holding potential from —70 to —40 mV, had little or
no effect on these currents (not shown).

The peak I-V relationship for a seven-cell sample
obtained over a voltage range between —40 and +80
mV and maintaining the cells at a holding potential of
—70 mV is shown in Fig. 6C. The time course and
voltage dependence of activation, the absence of a size-
able decrease in current amplitude at a given test
potential after changing the holding potential from
—70 to —40 mV, and the pharmacological evidence
previously described strongly suggest that the outward
current elicited in ST14A cells is classifiable as a de-
layed rectifier potassium current.

The activation characteristics of the K* current were
analyzed by estimating the conductance (g) at different
depolarizations according to the relation Ix = g(V —
Ey), where Iy refers to steady-state current values. The
data were then fitted to the Boltzmann equation g =
max/{1 + expl(V — Vw)k]}. The maximum conductance,
Loax> Was 2.0 + 0.9 nS (N = 7). The average normalized
conductance is shown in Fig. 6D, in which the half-
activation potential, Vi, and the slope, k, were 15.1
and —19.3 mV, respectively.

Isolation and Time Coursec of a Ca Current
in ST14A Cells

In a few ST14A cells (5/35), in the presence of 10 mM
extracellular Ba®" and with the patch pipette filled
with 140 mM Cs”*, a series of depolarizing voltage steps
from —70 mV to potentials between —30 and +50 mV
clicited inward currents like those shown in Fig. 6E. In
contrast to the Na currents previously described, these
inward currents displayed very slow and incomplete
inactivation. Furthermore they were completely
blocked by 0.5 mM Ni" (N = 4). The peak I-V relation-
ship for a three-cell sample is shown in Fig. 6F. It
reached a peak at +10 mV and the extrapolated rever-
sal potential was about +60 mV. According to its acti-
vation and inactivation features, ionic selectivity, and
sensitivity to the Ca channel blocker Ni*, we concluded
that this outward current was a high-voltage-activated
Ca channel current.

DISCUSSION

In this study, we describe the characteristics of the
ST14A cell, an immortalized striatal cell line. We dem-
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onstrate that these cells express phenotypic and phys-
iologic characteristics of neurons. In addition, we iden-
tified critically important similarities to the striatal
medium-size spiny neuron.

Similar to other immortalized neuronal cell lines (29,
31), the ST14A demonstrates a flat body with few pro-
cesses when in the undifferentiated state. When grown
at the nonpermissive temperature or in the absence of
serum, the cells developed short processes, but still
lacked action potentials. The physiologic characteris-
tics of previously described immortalized neuronal cell
lines from the central nervous system have not always
been examined (31, 35, 36). Fifty percent of the cells
from the immortalized dorsal root ganglion cell line
described by Raymon et al. (29) demonstrated action
potentials when differentiated in medium containing
forskolin and peptide growth factors. Likewise, ST14A
cells, when grown in the presence of aFGF, dopamine,
and agents which stimulate adenylyl cyclase and pro-
tein kinase C, developed a more neuronal appearance,
with a triangular soma and a greater number of neu-
rites of longer length. Simultancously, BIII-tubulin,
90% of which is transported to distal axons within 2-3
days in sympathetic neurons (3), was up-regulated.
Even more important, under these conditions, the cells
displayed physiologic characteristics unique to neu-
rons.

In summary, under current-clamp conditions and
starting from a hyperpolarized membrane potential,
intracellular injection of depolarizing current stimuli
elicited overshooting action potentials in a fraction of
in vitro differentiated ST14A cells. These regenerative
voltage responses are related to the expression in these
cells of functional voltage-gated channels with features
corresponding to those of Na channels and delayed
rectifier K channels similar to those described in neu-
rons. Concerning the Na conductance, it displays a low
sensitivity to the Na channel blocker TTX in compari-
son with adult neurons. Interestingly, it has been
shown that in dorsal root ganglion cells as well as in
skeletal muscle, neuroblastoma, and brain cells, the
sensitivity of Na channels to TTX increases with the
maturation of the cells (reviewed in 45). Furthermore,
the potential for half-maximal inactivation of the Na
conductance was between 10 and 30 mV more negative
than that found in adult neurons. This value (=79 mV
in average) is close to that reported for undifferenti-
ated neuroblastoma cell lines (15, 26, 38) and for im-
mature spinal cord neurons (25). This indicates that
most of the channels are not available for activation at
the resting potential in these cells. These properties
are undoubtedly related to the difficulty of these cells
to mount regenerative responses under current-clamp
conditions when starting from their resting potential.

The outward current measured in ST14A cells has
features of a “delayed rectifier” potassium conductance
similar to that found in adult neurons. These include
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its threshold and time course of activation, the absence
of inactivation, and its pharmacological properties
(blocked by external TEA and intracellular cesium ions
and insensitivity to 4-AP). The maximum conductance
of the K current displayed a great variability from cell
to cell and its average value (2 nS) was one-third lower
than that measured for the Na current (6.1 nS). These
features could be related to the relatively slow action
potential repolarization rate detected in most STI14A
cells. On the whole, the excitability properties and
those of the underlying voltage-gated channels ex-
pressed in morphologically differentiated ST14A cells
are typical of neurons developing toward their adult
phenotype.

The ST14A cells also display several characteristics
more specific to striatal medium-size spiny neurons,
albeit immature ones. All medium-size spiny striatal
neurons are GABAergic, and the synthesis of GABA
appears very early in development and can even be
detected in the subventricular zone (23). Levels are
rather low, however, until the postnatal period, when
during the first 2 postnatal wecks, virtually all mark-
ers of medium-size spiny neurons rise from low to adult
levels (reviewed in 11). The ST14A cell line, as deter-
mined by immunocytochemistry, is clearly GABAergic.

DARPP-32 is a dopamine- and cyclic AMP-regulated
phosphoprotein which is expressed in 98% of the me-
dium-size spiny necurons (27). Developmentally,
DARPP-32 is first detected at E14 in the rat, in scat-
tered cells in the mantle layer of the developing stria-
tum, and along the lateral edge (12). DARPP-32 is
undetectable in the ventricular or subventricular zone,
implying that DARPP-32 gene expression does not be-
gin until the neurons are postmitotic and postmigra-
tional. ARPP-21 is immunocytochemically undetect-
able in mouse striatum until E18 (21). As shown, not
all similarly immortalized cell lines express DARPP-
32. What is unknown is whether the characteristics of
isolated clones represent the expression of genes al-
ready present at the time of retroviral transduction or
whether genes are newly transcribed as these cells
divide, prior to their cloning. Thus, the ST14A cell may
represent a medium-size spiny neuron which was al-
ready expressing DARPP-32 at the time of immortal-
ization or an immortalized progenitor cell already pro-
grammed to ultimately become a medium-size spiny
neuron. We favor the latter explanation, since the
ST14A cells also express nestin, which is not expressed
in postmitotic cells. Either way, the coexpression of
DARPP-32 and nestin appears to be an artifact of the
immortalization procedure. It will be interesting to
determine whether conditions which induce the ex-
pression of DARPP-32 in the ST86 and ST79-13a lines
can be identified. Future experiments will also deter-
mine whether with prolonged maturation, either in the
dopamine differentiation mix or with the addition of
growth factors known to induce MSN maturation in
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vivo and in vitro (21), the ST14A line can be induced to
express ARPP-21 and to express clectrophysiological
characteristics of more maturc neurons. In this re-
gard, it is important to note that over one-quarter of
medium-size spiny neurons express DARPP-32 when
grown in Neurobasal B27 medium in the absence of
neurotrophins, but that expression of ARPP-21 re-
quires neurotrophins (21).

DARPP-32 is an integral part of the dopaminocep-
tive signal transduction pathway, a key feature of me-
dium-size spiny neurons (18). Both D1- and D2-recep-
tor subtypes are expressed early in development in the
striatum (33). Despite the enrichment of both DI re-
ceptors and DARPP-32 in striatal patch neurons on PO
(16), D1-stimulated adenylyl cyclase activity at birth is
barely above baseline cyclase activity (33). In the
ST14A cell line, D1-subtype receptors appear to repre-
sent a minority of the functional dopamine receptors.
Therefore, it is not surprising that in these MSN-like
cells, measurable stimulation of adenylyl cyclase activ-
ity by dopamine is not convincingly present. The robust
stimulation of phosphorylation of CREB following
treatment of the cells with dopamine is explained by
the presence of functional D2-like receptors, as deter-
mined by the antagonism of this effect with eticlopride.
Unlike the D1 receptor, D2-subtype receptors do not
utilize the adenylyl cyclase pathway to stimulate phos-
phorylation of CREB. Rather, in striatal brain slices,
this effect appears to be mediated via protein kinase C,
Ca®'/calmodulin-dependent  protein  kinase, and
DARPP-32 (44). Future studies will identify the actual
pathway utilized in ST14A cells.

These combined data place the ST14A cell line in a
selected group of cell lines which resemble neuronal
subtypes from which they were derived. The utility of
this cell line is enhanced by the ease with which the
cells are both stably and transiently transfected, re-
sulting in high levels of expression of exogenous genes
(5, 32). The specific resemblance of the ST14A cell line
to a medium-size spiny neuron has already been ex-
ploited to model striatal pathology by the expression of
mutant huntingtin (32). The use of the ST14A cell line
for in vivo studies of brain development, damage, and
repair is further enhanced by its extended survival and
restricted growth (24). As with other similarly derived
cell lines, ST14A cells have been successfully trans-
planted into adult (9, 24) and developing (4) rodent
brains for studies on cell differentiation and regulated
delivery of exogenous genes (9), including antitumoral
agents (2).
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