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Differential Regulation of Neuronal Nicotinic ACh Receptor Subunit
Genes in Cultured Neonatal Rat Sympathetic Neurons: Specific
Induction of o, by Membrane Depolarization Through a
Caz*/Calmodulin-Dependent Kinase Pathway

Paul De Koninck and Ellis Cooper

Department of Physiology, McGill University, Montréal, Québec, Canada

We have examined the regulation of neuronal nicotinic ACh
receptor (nAChR) genes and ACh-evoked currents by neo-
natal rat sympathetic neurons developing in culture. These
neurons contain 5 nAChR transcripts: «,, a5, o, B,, and B,.
When developing in culture, the neurons express 4 of these
transcripts, a,, o5, B,, and B,, at levels similar to those in
neurons developing in vivo: a; mMRNA levels increase two-
to threefold over the first week, whereas the levels for «,,
B., and B, remain essentially constant. In contrast, «,
mRNA levels drop by 60-75% within the first 48 hr and re-
main low. We show that during the first week, the ACh-
evoked current densities on these cultured neurons in-
crease twofold and correlate well with the increase in «,
mRBNA levels. Depolarizing the neurons with 40 mm KCI for
1-2 d upregulates the o, gene; this specific change in o,
mRNA level correlates with an increase in a-bungarotoxin
(a-BTX) binding on the surface of the neurons. Depolariza-
tion has little effect on the expression of the other four
transcripts, or on the magnitude or kinetics of the ACh-
evoked currents. Furthermore, activators or inhibitors of
protein kinase A (PKA), protein kinase C (PKC), or tyrosine
kinase do not affect nAChR transcript levels in these cul-
tured neurons. The effect of membrane depolarization on
a, expression is a result of Ca?* influx through L-type Ca?*
channels, and we show that «, is upregulated through a
Ca?*/calmodulin-dependent protein kinase (CaM kinase)
pathway. The identification of CaM kinase as a link between
activity and neurotransmitter receptor expression may in-
dicate a novel mechanism that underlies some forms of
synaptic plasticity.

[Key words: nicotinic ACh receptors, membrane depo-
larization, calcium influx, Ca**/calmodulin-dependent pro-
tein kinase (CaM kinase), a-bungarotoxin, rat sympathetic
neurons]

An important mechanism used by the nervous system to modify
the strength of synaptic connections during development and in
adult life involves altering the expression of postsynaptic recep-
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tors. However, many of the factors that control postsynaptic re-
ceptor numbers on neurons have not been identified. Much of
what is known about the developmental regulation of postsyn-
aptic receptor expression on neurons has come from studies on
nAChRs expressed by autonomic neurons. Several genes coding
for neuronal nAChRs have been identified and are part of a large
family of ligand-gated receptor genes (reviewed in Sargent,
1993; McGehee and Role, 1995). Like muscle nAChRs, neu-
ronal nAChRs have a pentameric structure containing two o
subunits and three (3 subunits (Anand et al., 1991; Cooper et al.,
1991). A number of studies have described the developmental
appearance of nAChRs in autonomic neurons (Berg et al., 1989;
Sargent, 1993; Devay et al.,, 1994; Mandelzys et al., 1994;
Schwartz Levey et al., 1995; Zoli et al., 1995). Transcripts for
nAChR subunits first appear early in development prior to pre-
and postganglionic interactions (Devay et al., 1994; Zoli et al,,
1995). During further development, nAChR transcript levels and
ACh-evoked currents increase simultaneously with incoming in-
nervation and target contact (Engisch and Fischbach, 1992; Cor-
riveau and Berg, 1993; Moss and Role, 1993; Devay et al., 1994;
Mandelzys et al., 1994; Schwartz Levey et al., 1995), suggesting
that these interactions increase nAChR expression. Several stud-
ies have tested this hypothesis in vivo by removing these pre-
and postganglionic interactions during development; the results
differ, however, depending on whether one measures ACh-
evoked currents, nAChR transcript levels or nAChR proteins.
For example, removing preganglionic inputs causes little or no
effect on the subsequent developmental increase in ACh-evoked
current densities (McEachern et al., 1989; Engisch and Fisch-
bach, 1992; Mandelzys et al., 1994; Schwartz Levey et al,,
1995), a delayed increase in mRNA levels for nAChR subunit
(Mandelzys et al., 1994; Schwartz Levey et al., 1995), and a
large decrease in the intracellular pool of receptor proteins (Ja-
cob and Berg, 1987; Arenella et al., 1993). This suggests that
changes in both gene expression and posttranscriptional mech-
anisms regulate nAChR expression.

To learn more about factors that regulate nAChR expression,
we have investigated neonatal rat superior cervical ganglion
(SCG) neurons developing in culture. Rat SCG neurons contain
mRNA for 5 nAChR subunits: a,, as, o, B,, and B, (Mandelzys
et al., 1994). These neurons also express an a-BTX-nAChR (Fu-
magalli et al., 1976) which is likely to incorporate the a; subunit
(Schoepfer et al., 1990; Couturier et al., 1990a; Séguéla et al.,
1993). The function of this receptor is poorly understood
(Clarke, 1992); however recent studies indicate that this receptor



promotes Ca?* influx (Vijayaraghavan et al., 1992; Séguéla et
al., 1993; Pugh and Berg, 1994; Castro and Albuquerque, 1995)
and may influence various Ca?"-mediated processes possibly
linked to synapse formation and synaptic transmission.

In this article, we have focused mainly on the effects of mem-
brane depolarization on receptor expression. Studies with skel-
etal muscle have demonstrated that activity causes changes in
nAChR expression as a consequence of Ca>* influx and the ac-
tivation of PKA (Walke et al., 1994) or PKC (Klarsfeld et al.,
1989). Less is known about the link between Ca?* influx and
the regulation of neurotransmitter receptor genes in neurons.
Here, we have measured the developmental expression of ACh-
evoked currents and the relationship between changes in ACh-
evoked current densities and nAChR transcript levels in these
cultured neurons. We show that membrane depolarization,
through Ca?* influx, upregulates o, gene expression and a-BTX
binding, and we show that this increase in o, expression occurs
through a CaM kinase pathway. In contrast, membrane depolar-
ization has little effect on the levels of the other four nAChR
transcripts or on the ACh-evoked current densities.

Materials and Methods

Neuronal cultures

SCG ganglia were dissected from postnatal day 1 (P1) rats (Sprague—
Dawley CD strain, Charles River, Canada) and dissociated mechanically
and enzymatically as previously described (McFarlane and Cooper,
1992). Briefly, we dissected the ganglia under sterile conditions from
animals that were killed by cervical dislocation. The ganglia were in-
cubated for 15 min at 37°C in medium containing collagenase (1 mg/
ml, Sigma) and a neutral protease (Dispase, grade II, 2.4 mg/ml; Boeh-
ringer-Mannheim), and then the ganglia were transferred to medium
containing only the neutral protease and incubated at 37°C for 2-3 hr
while triturating gently with a fire-polished Pasteur pipette every 15
min. After dissociation, the cells were centrifuged through a 35% per-
coll solution (Pharmacia) to partially separate neurons from non-neu-
ronal cells. The neuronal suspension was washed and plated on aclar
coverslips (Allied Chemicals) coated with 30 pg/ml of laminin (over-
night at 4°C; gift from Dr. S. Carbonetto), at a density of 5000-8000
cells/cm?. The neurons were grown in petri dishes (35 mm, Corning)
that had been modified by boring a ~1 cm? hole in the center and
covering it from beneath with the aclar coverslip glued with Sylgard
(Dow Corning); this creates a ~2 mm deep well with a volume of ~100
wl into which the neurons are plated (Hawrot and Patterson, 1979).

The growth medium (1.5 ml/dish) consisted of: Leibovitz-15 medium
(L15) supplemented with sodium bicarbonate, vitamins, cofactors, pen-
icillin—streptomycin, 2.5S NGF (25 ng/ml), and 5% rat serum (Hawrot
and Patterson, 1979). Cultures were maintained in a humid atmosphere
of 95% air, 5% CO, at 37°C, and treated with cytosine arabinofurano-
side (Ara-C; 5 pM, Sigma) for the first 2-3 d to eliminate the few
remaining non-neuronal cells. For explant cultures, we cut the ganglia
in half and plated one half-ganglion per petri dish; no Ara-C was added
to explant cultures.

Treatments of cultures. To depolarize the neurons, we mixed a stock
solution of 350 mm KCI in a 1:9 ratio with growth medium, which
already contains 5 mm KCI. Many of the agents that were added to our
cultures were first dissolved in dimethyl sulfoxide (DMSO) or ethanol,
which typically amounted to 0.1% of the culture media. Treating neu-
rons for 48 hr with any of the drugs listed below, with 0.1% DMSO,
or with additional 35 mmM KCl had no effect on neuronal survival, as
measured by cell counts. Furthermore, these treatments had no notice-
able effect on the morphological appearance of the neurons, as judged
by phase contrast microscopy. Nifedipine, verapamil, and KN-62 had
no effect on the nAChR mRNA levels when added to control cultures
(data not shown). We used the following agents: 50 pg/ml a-amanitin
(stock: 1 mg/ml in H,0), 5 pM nifedipine (stock: 10 mm in DMSO), 5
pM verapamil (stock: 20 mM in ethanol), 10-50 pMm nicotine (hydrogen
tartatre salt, stock: 250 mm in H,0), 10-100 um carbachol (Cl salt,
stock: 1 M in H,0), 5 mm choline (Cl salt, stock: 1 M in H,0), 100 pm
hexamethonium (CI salt, stock: 10 mmM in H,0), 100-200 oM o-BTX
(stock: 125 pm in H,0), 2 um atropine (sulfate salt, stock: 1 mM in
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H,0), (all from Sigma); 0.1-10 pm KN-62 (stock: 20 mM in DMSO),
1-20 pM chelerythrine (stock: 10 mm in DMSO), 1-10 uM H-89 (stock:
10 mM in DMSO), 1-100 pM genistein (stock: 100 mM in DMSO),
100-300 nm PMA (stock: 300 pMm in DMSO), 1-10 pm forskolin
(stock: 10 mM in DMSO) (all from Biomol).

RNA extraction

The RNA was extracted with a guanidinium isothyiocyanate (GTC)-
phenol-chloroform extraction procedure as described by Chomczynski
and Sacchi (1987), with some modifications. For RNA extraction from
neurons at day 0, only the enriched neuronal fraction from the percoll
step (see above) was used. For RNA extraction from cultured neurons,
three to four petri dishes were typically pooled together and 300400
pl of GTC solution (+ B-mercaptoethanol) was used to collect the
RNA. The dishes were first rinsed twice with 2 ml of ice-cold Hank’s
balanced salt solution, made with diethyl pyrocarbonate-treated H,O
(DEPC-H,0). To maximise the yield of extracted RNA, 100 pl of GTC
solution was added to the center well of one petri dish, pipetted up and
down five times and the solution was transferred to a second well. A
second 100 pl of GTC solution was used to rinse the center well. Fol-
lowing standard phenol-chloroform extraction, the RNA was allowed to
precipitate for 2 d at —20°C in equal volume of isopropanol. Precipi-
tated RNA peliets were resuspended in 100 pl of DEPC-H,O and re-
precipitated immediately with ammonium acetate and ethanol for 1-2
d at —20°C. The optical density (OD) measurements on spectrophotom-
eter were done using an RNase free microcuvette (100 pl, Beckman)
that was precleaned with DEPC-H,O containing 100 mM NaOH and 1
mM EDTA. The ODs were measured on the entire RNA samples which
were resuspended in 100 pl of DEPC-H,0. The RNA was reprecipitated
and kept at —20°C until use for RNase protection assays. Our average
yield of total cellular RNA from four petri dishes with each ~6000
neurons cultured for 7 d was approximately 2.0 = 0.2 pg.

RNase protection assays

RNase protection assays were performed according to that described by
Krieg and Melton (1987), with minor modifications (Mandelzys et al.,
1994). Briefly, 3P-labeled antisense RNA probes to a,, as, o, a5, o,
8., B,, and B, nAChR subunits were transcribed in vitro from linearized
plasmids, pGEM, or pSP64, containing subcloned portions of the cDNA
for each neuronal nAChR subunit (Mandelzys et al., 1994; kindly pro-
vided by E. Deneris). The thermal stabilities for all probes, as calculated
from their melting temperatures, differed by less than 1°C. Each probe
was gel purified before use. For each reaction, 0.5 pg of total cellular
RNA was combined with two or three radiolabeled probes of 200,000
cpm each, and allowed to hybridize overnight at 60°C. The remaining
single stranded RNAs were digested with RNase T1, and the protected
RNA:RNA duplexes were denatured and run on a 5% polyacrylamide-8
M urea gel. The gels were first exposed to a phosphor imaging plate
(Fujix BAS 2000, Bio Image Analyzer), to quantify the radioactive
bands, and subsequently to film (Kodak XAR) with an intensifying
screen for 4872 hr at —70°C. The specific activity of each riboprobes
was calculated from the number of adenine bases in the protected re-
gion. To quantify the levels of mRNA among different transcripts, the
relative intensities of the hybridization signals were divided by the spe-
cific activity of the corresponding riboprobe. For each culture, every
RNA sample was tested in duplicate or triplicate. mRNA levels for all
nAChR subunits were similar between whole ganglia and dissociated
neurons, as the contribution of the non-neuronal cells in total ganglionic
RNA from P1 rat SCG is less than 10 % (Mandelzys et al., 1994). To
estimate the number of nAChR transcripts expressed per neuron, we
synthesized sense RNA for a; and B, and measured their OD. By com-
paring hybridization signals from known amounts of sense «, and B,
RNA (e.g. 0.1, 0.5, 1, 2, 5, 10 pg) and hybridization signals from 0.5
pg of SCG RNA (=6000 neurons), we estimated that an SCG neuron
cultured for 7 d has on average 1000-1500 (3, transcripts and S000-
7000 a, transcripts. In some experiments, we normalized nAChR sub-
unit hybridization signals with signals for GAPDH to control for RNA
loading. However, as both B subunit transcript levels showed little
change in culture and with any treatment, they also served as internal
controls in many experiments. As shown previously for SCG neurons
in vivo, transcripts for a,, a,, and ; nAChR subunits were not detected
in SCG neurons developing in culture (data not shown; see Mandelzys
et al., 1994).
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«-BTX binding

Neurons were plated at 15,000-20,000 neurons/3 cm? aclar coverslip.
At day 5, sister cultures were treated with 40 mm KCI. At day 7, all
cultures were washed twice with L15 plus 10% horse serum (HS), fol-
lowed by a 90 min preincubation with or without 100 nM cold a-BTX
at 37°C in L15+HS. '»I-¢-BTX (2.5 nM; 130 Ci/mmol; NEN) was then
added to every dishes for a 90 min incubation at 37°C. The cells were
subsequently washed six times with L15+HS over a 60 min period to
remove all unbound '*I-a-BTX. The neurons were finally extracted in
0.5 ml of 0.5 m NaOH, and the radioactivity was measured with a
y-counter. Four dishes per condition were used in each experiment (n
= 3).

Electrophysiology

Whole-cell currents were measured with patch-clamp techniques, using
a List EPC-7 amplifier. Pipette resistances were 2-6 M} and were bal-
anced to zero with the pipette immersed in perfusion fluid. Membrane
currents were filtered with an eight-pole Bessel filter (Frequency De-
vices, Inc.), and then sampled, displayed and stored on line with a 386-
based PC computer (AT class with an EISA bus running at 33 MHz
and a 64K cache and an A/D card; Omega); we used PATCHKIT (Alem-
bic Software, Montreal) for data acquisition and analysis. All recordings
were done at room temperature (22-24°C). We did not detect any syn-
aptic interactions among the neurons, nor did we detect spontaneous
action potential activity.

For recording ACh-evoked currents, we used a method of rapid ag-
onist application (Mandelzys et al., 1995): we apply solutions from
large double-barrel glass tubing attached to an electromechanical
switching device. Each barrel has an opening of 200 wm and is posi-
tioned 30-50 pum from a neuron, with the central axis of one barrel in
line with the neuron. Initially, the neuron is perfused by the control
solution; by triggering the electromechanical device, the second barrel
rapidly moves into position and perfuses the neuron with the agonist
solution. The flow rate from each barrel is usually 8—12 pl/sec; higher
rates are difficult because they detach the neurons from the substrate.
The flow from each barrel is controlled by a valve so that the flow -of
agonist is not continuous, but limited to recording period (usually 2-5
sec for each trial); in addition, the recording chamber is perfused at 1-
2 mi/min with perfusion media (see below) to minimize build up of
agonist. To assess the speed of our agonist application technique, we
filled each barrel with a different salt concentration and measured the
time course for the change in electrode tip potential to occur upon
switching from one barrel to the other. From this test, we demonstrated
that our switching device changes the concentration in the vicinity of
the electrode in less than 2 msec. For our experiments, we used 1 mm
ACh to activate the currents rapidly (Mandelzys et al., 1995); this dose
has been shown to activate rapidly desensitizing currents on chick cil-
iary neurons (Zhang et al., 1994). We also tested other nicotinic agonists
(nicotine, DMPP, cytisine, and choline) at various doses (data not
shown, Mandelzys et al., 1995). With this speed of activation, we found
that adding 1.0 uM TTX to the perfusion media, as well as to the agonist
solution, was essential to eliminate unclamped Na* currents. The Ach-
evoked current densities were calculated by dividing the peak evoked
currents by the whole-cell capacitance. The whole-cell capacitance was
measured by integrating the current evoked by a 5 mV hyperpolarizing
pulse from a holding potential of —60 mV.

For recording Ca?* currents, we used two depolarizing protocols as
shown in Figure 5. To quantify L-type Ca*" tail currents, we added (+)-
202-791 (1 uM; stock: 1 mM in ethanol, Sandoz Pharma) to the perfu-
sion solution to prolong the L-type currents and allow better resolution
of the tail currents, and we measured the amplitudes of the tail currents
3 msec after the repolarization (Plummer et al., 1989; Regan et al.,
1991; Mathie et al., 1992). Currents were corrected for leakage and
capacitive currents. The perfusion solution was the same as that shown
below except that it contained 5 mm CaCl,, 10 mM tetraethylammonium
(TEA)-bromide (Sigma) and 2 mM 4-aminopyridine (4-AP)-Cl (grade
II, Sigma). For some experiments, (+)-202-791 was not included to
make sure that is was not interfering with a potential effect of KN-62
on the Ca?* currents. To block Ca?* currents, 5 pM nifedipine or 5 pm
w-CgTx (stock: 100 pM in H,O, Sigma) were added to perfusion so-
lution.

Solutions. For recording ACh-evoked currents, the perfusion solution
consisted of 140 mm NaCl, 5.4 mm KCl, 0.33 mm NaH,PO,, 0.44 mm
KH,PO,, 2.8 mm CaCl,, 0.18 mm MgCl,, 10 mm HEPES, 5.6 mm glu-

cose, 2 mM glutamine, 5 pg/ml phenol red, and 1 pM tetrodotoxin
(TTX; Sigma); pH was adjusted to 7.4 with 1 M NaOH (final = 2 mm).
The pipette solution contained 65 mM KE 55 mm KAc, 5 mMm NaCl, 1
mmM MgCl,, 10 mm EGTA, and 10 mMm HEPES; pH was adjusted to 7.4
with 2 M KOH (final = 20 mm). The pipette solution for recording Ca>*
currents, which was kept on ice during the experiments, consisted of
65 mm CsE 50 mm CsAc, 4 mm MgCl,, 4 mM Na,ATP (Sigma), 0.2
mMm NaGTP (Sigma), 14 mm phosphocreatine (Sigma), 10 mm HEPES,
10 mMm EGTA; pH was adjusted to 7.4 with 2 M KOH (final = 25 mm).

Statistics

Student’s ¢ tests were used to assess statistical differences.

Resuits

Expression of nAChR transcripts in cultured SCG neurons
Over the first 2 postnatal weeks in vivo, a period when much of
the innervation from preganglionic neurons occurs (Smolen and
Raismen, 1980; Rubin, 1985), SCG neurons undergo a signifi-
cant change in the expression of nAChR transcripts: mRNA lev-
els for «, increase fourfold, and levels for o, increase threefold,
whereas those for as, 3, and B, show little change (Mandelzys
et al., 1994). The factors responsible for this differential regu-
lation in nAChR subunit gene expression are unknown. To learn
more, we have investigated nAChR expression by neonatal SCG
neurons developing in dissociated cell cultures in the absence of
non-neuronal cells (Fig. 1a). Figure 15 shows that SCG neurons
developing in culture express four nAChR transcripts at levels
similar to neurons developing in vivo: mRNA levels for «; in-
crease two- to threefold over 7 d in culture, and levels of as,
B,, and B, remain essentially constant. However, the expression
of a, is different: unlike the increase in mRNA levels during
development in vivo, the o, mRNA levels in SCG neurons in
culture decrease 60-75% within 2 d, and remain low for at least
2 weeks. This finding indicates that the regulation of o, mRNA
by SCG neurons in culture differs from its regulation in vivo.
Similar results were obtained with explant cultures indicating
that the decrease in o; mRNA levels in these neurons is not a
consequence of removing the non-neuronal cells (data not
shown).

To investigate whether the drop in o, mRNA level was a
result of decreased mRNA stability, we blocked mRNA synthe-
sis by treating cultures at day O or at day 1 for 24 hr with a
transcription inhibitor, a-amanitin (50 pM). We found no signif-
icant difference in the rate of decrease in o; mRNA levels be-
tween control- and a-amanitin-treated cultures 24 hr later, sug-
gesting that the decreased o, mRNA Ilevels reflect a reduction
in mRNA synthesis and not an accelerated mRNA degradation
(Fig. 1c¢). In addition, a; mRNA levels in a-amanitin-treated
cultures decreased at a rate similar to that of o; mRNA (data
not shown), suggesting that both transcripts have comparable
stabilities.

Membrane depolarization results in specific upregulation of a,
mRNA

One consequence of placing neonatal neurons in culture is that
initially they have a reduced electrical activity, in part, because
the neurons are denervated. To test whether membrane depolar-
ization plays a role in the expression of nAChR subunits, we
added 40 mMm KCl to sister cultures (high K*). Exposing the
neurons to high K* at the time of plating had little effect on
mRNA levels for o, B,, or B, 4872 hr later (Fig. 2a). After 3
d, mRNA levels for «; were only 1.3 (=0.1) fold greater in high
K*-treated neurons compared to control neurons, However, high
K+ produced a significant change in o, mRNA levels: unlike in
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Figure 1. Developmental expression of nAChR transcripts by neonatal
SCG neurons in culture. A, Phase contrast photomicrograph of SCG
neurons that have developed in culture for 1 week. Scale bar, 60 pm.
B, Relative mRNA levels for the five nAChR subunits expressed in
freshly dissociated rat SCG neurons (day 0) and over the first 7 d in
culture. The mRNA levels for each subunit were measured by RNase
protection assays, quantified with a phosphor imager and expressed rel-
ative to the levels of o, subunit mRNA at day 0 (=100%). The mea-
sured o, transcript levels correspond approximately to 2000-3000 cop-
ies per neuron (see Materials and Methods). Examples of the hybrid-
ization signals for the five nAChR subunits are shown in Figure 2, a
and c, at day 0, 3 and 7. Each value represent an average of four to six
cultures (=SEM). C, Decay of mRNA levels for o, subunit in control
and a-amanitin-treated cultures. c-amanitin (50 pMm) was added for 24
hr either at day O or at day 1. Values represent means (=SEM) of four
cultures.
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control neurons, a, mRNA levels remained at their initial value
for several days in high K*-treated neurons (Fig. 2q,b). High
K™ appears to increase o; mRNA synthesis because addition of
a-amanitin to both control and high K* cultures resulted in sim-
ilar decay rates for a; mRNA levels, suggesting that high K*
does not increase a; mRNA stability (data not shown). Further-
more, by delaying the addition of high K* to day 5, we observed
a two- to threefold increase in o, transcript levels which reached
70% of their plateau in 24 hr and 100% by 48 hr (Fig. 2¢). High
K* added at day 5 caused little change in the other nAChR
transcript levels, including o, indicating that the effects of mem-
brane depolarization are specific for «, (Fig. 2¢, Table 1).

The role of Ca?* influx

Several studies have shown that sustained membrane depolar-
ization, produced by high K*, induces the expression of many
genes by increasing Ca?* influx through 1,4-dihydropyridine
(DHP)-sensitive L-type Ca** channels (Murphy et al., 1991;
Bading et al., 1993; Bessho et al., 1994; Rosen et al., 1994). To
test whether this is the case for «, gene expression, we added
L-type Ca?>* channel blockers, verapamil (5 pm) or DHP-antag-
onist nifedipine (5 M), to cultures treated with high K* from
day 5 to day 7. Figure 2, ¢ and d, shows that both nifedipine
and verapamil specifically block the increase in a; mRNA lev-
els, while having no effect on other nAChR transcript levels (see
also Table 1). These data indicate that Ca** influx through L-
type Ca®* channels is necessary for the induction of «, gene
expression by membrane depolarization.

The effects of protein kinase activity on nAChR subunit
expression

Next, we investigated whether the induction of «, gene expres-
sion by Ca?* influx is mediated by protein kinase activity. To
test if PKA is involved, we either treated control and high K*
cultures at day 5 with forskolin (10-50 pm) for 48 hr to activate
PKA, or treated high K+ cultures with H-89 (1-10 p.M) to inhibit
PKA. Neither treatments had any effect on a, transcript levels
(Fig. 3). To determine if PKC is involved, we either treated
control and high K* cultures at day 5 with phorbol-12-myristate-
13-acetate (PMA; 100-300 nMm) for 48 hr to activate PKC, or
treated high K* cultures with chelerythrine (1-20 puMm) to inhibit
PKC. Similarly, neither the activation nor the inhibition of PKC
had any effect on o, transcript levels (Fig. 3). High K* has been
shown to support the short term survival of NGF-deprived SCG
neurons (Franklin and Johnson, 1992). To test whether the ef-
fects of high K* on o, gene expression is linked to trkA activity,
we increased the concentration of NGF fourfold in both control
and high K+ cultures (from 25 ng/ml to 100 ng/ml), in attempt
to increase signaling through the trkA receptors (Ma et al.,
1992). This treatment did not affect any of the nAChR transcript
levels (data not shown). In addition, we treated high K* cultures
with a tyrosine kinase inhibitor, genistein (10-100 pm); this had
no effect on the increase in o, transcripts (Fig. 3). Furthermore,
treatment of high K* cultures with 100 nm K-252a, which in-
hibits trk receptors preferentially at this concentration (Koizumi
et al., 1988; Berg et al., 1992), had no effect on «, or the other
nAChR transcript levels (data not shown),

These results suggest that neither PKA, PKC nor tyrosine ki-
nase is involved in the Ca?* signaling cascade that affects a,
gene expression. Table 1 shows that activators or inhibitors of
PKA, PKC or trkA-related tyrosine kinases appear not to be
involved in the regulation of any nAChR transcripts expressed



7970 De Koninck and Cooper « Regulation of «; nAChR Expression by CaM Kinase Activity

A Day 3 Day 3
o — [ww] — B
¥ n 8 O B 8 8 O
A O 2 X A O 2 M T
o 100 7
o
e — BZ % 75
- = o s Z 50
LE K K NN : I
& 25
N

- - o @ 0 Day0 Ctr NaCl KCl

Day 3
Day 7 Day 7 D 300 1
e ) | 1
KCl KCl s | 1
o w IS o] = [ ) &
2y 2 22 > r 223 & 200
Ao % JdZ Ao %3 Z )
Z 150 1
— g G A 2 [
B [
- .- 0 Ol & 100 -
...-'B ) 50 A
‘oeea % G
Ctr KCl KCl Kcl

Verap Nifed
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neurons. &, MRNA levels drop in culture, but are sustained in high K*. a,, B,, and B, mRNA levels change little in culture and are not affected
by high K*. a; mRNA levels increase in culture and arc 1.3 & 0.1 greater in high K*. B, Mcans (ZSEM) of mRNA levels for a, subunit relative
to Day 0 (=100%); n = 3 cultures. C, RNase protection assays, as in A, for RNA extracted from freshly dissociated neurons (Day ) or neurons
that have been cultured for 7 d in control medium (Crr), with additional 35 mm KCI for 24 hr (added at day 6) or for 48 hr (added at day 5), or
for 48 hr with both KCl and 5 pMm nifedipine, an L-type Ca?* channel blocker. High K* induces o, expression after its drop in culture; nifedipine
blocks this high K* induction, but has no effect on other nAChR transcripts (see also Table 1). D, Means (£SEM) of mRNA levels for o, subunit
relative to Day 7 control (=100%); n = 6 cultures. In some experiments, L-type Ca** channel blocker verapamil (5 pM) was added with high K*
(n = 3). Each reaction, in this figure and in Figures 3. 4, and 6, contained 0.5 pg of total cellular RNA and 200,000 cpm for each riboprobe.

Table 1. Effects of membrane depolarization, Ca?* influx, and protein Kinase activity on nAChR expression

40 mm KC1
Nifedi- Cheleryth-
NAChR pine K-252a KT-5926 KN-62 rine H-89 Genistein PMA Forskolin
transcript  (6) (5 pM; 6) (1 pn; 3) (1 pn; 3) (4 pM:; 6) (2 pm; 3) (1 pM; 3) (10 pM: 3) (100 nm; 3) (10 p; 3)
o 104 £ 5 105 £ 2 95 = 8 107 = 10 117 £33 111 £ 10 117 10 103 =7 107 =7 108 = 10
[ 120 £ 15 120 = 4 ND ND 99 + 17 116 * 15 110 £23 101 =20 120 = 28 100 = 20
o 256 £ 15% 98 9 166 = 15§ 143 £ 17§ 103 =4 272 2% 257 5% 250 X 20% 112 £ 20 116 = 15
B, 109 = 7 94 + 5 100 = 10 123 = 16 106 £ 6 108 =7 106 = 14 114 = 12 94 =12 111 £ 8
B, 101 =3 109 =5 ND ND 97 £ 15 94 + 12 104 = 6 105 = 9 98 = 7 110 = 15

Mean (£SEM) mRNA levels, measured with RNase protection assays, expressed relative to control neurons at day 7 (=100%). All treatments were done from
day 5 to day 7. n is in parentheses. ND, Not determined.

*Significantly different from control neurons (p < 0.001).
§Significantly different from control neurons and high K*-treated neurons (p << 0.001).



The Journal of Neuroscience, December 1995, 15(12) 7971

A KCl KCl ;
5% 3 35¢ tEEER:
et -.-C: 1 =1
S5 288 582528

I cir

e P

LA K B K B A B
4

POOSOO®

B _ 300
& .
5 250
S 200
g
< 150 1
£ 1001
E
L 501

Ctr PMA Fors

ICtr Geni. Chel. H-89|

U5

Figure 3. PKA, PKC, and tyrosine
kinase do not regulate nAChR subunit
expression. A, RNase protection assays
performed as in Figure 2 on RNA ex-
tracted from SCG neurons cultured for
7 d in control medium (Crr), or treated
at day 5 with PKC activator PMA (100
nM), PKA activator forskolin (10 pm),
or with 40 mm KCI with either 0.1%
DMSO (Ctr), tyrosine kinase inhibitor
genistein (10 pm), PKA inhibitor H-89
(2 uw™m) or PKC inhibitor chelerythrine
(2 pm). In addition, PMA, forskolin,
and NGF were added to some high K*
cultures (not shown). None of these
agents affected nAChR subunit expres-
sion (see also Table 1). B, Mean
(*SEM) mRNA levels for o, subunit
relative to control (=100%); n = 3 cul-
tures. Higher doses of these agents
were also tested: genistein, 100 pm;
H-89, 10 pm; chelerythrin, 20 pMm;
PMA, 300 nm; forskolin 30 pM; no sig-
nificant differences on the nAChR sub-

KCl

by SCG neurons developing in culture. However, we did observe
that higher concentrations of K-252a and KT-5926 (1 pM) par-
tially blocked the a, induction by high K* (Table 1); these agents
at higher concentrations inhibit a number of protein kinases,
including CaM kinase II (Hashimoto et al., 1991).

CaM kinase activity upregulates «, gene expression

To test whether CaM kinase activity is involved in the induction
of o, gene expression by membrane depolarization, we treated
control and high K+ cultures with KN-62. KN-62 is a highly
specific CaM kinase inhibitor that competes with calmodulin for
its binding site on CaM kinase (Tokumistu et al., 1990). In con-
trol cultures, KN-62 (10 M) for 48 hr had no effect on nAChR
transcript levels (data not shown); however, when added to high
K* cultures, KN-62 completely blocked the increase in o
mRNA levels (Fig. 4). The block by KN-62 is dose dependent
with an IC,; of ~1.2 uM and full inhibition at 3—4 pMm (Fig. 4b);
this is consistent with the dose-dependent effects of KN-62 on
purified CaM kinase activity in vitro (Tokumistu et al., 1990;
Enslen et al., 1994), suggesting that the effects of KN-62 are
specific for CaM kinase activity in SCG neurons. These above
results indicate that CaM kinase activity is involved in the Ca*
signaling cascade that regulates o, gene expression.

Lack of effects of KN-62 on L-type Ca** channels

Although it is unlikely that KN-62 produces its effects by in-
hibiting protein kinases other than CaM kinase (Tokumistu et
al., 1990), a potential difficulty in the interpretation the above
results could arise if, in addition to its inhibition of CaM kinase
activity, KIN-62 also blocked Ca** influx through the DHP-sen-
sitive L-type Ca®* channels. Therefore, we investigated this pos-

unit mRNA levels were observed at
these doses (n = 2).

sibility by measuring Ca** currents on SCG neurons with whole-
cell voltage clamp techniques. To distinguish Ca** currents flow-
ing through L-type Ca*" channels from those flowing through
other Ca?* channels we focused on the tail currents; several stud-
ies have shown that the Ca?* tail current recorded at the end of
a positive voltage step from a depolarized holding potential is
due largely to DHP-sensitive L-type Ca?* channels (Plummer et
al., 1989; Regan et al., 1991; Mathie et al., 1992), and can be
prolonged by DHP analogues, such as Bay K 8644 or (+)-202-
791 (Hess et al., 1984; Plummer et al., 1989). Figure 5a shows
an example of Ca®* currents recorded from a neuron in the pres-
ence of TTX (1 um), TEA (10 mm), and 4-AP (2 mm) to block
voltage-dependent Na* and K* currents. Tail currents were
evoked by a two step voltage protocol: first we held the neurons
at —30 mV to partially inactivate non L-type Ca** channels, and
then we applied a 150 msec depolarizing voltage step to +30
mV, followed by a repolarizating step to —40 mV. This resulted
in a large Ca?* tail current (Fig. 5a, left) which was prolonged
two- to threefold in the presence of 1 um (+)-202-791 (Fig. 5a,
right), indicating that much of the tail current was due to the
deactivation of L-type Ca?>" channels. In addition, as shown in
Figure 5b, these tail currents were blocked by the DHP-antag-
onist, nifedipine (5 pM), but were unaffected by w-conotoxin
GVIA (0-CgTx; 5 pM), a specific blocker of N-type Ca?* chan-
nels (Plummer et al., 1989; Regan et al., 1991).

To test whether KN-62 affects L-type Ca** channels, we re-
corded Ca’* tail currents from neurons treated with 4 pnm KN-
62 both acutely and for 24 hr prior to recording. Figure 5b shows
that KN-62 had no significant effect on L-type Ca®* channels
on these neurons. Therefore, we conclude that the inhibition by
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Figure 4. CaM kinase activity mediates the induction of a; nAChR
expression by membrane depolarization. A, RNase protection assay per-
formed as in Figure 2 on RNA extracted from neurons cultured for 7
d. High K* was added at day 5, either with 5 pm nifedipine, 0.1%
DMSO (0), or with 0.5 to 10 pm KN-62, a CaM kinase inhibitor. In
this experiment, o, riboprobe was added at 100 000 cpm/reaction. B,
KN-62 inhibits high K* induction of o, expression in a dose dependent
manner with an IC,, of ~1.2 pum and full inhibition at 3—4 pm. The
means (ESEM) were obtained from three cultures.

KN-62 on o, gene expression after high K* is due most likely
to its inhibitory action on CaM kinase activity.

It had been reported, however, that KN-62 may reduce Ca?*
influx in other preparations (Li et al., 1992). To investigate
whether this could occur through other classes of Ca** channels,
we recorded from neurons at more negative holding potentials
(=60 mV) to remove inactivation of non-L-type Ca** currents.
Figure 5¢ shows that w-CgTx (5 pm) blocks a large portion of
these Ca?* currents, without any significant effect on the tail
currents. We observed similar results in neurons treated with 4
M KN-62; furthermore, even concentration as low as 0.2 pm,
which had little effect on o, expression (Fig. 4), also blocked
these currents. Nifedipine (5 pM), on the other hand, affected
only a small fraction of the current elicited by the depolarizing
step, and blocked most of the tail current (Fig. 5¢), consistent
with L-type Ca?* currents representing only a small proportion
of the total Ca?* currents on rat SCG neurons (Plummer et al.,
1989; Regan et al., 1991). Therefore, it appears that KN-62 can
inhibit non-L-type Ca>* channels,

Choline induces o, expression

Several studies have shown that activation of nAChRs increases
intracellular Ca®* concentrations, either by depolarizing neurons
and activating voltage-depende  Ca2?* channels, or by Ca?** in-

flux through nAChRs directly (Mulle et al., 1992; Vernino et al.,
1992, 1994; Vijayaraghavan et al., 1992; Trouslard et al., 1993;
Rathouz and Berg, 1994). Therefore, we investigated whether
application of nicotinic agonists to cultured SCG neurons, either
at day 0 or day 5, would increase «, transcript levels. We found
that neither the addition of nicotine (10-50 pm) nor carbachol
(10-100 pm) for 48 hr had any effect on the mRNA levels of
the five nAChR subunits present in these neurons (data not
shown), possibly because these long agonist applications desen-
sitize the receptors. It has been shown that choline, a byproduct
of ACh degradation and a weak nicotinic agonist, increases in-
tracellular Ca?* in SCG neurons by releasing Ca** from internal
stores (Koike et al., 1989). To test whether elevated extracellular
choline leads to an increase in o, expression, we applied 5 mm
choline to cultured neurons for 48 hr at day 5. Choline caused
a moderate increase in o, mRNA levels (Fig. 6); the other four
nAChR transcript levels were not affected. This choline-medi-
ated increase in o; mRINA was prevented by KN-62 (4 pm; Fig.
6), but was unaffected by nifedipine (5 pMm; Fig. 6), hexameth-
onium (100 M), atropine (2 M) or a-BTX (100 nm) (data not
shown), consistent with choline causing Ca’* release from in-
ternal stores.

Correlation between changes in a, mRNA levels and changes
in a-BTX-nAChR numbers

As the «, gene codes for an a-BTX-nAChR (Schoepfer et al.,
1990; Couturier et al., 1990a; Séguéla et al., 1993), we inves-
tigated whether the induction of «, gene expression by mem-
brane depolarization in cultured SCG neurons results in an in-
crease in the number of a-BTX binding sites on the surface of
these neurons. Figure 7 shows that neurons exposed to high K*
for 48 hr had three- to fivefold more surface '»I-a-BTX binding
than control neurons. These results demonstrate a good corre-
lation between increases in a, mRNA levels and «-BTX-n-
AChRs surface density.

Relationship between nAChR mRNA levels and ACh-evoked
current densities

To investigate whether changes in nAChR transcript levels (Fig.
1) affect the magnitude and/or kinetics of the macroscopic ACh-
evoked currents, we measured ACh-evoked current densities on
these neurons with whole-cell voltage-clamp techniques. For
these measurements, we applied the agonists with a fast perfu-
sion system (see Materials and Metheds) to avoid underesti-
mating any rapidly desensitizing components.

a,. Figure 8a shows examples of ACh-evoked currents from
a control neuron in culture for 7 d, and from a neuron in culture
for the same time but exposed to 40 mm KCl for 48 hr starting
at day 5. We observed no significant differences in the magni-
tudes of the ACh-evoked current densities between the two
groups (Fig. 8b). In addition, we did not observe any rapidly
desensitizing current components from either control neurons or
neurons treated with high K*, nor did we observe any significant
difference in the time course of the ACh-evoked currents. Fur-
thermore, these ACh-evoked currents were not reduced by pre-
treating the neurons with a-BTX (500 nm) for 2-3 hr prior to
the recordings (data not shown; Mandelzys et al., 1995). Thus,
in spite of the two- to threefold difference in «, transcripts be-
tween these two groups and the three- to fivefold difference in
surface a-BTX-nAChRs, there are no differences in the density,
time course or a:BTX sensitivity of the ACh-evoked currents.
These results suggest that the o, gene product has little or no
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Figure 5. Effects of KN-62 on Ca?* currents recorded with whole-cell voltage clamp. Leak-subtracted Ca?* currents recorded in presence of 1
pM TTX, 10 mMm TEA, and 2 mM 4-AP. A, The neuron was held at —30 mV to partially inactivate non L-type Ca?* currents and a depolarizing
step to +30 mV was applied for 150 msec. Repolarization to —~40 mV at the end of the step evoked a Ca*" tail current. This tail current is
prolonged by DHP-agonist (+)-202-791 (1 uM; right trace). B, Tail currents elicited as in A from a neuron in control medium or in presence of
either 5 pM nifedipine, 5 pM w-CgTx, or 4 pmM KN-62. Nifedipine blocks the tail current, whereas w-CgTx and KN-62 do not. The histogram
shows the mean tail current densities (=SEM) from six neurons in each condition, obtained by measuring the amplitude of the tail currents at 3
msec after repolarization and dividing by whole-cell capacitance. C, The neurons were held at —60 mV to remove inactivation of transient Ca?*
currents and depolarization step to +20 mV were applied for 125 msec. At least 50% of the current was blocked by w-CgTx (5 pMm); a similar
blockade was observed with KN-62 (4 uM). This effect of KN-62 was observed with concentrations as low as 0.2 uM (data not shown). As in B,
the tail currents were unaffected by both drugs. Nifedipine (5 um) had a small effect on the Ca?* currents during the step, while eliminating most
of the tail current. All drugs were applied as in B).

detectable effect on the macroscopic ACh-gated currents on
these neurons.

«;. In contrast, we measured a two- to threefold increase in
the ACh-evoked current densities on control neurons from day
0 to day 7 (Fig. 8b). This increase parallels the increase in o,
mRNA levels over the same period (see Fig. 1). In addition, in
neurons treated with high K* for 3 d starting from day 0, both

the o, mRNA levels and the ACh-evoked current densities were
significantly greater than in control neurons (see Figs. 2, 8).
These results indicate that increases in o; mRNA levels correlate
with increases in ACh-evoked current densities in SCG neurons
developing in culture. A similar correlation also exists for these
neurons during postnatal development in vivo (Mandelzys et al.,
1994).
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Figure 6. Choline induces «, expression. RNase protection assay on
RNA extracted from SCG neurons cultured for 7 d. At day 5, additional
35 mm KCI, 5 mm choline (Chol), or 5 mm choline with either KN-62
(4 pm) or nifedipine (5 pM) were added to sister cultures. Choline
caused a small increase in a; mRNA levels without affecting the levels
of a; and B,; B; and as were also unaffected (data not shown). The
choline effect was not blocked by nifedipine, but was blocked by KN-
62, Mean (*SEM) mRNA levels for «, subunit expressed relative to
control (=100%); n = 4 cultures.

Discussion

In this article, we have investigated factors that influence nAChR
expression by neonatal rat SCG neurons developing in culture.
A novel aspect of this study is that it links neuronal activity with
neurotransmitter receptor gene expression through a CaM kinase
pathway.

Role of CaM kinase activity on «, subunit expression

To demonstrate that CaM kinase activity is essential for the in-
duction of the o, gene, we used a potent and selective CaM
kinase inhibitor, KN-62 (Tokumitsu et al., 1990). Several studies
have addressed the specificity of KN-62. Tokumitsu et al. (1990)
showed that KN-62 competes with calmodulin for its binding
site on CaM kinase, but does not interact with calmodulin di-
rectly. In vitro, KN-62 inhibits CaM kinase autophosphorylation
with an IC,; of ~1.0 pM (Tokumitsu et al., 1990) and inhibits
phosphorylation of a purified substrate by CaM kinase with an
IC,, of 1-2 uM (Enslen et al., 1994). In contrast, 100-fold higher
concentrations have little effect on calmodulin-dependent ki-
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Figure 7. Membrane depolarization increases surface a-BTX binding
on SCG neurons. '5I-a-BTX surface binding was performed on neurons
cultured for 7 d in control condition or after 48 hr with high K* cultures
from day 5. Surface binding was increased three- to fivefold with high
K. Only low levels of binding was detected when cells were pretreated
with cold a-BTX (100 nm) for 90 min, Mean (£SEM) binding (fmol/
dish) from three cultures.

nases, such as myosin light chain kinase, phosphodiesterase, or
on PKA or PKC (Tokumitsu et al., 1990). We found that KN-
62 inhibits the increase in «, expression induced by membrane
depolarization in a dose-dependent manner with an IC,;, of ~1.2
pM and full inhibition at 3—4 pM; this tight correspondence be-
tween these values and those for the action of KN-62 on CaM
kinase in vitro (Tokumitsu et al., 1990; Enslen et al., 1994)
strongly suggests that KN-62 acts to inhibit CaM kinase in SCG
neurons.

The induction of «, expression by membrane depolarization
is due to an influx of Ca’* through L-type Ca?* channels. One
concern was whether the effects of KN-62 were due, in part, to
inhibition of Ca®* influx, possibly by interfering with L-type
Ca?* channels directly; this possibility has also been addressed
by others (Li et al., 1992; Hack et al., 1993; Wyllie and Nicoll,
1994). However, by measuring Ca?* tail currents, we showed
that 4 pm KN-62 has no effect on L-type Ca?* currents in SCG
neurons. Our results are consistent with those of Hack et al.
(1993) who showed that KN-62 (2.5-10 pum) had no effect on
intracellular “*Ca?* levels in rat cerebellar granule cells grown
in culture with high K+ for 1 week.

Our finding that Ca** influx through L-type Ca?* channels is
essential for high K* induction of «, expression is consistent
with the sustained mode of depolarization used in our experi-
ments. In fact, the sustained elevation in intracellular Ca?* in rat
SCG neurons with high K+ is generated only by the activation
of DHP sensitive L-type Ca?*" channels, and not by w-CgTx-
sensitive N-type Ca?* channels (Franklin and Johnson, 1992;
Franklin et al., 1995). Moreover, several studies have implicated
L-type Ca?* channels in regulating gene expression in neurons
(Murphy et al., 1991; Bading et al., 1993; Bessho et al., 1994;
Rosen et al., 1994).

We have not determined the signaling events downstream of
CaM kinase that are responsible for the induction of «, expres-
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Figure 8 ACh-evoked current densities correlate with changes in o,
but not a, transcript levels. Whole-cell voltage-clamp recording from
freshly plated neurons (3—16 hr; n = 10), or neurons that have devel-
oped for 3 (n = 12) and 7 (n = 12) d in control culture. Some cultures
were treated with high K* either at the time of plating (n = 12) or at
day 5 (n = 10). A Representative currents evoked by fast application
of 1 mMm ACh. Lower traces show the first 15 msec of the response on
a faster time scale to illustrate the speed of activation. ACh-evoked
currents usually reached 90% of maximal value within 5-10 msec. No
rapidly desensitizating components were observed in the currents either
in control- or high K*-treated neurons at any time in culture or from
freshly dissociated neurons. B, Mean (+SEM) ACh-evoked current den-
sities increase over time in culture at a rate similar to the increase in
o; mRNA (see Fig. 1). No significant differences between 7 d old con-
trol neurons and neurons treated with high K* for 48 hr at day 5.
Neurons treated with high K* at the time of plating have significantly
larger ACh-evoked current densities than control neurons (p < 0.005),
similar to the differences seen in o; mRNA levels.
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sion. Our data using a-amanitin suggest that the changes in «,
mRNA levels result from altered mRNA synthesis rather than
from a change in mRNA stability: the approximate rate of decay
in o, mRNA was unaltered by a-amanitin, and was comparable
to the decay of other nAChR transcripts in neurons treated with
a-amanitin, although we cannot exclude the possibility that «-a-
manitin blocked transcription of a gene(s) coding for a protein(s)
that preferentially destabilizes o; mRNA. From the relatively
slow time course for o, mRNA to plateau after treatment with
high K+ (greater than 24 hr), it seems likely that transcription
of other genes, such as immediate early genes, precedes a, ex-
pression (Bading et al., 1993; Enslen and Soderling, 1994;
Ghosh and Greenberg, 1995). If so, the o, gene may represent
a good model in which to investigate the link between imme-
diate early gene expression and the expression of delayed re-
sponse genes.

Several types of CaM kinases have been characterized and
recently it has been shown that, in addition to CaM kinase II
(Tokumitsu et al., 1990), similar concentrations of KN-62 inhibit
CaM kinase IV and V (Enslen et al., 1994; Mochizuki et al.,
1993). While little is known about the function and distribution
of CaM kinase V, CaM kinase IV has been shown to target to
the nucleus (Jensen et al., 1991) suggesting that it has a role in
regulating gene expression (Enslen et al., 1994). However, PKA
activity has been shown to inhibit CaM kinase IV activity (Ka-
meshita et al., 1991), whereas neither activation nor inhibition
of PKA has any effect on «, expression in SCG neurons making
it less likely that CaM kinase IV is involved. On the other hand,
the biochemical properties and cellular distribution of CaM ki-
nase Il make it a more attractive candidate for mediating the
effects of activity on «, expression (Hanson et al.,, 1994; re-
viewed by Hanson and Schulman, 1992; Schulman, 1993). CaM
kinase II is involved in long-term modifications of synaptic
transmission and has been implicated in mechanisms that un-
derlie certain forms of memory, and several experiments have
demonstrated that CaM kinase IT can modulate synaptic trans-
mission through posttranslation modification of neurotransmitter
receptors, ion channels, and by affecting neurotransmitter release
(reviewed by Hanson and Schulman, 1992; Schulman, 1993;
Lisman, 1994). However, CaM kinase II can also phosphorylate
transcription factors (Wegner et al., 1992), regulate the expres-
sion of immediate early genes (Bading et al., 1993; Enslen and
Soderling, 1994; Ghosh and Greenberg, 1995), and target to the
nucleus (Srinivasan et al., 1994). Our finding that activity reg-
ulates the expression of a neurotransmitter receptor subunit
through a CaM kinase pathway suggest another mechanism that
could underlie some forms of synaptic plasticity.

Effects of choline on «, expression

Nicotinic agonists, nicotine and carbachol, did not mimic the
effects of high K* presumably because nAChRs desensitize.
However, we observed that choline produced a small but sig-
nificant increase in «, expression. Choline has been shown to
cause an increase in intracellular Ca** in SCG neurons by re-
leasing Ca** from internal stores (Koike et al., 1989). Consistent
with this, we found that the choline effect on o, expression was
not blocked by nifedipine, hexamethonium, a-BTX, or atropine;
however, it was blocked by KN-62, suggesting that CaM Kkinase-
induced expression of o, can be activated by Ca** released from
internal stores. However, further studies are needed to confirm
this point.
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Expression of o, as, B, and B, nAChR transcripts

An interesting aspect of the effect of membrane depolarization
on nAChR expression is that it is specific for the o, gene. The
regulation of a,, as, B,, and B, in cultured SCG neurons was
similar to that of SCG neurons in vivo, suggesting that factors
other than innervation are important for nAChR expression
(Mandelzys et al., 1994; Schwartz Levey et al., 1995). One pos-
sibility is that intrinsic mechanisms related to their neuronal phe-
notype regulate these transcripts. This latter possibility is con-
sistent with the results of Zoli et al. (1995) showing that nAChR
transcripts appear early in neurogenesis. Moreover, treating neu-
rons with activators or inhibitors of PKA, PKC, or tyrosine ki-
nases produced little change in the mRNA levels of these four
subunits, although it was difficult to determine to what extent
the activities of these kinases were altered by these treaments.
Furthermore, while the tyrosine kinase inhibitors used in this
study would have blocked frkA-related tyrosine kinases, it
would not have blocked all subtypes of these enzymes.

Transcript levels for both 3, and B, changed little in these
neurons, even if denervated in vivo (Mandelzys et al., 1994), or
depolarized in culture. B, is widely expressed in the nervous
system and appears to be under little developmental regulation
(Hill et al., 1993; Mandelzys et al., 1994; Zoli et al., 1995),
except in the chick optic tectum (Matter et al., 1990). The B,
gene is located upstream of the «; gene in the same cluster
(Boulter et al., 1990; Couturier et al., 1990b), and their initial
expression appears to be coordinately regulated during neuro-
genesis (Zoli et al., 1995). The promoter for «,, which lies in
the intervening 2 kb segment between B, and a, (Boyd 1994;
Yang et al., 1994), could allow for specific upregulation of the
a, gene as these neurons develop further. The s gene'is part of
this same cluster but oriented in the opposite direction (Boulter
et al., 1990; Couturier et al., 1990b), suggesting that its regu-
lation is distinct from B, and «,. Of the five transcripts present
in SCG neurons, o, is expressed at the lowest levels.

Relationship between nAChR transcript levels, ACh-evoked
currents, and a-BTX-nAChRs

The increase in o; mRNA levels in cultured SCG neurons cor-
relates well with the increase in ACh-evoked currents. A similar
correlation exists in vivo (Mandelzys et al., 1994). As none of
the other nAChR transcripts increase significantly over this pe-
riod, these findings emphasize the importance of o, gene ex-
pression for the appearance of functional nAChRs on these neu-
rons. As it is likely that these receptors are pentameters com-
posed of 2 a and 3  subunits (Anand et al., 1991; Cooper et
al., 1991), our results suggest that o, is rate-limiting for the
appearance of functional receptors. Presumably, SCG neurons
have an excess pool of  subunit in the cytoplasm (see Hill et
al., 1993) and that newly expressed «, subunits recruit  sub-
units from this pool to coassemble into functional receptors.
Consistent with this possibility, a large pool of intracellular
nAChR-immunoreactivity has been described in chick ciliary
neurons (Jacob et al. 1986).

In contrast to oy, the levels of o, mRNA decrease threefold
in culture, suggesting that the o, subunit does not contribute
significantly to the macroscopic ACh-evoked currents in rat
SCG neurons. In addition, increasing a; mRNA levels by treat-
ing neurons with high K* for 48 hr at day 5 had no effect on
the magnitude, kinetics, or a-BTX sensitivity of the ACh-evoked
currents. In addition, in none of these neurons did we detect any

rapidly desensitizing currents (see also Mandelzys et al., 1995).
Our results contrast those of chick ciliary neurons which also
contain significant levels of o, mRNA (Corriveau and Berg,
1993) and a-BTX binding sites (Jacob and Berg, 1983; Loring
et al., 1985), but do have rapidly desensitizing ACh-evoked cur-
rents that are blocked by a-BTX (Zhang et al., 1994). The rea-
sons for the difference in a-BTX-sensitive currents between
chick and rat autonomic neurons are unclear (Zhang et al., 1994;
Mandelzys et al., 1995). In chick ciliary neurons, o, does not
associate with any of the known nAChR subunits (Vernallis et
al., 1993), but possibly associates with other unidentified pro-
teins. In fact, there is evidence to indicate that o, can coassemble
with other subunits to form nAChRs (Schoepfer et al., 1990;
Listerud et al., 1991; Helekar et al., 1994). Conceivably, by
coassembling with different proteins, or by undergoing differ-
ential posttranslational modifications (Helekar et al., 1994), o,
may assemble into receptors with different functions.

Nonetheless, we observed that treating neurons with high K+
increases surface binding of a-BTX; this correlates well with
the changes seen in o, mRNA levels in these neurons and is
consistent with the o, gene coding for an a-BTX-nAChR (Cou-
turier et al., 1990a; Schoepfer et al., 1990; Séguéla et al., 1993).
The role of the a-BTX-nAChR on SCG neurons, however, re-
mains unclear. o;’s regulation by activity in SCG neurons shown
here, its regulation during synapse formation on embryonic mus-
cle (Corriveau et al., 1995), and its high permeability to Ca?*
(Séguéla et al., 1993; Vijayaraghavan et al., 1992; Pugh and
Berg, 1994; Castro and Albuquerque, 1995) suggest a role for
this receptor in events related to synaptogenesis. Further work
is needed to determine whether a-BTX-nAChRs have a role in
synapse formation on rat SCG neurons.
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