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Abstract Spinal cord motoneurons (MNs) undergo a process of 
cell death during embryonic development [1] and are the target of 
lethal acquired or inherited disorders, such as the amyotrophic 
lateral sclerosis. Therefore, the identification of mechanisms 
leading to M N survival is of crucial importance. Elevations in 
intracellular Ca 2 + promote chicken MN survival during the 
embryonic period of naturally occurring cell death [2,3]. We have 
recently demonstrated that the 0.7 nicotinic acetylcholine 
receptor (nAChR) mediates significant increases in free Ca 2 + 

concentration at membrane potentials at which other pathways 
for Ca 2 + influx are inactive [4,5]. Although it is possible that 
Ca 2 + influx through 07 nAChR promotes cell survival, the 
relation between ay nAChR activation, cytosolic free Ca 2 + and 
mammalian spinal cord M N survival has not been established. In 
the present study we have now demonstrated that Ca 2 + influx 
through the Or-subunit is sufficient to rescue a significant 
number of cultured spinal cord MNs from programmed cell death 
induced by trophic factor deprivation. This is the first 
demonstration that neuronal nAChRs are involved in the 
regulation of M N survival. 

© 1997 Federation of European Biochemical Societies. 

1. Introduction 

In the CNS, a major class of nicotinic receptors is defined 
by the high-affinity binding of [125I]bungarotoxin and com-
prises predominantly, if not exclusively, the homomeric a 7 

nAChR. The CC7 subtype exhibits a higher Ca 2 + permeability 
relative to monovalent cations than other n A C h R subtypes 
[6-8]. Influx of Ca 2 + through the (X7 nAChR subtype has 
been suggested to be of particular importance in activating 
a number of Ca 2 + -dependent processes including neurite 
growth, synaptic transmission and survival [9]. Recent studies 
have demonstrated that oc-bungarotoxin (oc-Bgt)-sensitive re-
ceptors mediate Ca 2 + influx in ciliary ganglion neurons 
[10,11], hippocampal neurons [12,13] and at the synaptic junc-
tion of the medial habenula and interpeduncular nuclei [14]. 
Although the expression of the a.7 n A C h R in whole spinal 
cord has been reported, the presence of this subunit in moto-
neurons is not known. The expression of cc7 n A C h R in single 
embryonic (E15) spinal cord motoneurons was studied using 
antisense R N A (aRNA) amplification technique combined 
with PCR. The role of Ca 2 + influx through CC7 n A C h R and 
raises in intracellular Ca 2 + concentration in response to fast 
perfusion of (—)-nicotine was studied in a populat ion of mo-
toneurons undergoing programmed cell death. 
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2. Materials and methods 

2.1. Expression ofay nicotinic acetylcholine receptor in single rat spinal 
cord motoneurons 

2.1.1. Antisense RNA amplification!PCR. The cytoplasmic content 
of single MNs was aspirated in whole-cell configuration of patch-
clamp [15] and RNA pool was amplified by aRNA technique [16] 
with subsequent PCR [17] with some modifications in the RT reac-
tion. A single MN content was exposed to 7 U/ul avian myeloblastosis 
virus reverse transcriptase, 500 mM dNTPs, an oligodeoxynucleotide 
containing an oligo-dT region together with the T7 RNA polymerase 
promoter [AAACGACGGCCAGTGAATTGTAATACGACTCAC-
TATAGGCGC(T)21] at 3 ng/ml, 10 X RT buffer and 1.3 U/ml RNa-
zin (Promega). The DNA obtained after the second round of aRNA 
amplification was used as a template for PCR with gene-specific pri-
mers for a7 nAChR (sense: 5'-CCCTGATGGTGGCAAAATGCC-
3'; antisense: 5'-CGTGCATGAGGTGCTCATCA-3'). The amplified 
ay nAChR fragment from single MN was labeled using a DECAp-
rime II kit (Ambion) and then used as a probe. For Southern blot 
analysis we used a PCR fragment from the 017-subunit amplified from 
adult rat spinal cord. RNA from adult rat spinal cord («=5) was 
isolated and processed in RT-PCR as described [18,19]. Sequencing 
of the cDNA fragments amplified from single MNs and from adult 
spinal cords was performed on the Perkin-Elmer ABI Prism 377. 
2.2. Embryonic spinal cord motoneuron culture 

For MN culture, the spinal cord was dissected from 15-day 
Sprague-Dawley rat embryos in phosphate-buffered saline and freed 
of meninges. Ventral spinal cords (10-14) were dissected, pooled and 
treated according to published procedures for dissociation and isola-
tion of large MNs [20]. For counting, MNs were plated in poly-L-
ornithine and laminin-coated 4-well Greiner dishes (Labortechnik) at 
2000 cells/well in Leibovitz LI5 media. The purity of the cultures was 
determined by immunostaining with a p75 Nerve Growth Factor Re-
ceptor monoclonal antibody (Accurate-Chemical), which selectively 
labels ventral spinal cord MNs [20]. The purity of the cultures in 
contrasting fluorescence and bright-field examination of 16 fields/ 
dish in 4 dishes (from 2 different preparations) was 96 ± 2%. The 
correlation at late times after plating (day 5) was 97 ± 4%. These 
control studies argue against a change in cell morphology in response 
to nicotine treatment. For MN viability the following criteria was 
used: (a) multipolar neurite outgrowth ( > 3); (b) neurite > 2 X the 
soma diameter; (c) negative indication of vacuoles and/or degenera-
tion of neurites (beading) suggesting cell death; and (d) uniform ap-
pearance of the nucleus (not condensed or lobed) [21]. These criteria 
were invariably associated with cell death in this preparation. Initial 
cell counting was performed 7 h after seeding when neurites were well 
developed. Drug treatment began after the first assessment of cell 
numbers. Control (no nicotine) and treated cells (3 pulses of nico-
tine/day) were plated on microgrid coverslips (Eppendorf) (3 experi-
ments). These methods allowed us to follow changes in cell morphol-
ogy. We did not detect changes in cell morphology in both 
experimental conditions. Neuronal survival was quantitated daily 
and expressed as percentage control ±S.E.M. MNs were counted in 
80 fields/dish (4 wells) with a 20 X objective. Each experimental group 
was seeded and counted twice in five different preparations. 

2.3. Single-channel recording 
Single channel activity was recorded for 5 min in cell-attached con-

figuration of the patch-clamp technique [15] at —70 mV holding po-
tential. Micropipettes were pulled from borosilicate glasses to obtain 
electrode resistance ranging from 2-\ MQ. Single channel activity was 
recorded at 100 kHz using pClamp 6.0 with an Axopatch 200A am-
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plifier (Axon Instruments). The data were digitally filtered (Gaussian 
filter, half-power frequency = 2-6 kHz). The threshold level for chan-
nel detection was set to half times the single channel amplitude esti-
mate [22]. Baseline was accepted as the line which is crossed the 
maximum number of times by the records [23]. The same composition 
for the pipette and bathing solutions was used (mM): NaCl, 120; 
KC1, 5; CaCl2, 2; MgCl2, 2; HEPES, 10; D-glucose, 25; pH adjusted 
to 7.4 with NaOH. Nicotine was diluted to 10 |xM in the pipette 
solution. a-Bgt and DHfSE were added to the bath 20 min before 
recording and were also included in the pipette. 

2.4. Simultaneous measurement of intracellular Ca2+ and inward 
current in voltage-clamped motoneurons 

Inward current and intracellular free Ca2+ concentration were re-
corded after loading the cells with 100 uM fluo-3 via the patch pipette 
in whole-cell configuration of the patch-clamp [15]. MNs were volt-
age-clamped using an Axopatch-200A amplifier. Currents were ac-
quired at 5 kHz and filtered at 2 kHz with pClamp 6.0 (Axon). Cover-
slips were mounted in a small flow-through chamber on the stage of a 
inverted microscope. A fluar 100X, 1.3 NA microscope objective was 
used. For digital fluorescent imaging a frame-transfer cooled CCD 
camera was used. For fast drug delivery a glass theta tube was 
mounted in a piezoelectric device. Activation of the drug delivering 
system was synchronized with current and intracellular Ca2+ transi-
ents recordings [5]. The composition of the internal solution (pipette) 
was (mM): 120 KF; 20 KC1; 2.0 MgCl2, 0.1 EGTA, 10 HEPES, pH 
was adjusted to 7.4 with KOH. The bathing solution contained (mM): 
NaCl, 120; KC1, 5; CaCl2, 2; MgCl2, 2; HEPES, 10; D-glucose, 25; 
pH adjusted to 7.4 with NaOH. 

3. Results and discussion 

To investigate the expression of 0C7 nAChR in embryonic 
(E15) spinal cord motoneurons, we used antisense RNA 
(aRNA) amplification technique combined with PCR [16,17] 
to single cells. The cytoplasmic content of single motoneurons 
was extracted by applying negative pressure in the whole-cell 
configuration of the patch-clamp and after electrophysiologi-
cal recordings (see below). A specific sequence corresponding 
to CC7 nAChR was found in 10 MNs tested from 5 different 
preparations (Fig. 1). The homology of the amplified frag-
ment from single MN was 95% with the rat 0C7-subunit [6] 
and was < 4 5 % with OC2-OC6 a n d a 9 nAChR subunits. These 
results demonstrate that the ot7-subunit is expressed in embry-
onic rat spinal cord motoneurons during the period of natu-
rally occurring MN death. 

To study the role of Ca2+ influx in response to 0:7 nAChR 
activation on spinal cord motoneuron survival, in most of the 
experiments we used (—)-nicotine as an agonist. Motoneuron 
survival declines steeply when cells are plated at low density 
(2000 cells/well) in the absence of trophic factors (Fig. 2A, 
control). Nicotine was added to the culture medium for 
5 min either 1 X or 3 X a day or continuously. A 50 u,M 
nicotine concentration was used based on the EC50 for nico-
tine-induced inward current and intracellular Ca2+ increase in 
recombinant a.j nAChR stably expressed in HEK 293 cells [5]. 
Experiments with ACh, the endogenous cholinergic neuro-
transmitter at the spinal cord [24], were performed at 100 
(iM concentration [5] given 3 X per 24 h. These results indi-
cate that treatment with nicotine and ACh promoted MN 
survival with the greatest survival occurring following treat-
ment with 3 pulses/24 h (Fig. 2A). Although nicotine can 
reach significant concentrations in blood (0.5 uM) after smok-
ing one cigarette [25], the actual concentrations in the neuro-
nal microenvironment are not known. Therefore, we tested a 
range of nicotine concentrations to determine the dose exhib-
iting a maximum effect on survival (Fig. 2B). A dose of 50 |fM 
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Fig. 1. Expression of a-j nicotinic acetylcholine receptor in single rat 
spinal cord motoneuron. (A) Agarose gel (3%) showing an (X7 
nAChR 304-bp fragment (from bases 963 to 1267, in the 3'-5' di-
rection) amplified by RT-PCR from total RNA of adult rat spinal 
cord (a, 100-bp ladder; b, rat 017-subunit cDNA fragment). (B) La-
beled PCR product from 0C7-subunit amplified from single embry-
onic MN used as a probe in Southern blot analysis with the 0:7 
nAChR cDNA from adult spinal cord. 

nicotine was saturating and further increments in concentra-
tion (100, 500 and 1000 11M) did not significantly increase cell 
survival (data not shown). Based on these initial results, a 
treatment paradigm of 3 pulses/24 h of 50 |xM nicotine was 
used in all subsequent experiments. 

The role of extracellular Ca2+ on nicotine-induced MN 
survival was examined in MNs pre-incubated in a medium 
with zero Ca2+ and 100 uM BAPTA. This treatment com-
pletely blocked the effects of nicotine on cell survival (Fig. 
2C). To determine whether the nicotine effect on cell survival 
was mediated by membrane depolarization, Na+ channels and 
voltage-gated Ca2+ channel (VGCC) activation, 1 itM tetro-
dotoxin (TTX) and 500 u:M Cd2+ were used to block these 
events (Fig. 2C). Because nicotine still promoted survival in 
this situation, we conclude that MN survival is mediated by 
Ca2+ influx through 0:7 nAChR rather than by Ca2+ influx 
through VGCC. The specific involvement of the 0C7-subunit in 
MN survival was assessed using the antagonist methyllycaco-
nitine (MLA) at a concentration (2 nM) that is specific for the 
017-subunit [26]. Pre-incubation in MLA prevented the nico-
tine-dependent effect on cell survival. Sustained incubation in 
MLA or a-Bgt alone did not modify the time course of MN 
death (Fig. 2D). These results do not support previous sug-
gestions that d-tubocurare and a-Bgt save avian MNs from 
death in vivo by blocking neuronal nAChRs in the CNS 
[27,28]. The interpretation of these in vivo experiments is 
not simple because in addition to a potential effect of these 
drugs on neuronal nAChRs, they also have a potent effect in 
blocking peripheral neuromuscular transmission [29]. It has 
been argued that muscle inactivity in this situation may either 
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Fig- 2- (—)-Nicotine promotes Ca2+-dependent motoneuron survival. (A) Effect of 50 (iM nicotine or 100 uM acetylcholine in a continuous- or 
pulsed-application scheme (5 min every 8 h or once a day) on MN survival. (B) Nicotine concentration dependence of MN survival in response 
to a pulsed drug application. EfTect of zero Ca2+ (Ca2+ omission plus 100 uM BAPTA) and Na+-, Ca2+-voltage-gated channels blockade (1 
iiM tetrodotoxin and 500 |iM Cd2+, respectively), and chronic incubation in methyllycaconitine (MLA) on nicotine-dependent increase in MN 
survival (D). Asterisks denote statistically significant differences with respect to control ( P < 0.001). In plot B, all the points for nicotine were 
significantly different from control. 
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Fig. 3. Expression of 0:7 nAChR and DHBE-sensitive receptors in spinal cord motoneurons. Open times and fitted probability density functions 
of single channel activity induced by 10 uM nicotine in control, 2 nM a-Bgt and 10 nM DHBE. The fitted values were (mean ± S.E.M.): 
t i= 0.19±0.02 ms and x2 = 2.45±0.26 ms in control (n =15), "[4 =2.23±0.31 ms in a-Bgt (n=10) and T! = 0.26±0.04 ms in DHBE (n = 7). 
Traces on the right illustrate single channel activity for each group. Arrows indicate the closed state. 

increase the expression of muscle-derived trophic agents that 
promote MN survival or may increase MN access to muscle-
derived trophic agents by inducing axonal branching and syn-
apse formation [30,31]. The specific mechanism by which neu-
romuscular blocking agents rescue MNs in vivo remains to be 
determined. 

The 0C7 nAChR subtype is expressed in MNs together with 
other nicotine-sensitive AChR subunits. The analysis of the 
single channel activity elicited by 10 uM nicotine revealed two 
populations of channels distinguished by distinct, clearly de-
fined mean open time distributions (Fig. 3). Brief openings 
correspond to 0C7 nAChR activity (conductance 65 pS) and 
are completely blocked by pre-incubation in 2 nM a-Bgt [12], 
whereas longer openings (conductance 46 pS) were completely 
blocked with 10 nM DHpE [4,26]. This longer channel activity 
corresponded to the a4pVsubunits based on single channel 
kinetics and the pharmacological response profile [26]. The 
role of these two receptor subtypes on MN survival was tested 
using specific agonists and antagonists for the 0C7- and OC4P2-

nAChR subtypes. As summarized in Fig. 4, a-Bgt but not 
DH[3E prevented the nicotine-dependent maintenance of 
MN survival. These results support the notion that the pro-
motion of embryonic MN survival in this situation is medi-
ated by the a7 nAChR subtype. 

The activation of 0.7 nAChR by fast solution exchange 
shows macroscopic inward currents with fast activation and 
desensitization kinetics [5] (Fig. 5A, upper panel). The activa-
tion of 07 nAChR increases intracellular Ca2+ concentration 
with a maximum at the end of the desensitizing phase (Fig. 
5A, lower panel). The time course of the intracellular Ca2+ 

transient was constructed by averaging intracellular digital 
fluorescent images (Fig. 5B). The increase in intracellular flu-
orescence, expressed as AF/F (Fig. 5A, lower panel) was 
2.1±0.19. A separate group of experiments was performed 
in motoneurons loaded with 500 u,M of the Ca2+ indicator 
fura-2 pentapotassium salt via the patch pipette to determine 
the increase in free Ca2+ concentration [5]. The elevation in 
cytoplasmic Ca2+ concentration in response to 100 uM nico-
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Fig. 4. Nicotine effect on MN survival is blocked by a-bungarotox-
in but not by DH|3E. Incubation in the nAChRs blockers a-Bgt 
and DHfffi on MN survival and the effect of pre-incubation in both 
antagonists on nicotine-dependent promotion of MN survival. 
Methods. Each experimental group was seeded and counted twice in 
five different preparations. Asterisks denote statistically significant 
differences with respect to control (P< 0.001). 

tine was 587 ±43 nM (« = 25) (resting [Ca2+] = 96±12 nM; 
n = 25) [5]. The potential contribution of intracellular Ca2+ 

stores to the measured [Ca2+] response to nicotine was also 
examined. Pre-incubation in heparin (20 mg/ml) and ryano-
dine (5 uM), blockers of the endoplasmic reticulum inositol 
1,4,5-triphosphate (IP3) receptor and Ca2+ release channel/ 
ryanodine receptor, respectively, for 10 min, did not signifi-
cantly change the amplitude of the Ca2+ response 
([Ca2+] = 559±63, n = 7). 

We conclude that Ca2+ influx through ot7 nAChR may 
account for the observed effects of nicotine on MN survival. 
However, it is also known that a? and OC4P2 nAChR subtypes 
are up-regulated by chronic exposure to both agonists and 
antagonists compounds [31-33]. If receptor up-regulation me-
diates the reported effects of nicotine on MN survival, it 
would be expected that MNs continuously exposed to nicotine 
would survive better than those treated with 3 pulses/24 h. 
However, MNs exposed to 3 short pulses of the agonist ex-
hibited a more significant increase in survival than following 
continuous exposure. These results support our argument that 
Ca2+ mobilization in response to 0C7 nAChR activation by 
nicotine is involved in MN survival. Consistent with this, 

pre-treatment with a-Bgt blocks the effect of nicotine on 
MN survival. Because, both 0C7 AChR agonists and antago-
nists promote receptor up-regulation, whereas only agonists 
induce MN survival, it can be concluded that this effect is 
current-mediated. 

In summary, these studies demonstrate for the first time 
that 0C7 nicotinic AChR expression in cultured embryonic spi-
nal cord MNs plays a role in cell survival through a Ca2+-
dependent mechanism. Further studies are needed to examine 
the role of neuronal nAChRs in the normal programmed cell 
death of developing MNs in vivo and in pathological condi-
tions involving the loss of motoneurons. 
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