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The behavioral and cognitive effects of nicotine suggest that nicotinic acetylcholine 
receptors (nAChRs) participate in central nervous system (CNS)function. Although nAChR 
subunit messenger RNA (mRNA) and nicotine binding sites are common in the brain, there 
is little evidence for synapses mediated by nAChRs in the CNS. To test whether CNS 
nAChRs might modify rather than mediate transmission, the regulation of excitatory 
synaptic transmission by these receptors was examined. Nanomolar concentrations of 
nicotine enhanced both glutamatergic and cholinergic synaptic transmission by activation 
of presynaptic nAChRs that increased presynaptic [Ca2'],. Pharmacological and subunit 
deletion experiments reveal that these presynaptic nAChRs include the a7 subunit. These 
findings reveal that CNS nAChRs enhance fast excitatory transmission, providing a likely 
mechanism for the complex behavioral effects of nicotine. 

T h e  complex a~ ld  potent psychopl~~sical 
effects of nicotine suggest that nAChRs 
may be important in alterations of short- 
term memory, attention, and anxiety (1 ). 
Likewise, the disr~lption of cholinergic sys- 
tems in diseases such as Alzheimer's causes 
i~npairment of cognition. Despite this evi- 
dence for a prominent role of nAChRs in 
CNS function, electrophysiological studies 
of candidate cl~oliner~ic sywapses in the 
CNS have failed to demonstrate nAChR- 
mediated sy~~aptic tra~lsmission (2, but see 
3). Even at synapses with presynaptic cho- 
line acetyltransferase expression and post- 
synaptic nAChRs, synaptic trans~nission is 
mediated hv transmitters other than ACh 
(4, 5). In addition, the serum concentra- 
tions of nicotine achieved during cigarette 
smoking are far lower than those required 
for activation of CNS nicotinic receptors 
(6). Thus, the role of CNS nAChRs and 
the site of nicotine action remain unknown. 

To address this uroble~n we examineci 
the effects of l o ~ r  concentrations of nico- 
tine on fast glutarnatergic synaptic trans- 
mission in CNS neurons and conlnareci 
the effects seen there w ~ t h  those induced 
by ~licotine at a cholinergic 
synapse. We found that presynaptic 
nAChRs are iiistinct in pharmacology and 
subun~t composition from solnatic 
nAChRs and potently enhance both types 
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of fast excitatory synaptic transmission. 
Nicotine e f f ec t s  at excitatory synapses. 

The effect of nicotine on transmission was 
first tested at the excitatory synapse be- 
tween neurons of the medial habenula nu- 
cleus (MHN) and the interpeduncular nu- 
cleus (IPN), a central limbic relay thought 
to be involved in arousal and attentive 
behavior (7). Although both MHN and 
IPN neurons express nAChRs (8, 9) and 
Inany IMHN neurons express choline acetyl- 
transferase (9, lo) ,  previous in vivo studies 
suggested that transmission is mediated by 
an excitatory amino acid (5). Our initial 
characterization of the transmissio~l at syn- 
apses between MHN and IPN neurons in 
vitro confirmed these findings and demon- 
strateci that the proposed excitatory trans- 
mitter is glutamate: Synaptic activity was 
blocked by 6-cyano-7-nitroquinoxaline-2,3- 
dione (CNQX, 50 ~ I M )  (Figs. 1A and 2B) 
indicating that non-N-methyl-D-aspartic 
acid-type glutamate receptors mediate 
transmission. The ability of nicotine to 
modify glutamatergic transmission was as- 
sessed by recording from IPN neurons with 

Fig. 1. Evoked synaptic A 
trans~nissio~i at MHN- I I 

concurrent extracellular stimulation of 
neighboring microexplants including the 
MHN (1 1 ) (Fig. 1). Application of nicotine 
(100 nhl) to sites of MHN-IPN contact 
enhanced glutamatergic transmission: The 
amplitude of the evoked currents more than 
doubled and the number of failures in re- 
sponse to a constant applied stimulus was 
decreased (Fig. I ) .  

Enhancement of evoked svnautic trans- , L 

mission by nicotine could be due to alter- 
ations in either pre- or postsynaptic func- 
tion. or both. To examine the locus of 
nicotine-induced enhancement we ana- 
lyzed spontaneous excitatory postsynaptic 
currents (sEPSC) (1 1). In the presence of 
tetrodotoxin (TTX, 2 pM),  to block su- 
prathreshold activity, the frequency of 
spontaneous synaptic currents was low 
(<l/s ,  on average). Application of nico- 
tine (30 nM to 10 p,M) increased sEPSC 
frequency without detectable alteration of 
postsynaptic holding current in 42 percent 
of the cells tested (Fig. 2, A to D) (12). 
The increase in sEPSC freauency nersisted , L 

for 20 to 40 s on average, declining toward 
control event frequency in the continued 
nresence of nicotine for most cells. How- 
ever, in 40 percent of the responsive syn- 
apses, enhanced release persisted for as 
much as 5 to 6 min in the continued 
presence of nicotine (Fig. 2B) with desen- 
sitization apparent with high concentra- 
tions of nicotine (as in Fig. 2D). Analysis 
of the amplitudes of the spontaneous syn- 
aptic currents indicates that nicotine in- 
creased sEPSC frequency without altering 
the size of these currents (Fig. 2C). Thus, 
nicotine-induced enhancetnent of gluta- 
lnatergic trans~nission involved alteration 
in presynaptic f~lnction, that is, increased 

of release, rather than a 
postsynaptic effect, such as a change in 
sensitivity of the postsynaptic neuron to 
transmitter. The half-maximal effective 
concentration (EC,,) for the enhance- 
ment of gl~~tanlate release at MHN-IPN 
synapses is -120 nM nicotine (Fig. 2D), 
consistent with activation of a receptor of 
sufficiently high affinity to be gated by 
nicotine at concentrations eq~~ivalent  to 

- 
'p 100 nM nicotine 

IPN synapses mediated 
by glutamate was en- - 
hanced by nicotine. (A) 
Averages of 20 evoked 
synaptic currents (EP- 
SCs) under control con- 

0.  . b .** . 2. 
5 ms 

c I00 nM nicotine 
d~tions, w~th  application Time (s) 
of nicotine (100 nM) or 
CNQX (50 FM). EPSCs were stimulated by use of an extracellular bipolar electrode placed in the MHN 
explant (0.1 Hz). Evoked responses in an innervated IPN neuron were recorded with the perforated patch 

722 West 168th Street, P. I Annex. New YO& NY techn~que (8) Evoked synaptic currents in an innervated IPN neuron before, during, and after application 
10032, USA of ncotine. Comparable enhancement of EPSC amplitude by nicotine was seen at four of nine synapt~c 
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those in the serum of a moderate smoker 
[10 to 100 n M (6)] . T h e cholinergic fibers 
that project in the fasciculus retroflexus to 
the IPN (10) provide a local source of 
endogenous agonist for the e n h a n c e m e n t 
of glutamatergic transmission. 

The observed enhancement of both 
spontaneous and evoked glutamate trans­
mission by a second fast excitatory transmit­
ter (for example, A C h ) allows for rapid and 
dramatic modification of signaling between 
neurons. To test whether nicotine might 
similarly regulate synapses where transmis­
sion is mediated by a fast excitatory trans­
mitter other than glutamate, we examined 
cholinergic synaptic transmission at syn­
apses between neurons of the visceral motor 
nucleus of Terni (VMT) and the lumbar 
sympathetic ganglion (LSG) (13). Trans­
mission between V M T and LSG neurons 
was blocked completely with neuronal 
n A C h R antagonists including hexametho-
nium, mecamylamine, d-tubocurarine, or 
neuronal bungarotoxin (nBgTx), consistent 
with postsynaptic nAChRs mediating trans­
mission (14). Nicotine enhanced sEPSC fre­
quency in this preparation, in the presence 
of T T X (2 JJLM) (Fig. 2, E to G) , without 

significant changes in amplitude (Fig. 2G) . 
Nicot ine induced synaptic enhancement at 

most VMT-LSG synapses (78 percent, n = 
45), in contrast to the more confined effects 
of n icot ine at M H N - I P N synapses (42 per­
cent , n = 33) . A t V M T - L S G synapses 
nicot ine enhanced transmission at con­
centra t ions nearly two orders of magni­
tude lower t han those tha t evoke detect­
able macroscopic nAChR-med ia t ed cur­
rents in the LSG neurons (Fig. 2H) . More 
detailed pharmacological assessment of 
the presynaptic effect of nicot ine was pre­
cluded due to the presence of postsynaptic 
n A C h R s gated by nicot ine concentra t ions 
> 3 JJLM. T h e difference in agonist sensi­
tivity of the pre- and postsynaptic effects 
of n icot ine may reflect distinct binding 
affinities of the n A C h R s involved. This 
interpreta t ion is complicated, how7ever, by 
the inherent ly indirect nature of the phys­
iological assay employed. 

Nicotinic AChR localization and the 
role of Ca2 + . Although the most parsimoni­
ous explanation for presynaptic enhance­
ment by nicotine is a direct activation of 
nAChRs localized on the presynaptic M H N 
and V M T terminals, we tested the possible 
contribution of postsynaptic nAChRs linked 
to the generation of a retrograde messenger 
(15). In view of the relatively high perme­
ability of neuronal nAChRs to Ca" + (16) as 

well as the Ca~ + -dependent synthesis of 
candidate retrograde messengers known to 
be active in vertebrate neurons, we tested 
whether direct manipulat ions of postsyn­
aptic intracellular C a 2 + concent ra t ion , 
[Ca 2 + ] t , could alter n icot ine- induced syn­
aptic enhancemen t (17). Elevation of 
[Ca**+]i by imposed depolarization of the 
postsynaptic neuron (3 s, 10 Hz, — 80 mV 
to 0 mV, 50 ms durat ion) did not change 
the frequency or ampli tude of recorded 
sEPSCs. Subsequent application of nico­
tine enhanced synaptic transmission 
equivalent to control (Fig. 3 A ) . Likewise, 
buffering of postsynaptic [Ca 2 +] j to ~ 1 0 - 8 

M by internal perfusion with 10 mM 
B A P T A had no effect on ei ther spontane­
ous synaptic activity or synaptic enhance ­
ment by nicot ine (Fig. 3C) . These results 
are consistent with a direct presynaptic 
act ion of n icot ine in the enhancemen t of 
bo th glutamatergic and cholinergic trans­
mission rather t han an indirect mecha­
nism involving a Ca~ + -dependen t retro­
grade messenger. These experiments were 
designed to test the involvement of a known 
retrograde messenger, and as such, did not 
allow us to rule out contribution of as yet 
unidentified Ca2 + - independent signaling 
pathways. Additional evidence that syn-
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Fig. 2. Enhancement of spontaneous synaptic transmission by nicotine at 
both glutamatergic and cholinergic synapses. Representative recordings of 
spontaneous synaptic currents at an MHN-IPN synapse (A to D) and a 
VMT-LSG synapse (E to H) (2 JJLM TTX present throughout the recordings). 
Frequency histogram of sEPSC activity in an innervated IPN neuron (B) and 
an innervated LSG neuron (F) under control conditions and in the presence 
of nicotine (500 nM) or CNQX (50 \±M) as indicated (bin sizes are 10 and 2 
s in B and F, respectively). Cumulative distributions of sEPSC amplitudes 
from an IPN neuron (C) and an LSG neuron (G) during control recording and 
in the presence of nicotine (500 nM): Increased sEPSC frequency occurred 
without alteration of sEPSC amplitude. (D) Concentration dependence of 

nicotine-induced enhancement of MHN-IPN synapses (EC50 = 170 nM, n 
= 4 at each concentration). The response to 300 JULM was not used in the 
curve-fitting as the increase in sEPSC frequency was attenuated due to 
rapid desensitization at this high concentration. (H) Concentration depen­
dence of nicotine-induced increases in sEPSC frequency plotted with nic­
otine-evoked macroscopic currents in innervated LSG neurons. The thresh­
old for presynaptic enhancement occurred at concentrations of nicotine 
two orders of magnitude lower than required for activation of postsynaptic 
macroscopic current responses (postsynaptic n = 5; presynaptic n = 4, 5, 
15, and 4 for 30, 100, 500, and 1000 nM, respectively. Calibration: (A and 
E) 10 pA, 50 m. 
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aptic enhancement by nicotine is inde- 
pendent of postsynaptic-derived factors 
was provided by Caz+-imaging studies. 

Although changes in postsynaptic [CaZ+], 
were not involved in nicotine-induced syn- 
aptic enhancement, CaZ+ influx by activa- 
tion of presynaptic nAChRs appeared to be 
essential. Assay of sEPSC frequency with 
concurrent superfusion of nominally CaZ+- 
free solution (no Ca2+ added) revealed that 
application of nicotine (0.1 to 1 pM) was 
now without effect (Fig. 3F). In addition, 
increasing the external Ca2+ concentration 
([CaZ+],) directly influenced the nicotine- 
induced enhancement of sEPSC frequency. 
On average, nicotine (100 nM) enhanced 
sEPSC frequency to 161 ? 12 percent of 
control with 1.0 mM [CaZ+], (n = 8). When 
[Ca2+], was increased to 2.0 mM, the (100 
nM) enhancement by nicotine was 213 2 10 
percent of control (n = 4). 

In view of the dependence of this re- 
sponse on [CaZ+], and the known permeabil- 
ity of neuronal nAChRs to CaZ+, we next 
tested whether nAChRs on presynaptic neu- 
rites induced Ca2+ influx, independent of 
the presence of postsynaptic neurons. Pre- 
synaptic microexplants were maintained in 
vitro in the absence of postsynaptic neurons 
and. after 2 davs in culture when Drocess 
outgrowth was extensive, were loaded with 
the CaZ+ indicator dye, fura-2. Fluorescence 
imaging of intracellular [Ca2+] in .presynap- 
tic neurites revealed robust and reversible 
increases in [CaZ+], after nicotine applica- 
tion (Fig. 3G) (18). The nicotine-induced 
increase in [CaZ+], was seen throughout the 
neurites, including the most distal exten- 
sions, and was not dependent upon action 
potential propagation (Figs. 3G and 4B). 
The data of Figs. 2 and 3 indicate that (i) the 
effect of nicotine on synaptic activity was 
dependent upon [Ca2+],, (ii) manipulations 
of intracellular postsynaptic [CaZ+] did not 
influence nicotine responses, (iii) nicotine 
enhancement of transmission had a lower 
EC,, than that of activation of postsynaptic 
nAChRs on LSG neurons, (iv) nicotine fa- . .  . 
cilitated transmission without altering 
sEPSC amplitude, and (v) nicotine activated 
increases in [CaZ+], in neurites of presynap- 
tic cells in the absence of target neurons. 
Thus, nicotine-enhanced synaptic transmis- 
sion through the activation of nAChRs lo- 
calized to ~resvna~t ic  structures and inde- 
pendent of'retr&Ade signals that might be 
generated by the postsynaptic neurons. 

Characterization of presynaptic nAChRs. 
The identification of presynaptic nAChRs 
that enhance both glutamate and ACh 
transmission provides a likely site of action 
for both endogenous and exogenous cholin- 
ergic agents in the CNS. It is thus essen- 
tial to define the physiological and phar- 
macological profile of these presynaptic 
nAChRs. The subunit composition of 

nAChRs affects their physiological and 
pharmacological profiles, which are depen- 
dent on the particular a and p subunits 
expressed in heterologous systems (19). 
Specifically, heterologous expression of the 
a 7  subunit yields channels that have high 
permeability to CaZ+ (Ca2+/Na+ ratio 
-20:l) (20) and in their susceptibility to 
block by a-bungarotoxin (aBgTx) (21). 
We know from polymerase chain reaction 
analysis of mRNA from dorsal spinal cord, 
that a? ,  along with nAChR subunits 1x2, 
a3 ,  a4 ,  a5 ,  a8 ,  P2, and P4 are expressed 

in the region that includes the pregangli- 
onic nucleus (22). In light of these obser- 
vations, we examined the effects of aBgTx 
pretreatment (100 nM) on nicotine-in- 
duced synaptic enhancement and presyn- 
aptic Caz+-influx. 

Treatment with aBgTx blocked the nic- 
otine-induced enhancement of evoked syn- 
aptic activity at MHN-IPN synapses (Fig. 
4A). The nicotine-induced increase in 
[Ca2+], was also inhibited by aBgTx (500 
nM; Fig. 4B). Enhancement of sEPSC fre- 
quency by nicotine at both MHN-IPN and 

Fig. 3. Effect of postsyn- 
aptic [Ca2+], and Ca2+ in- 
flux into presynaptic neu- 
rites on nicotine-induced 
synaptic enhancement. 
(A) Increases in postsyn- 
aptic [Ca2+Ii by direct de- 
polarization of innervated 
LSG neurons did not ef- 
fect nicotine-induced syn- 
aptic enhancement (V, = 

-80 mV, voltage step to 0 
mV, 50 ms, 20 Hz, 3 s; 
nicotine, 0.5 pM). (B) De- 4 

! 0 1 . . . . .  polarizing voltage steps - 
0  1 2 0 2 4 0 3 6 0 4 8 0 6 0 0  induced increases in 

10 1 1.0 pM nicotine 

0  120 240 360 
Time (8) 

[Ca2+],. In simultaneous c 
clamp Ca2+-imaging recording, and the patch- volt- ! : i;LL, 0.5 pM nicotine 

age step protocol de- 9 20 + BAPTA 
scribed in (A) was applied # lo for 0.5, 1 .O, and 3.0 s at 
3 

+Nicoline 
the designated time O  0  50 100 1 5 0 2 0 0 2 5 0  
points. The patch elec- - 

trode used to apply the 

without EGTA or BAPTA. 1 
- 

(C) Reduction of postsyn- . 
with BAPTA (10 mM) nei- 
ther reduced nor. in- E 
creased nicotine- induced g 300 

Reowery 

synaptic enhancement. 
(D) The effects of internal imbk jJj1 
dialysis with BAPTA (1 0 3 100 
mM) on [Ca2+],. ACh (50 C 0 pM) induced an increase - - 
in [Ca2+], in a sympathetic 0  100 mm 15001WX) - 
neuron loaded with fura Time (a) 

2-AM (78). Agigaseal was 
then formed on this cell - 

using a patch electrode filled with internal solution including BAPTA (1 0 mM) and fura 2 pentapotassium salt 
(200 pM). Whole-cell access was maintained throughout the remainder of the [Ca2+], measurements and no 
holding current was applied to the cell (current clamp recording mode). A second application of ACh (50 pM, 
30 s) did not induce an increase in [Ca2+],. To test the ability of the BAPTA to buffer Ca2+ entering through 
voltage-gated channels, external solution containing KC1 (60 mM) was applied for 30 s (right hand trace). The 
right hand axis applies to the right hand trace only. (E) A neighboring cell responded to ACh application and 
to the high KC1 concentration with increases in [Ca2+],. (F) Reduction of external [Ca2+] to 550 pM abolishes 
nicotine-induced synaptic enhancement. For (A), (C), and (F), n = 3 in both VMT-LSG and MHN-IPN 
preparations. (0) Nicotine increased [Ca2+], in presynaptic neurites in the absence of postsynaptic neurons. 
Pseudocolor fura-2 images of intracellular [Ca2+] in neurite fascicles emanating from a dorsal spinal cord 
explant including the VMT. Nicotine (10 pM) increased [Ca2+], independent of suprathreshold activity (m(, 

2 pM). One color increment -70 nM change in [Ca2+],, white indicates internal [Ca2+] in excess of 1 pM. 
Scale bar, 10 pm. 
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VMT-LSG synapses was also inhibited by 
aBgTx (Fig. 4C), without alteration of 
sEPSC amplitude in either preparation. Ex- 
amination of the concentration dependence 
of aBgTx revealed a half-maximal inhibitory 
concentration (IC,,) in the range of -70 
nM, in contrast to the IC,, of -1 nM for 
aBgTx inhibition of a 7  homomeric chan- 
nels (Fig. 4D) (21 ). Thus, the aBgTx-sensi- 
tive nAChRs that underlie the nicotinic 
enhancement of both spontaneous and 
evoked synaptic transmission are pharmaco- 
logically distinct from the postsynaptic 
nAChRs mediating transmission. In addi- 
tion, the apparent pharmacological differ- 
ences between a 7  homomers (21) and the 
presynaptic nAChRs suggests, but does not 
prove, that the latter may comprise a non- 
homomeric a7-containing complex. Immu- 
noprecipitation data indicate that a 7  can 
combine with a8 to form heteromeric recep- 
tors (23), and it remains possible that other 

Fig. 4. Inhibition of nico- 
tine-induced presynaptic 
enhancement by a-bun- 
garotoxin. (A) aBgTx ef- 
fects on nicotine en- 
hancement of evoked EP- 
SCs. Histogram of evoked 
EPSC amplitude (solid 
bars), and Dercent failures 
(hatched 'bars) in re- 
sponse to a constant 
stimulus, under control 
(con), nicotine (nic; 100 
nM, n = 4), and nicotine + 
aBgTx (100 nM, n = 8) 
conditions (MHN-IPN syn- 
apses). (6) aBgTx effects 

known classes of nAChR subunits may asso- 
ciate with a 7  as well. This complex could 
also include an as yet unidentified molecular 
component that contributes to the unique 
pharmacology. 

As a direct test of the participation of a 7  
subunits in presynaptic nAChR complexes, 
we first treated VMT-LSG cultures with a 
15-base DNA oligonucleotide targeted to 
the a 7  mRNA translation initiation site 
(24). After treatment of the cocultures with 
antisense and control oligonucleotides for 72 
hours, the aBgTx-sensitive component of 
synaptic enhancement by nicotine was abol- 
ished (Fig. 5A). Treatment with a sense 
oligonucleotide or with oligonucleotides 
containing three mismatched bases were 
without effect (24, 25). Further verification 
of antisense-specific decreases in a 7  protein 
was provided by protein immunoblot analy- 
sis of extracts from antisense and control 
oligomer treated cultures: a 7  antisense spe- 

. . ,, - aBGT 
Nicotine - 

Nicotine 

0 75 150 225 300 375 450 

Time (s) 

D Rewnses to 0.5 p~ nicotine 

on nicotine-induced in- Time (s) aBgTx (M) 
crease in [Ca2+Ii. The 
change in [Ca2+], was assayed in VMT explant neurites (as in Fig. 3G) in response to nicotine (10 pM). After a 
15 min recovety period, nicotine was applied for a second time, in the presence or absence (isolated data point) 
of aBgTx (500 nM; 14 min treatment, n = 3). (C) aBgTx effects on nicotine-induced enhancement of sEPSC 
frequency. We first determined that the cell was responsive by measuring the effects of nicotine (500 nM) and 
then, after a 10 min recovety period, nicotine was applied for a second time, in the presence (filled bars) or 
absence (open bars) of aBgTx (1 00 nM; -9 min), n = 9,5 for VMT-LSG and MHN-IPN synapses, respectively. 
Neither aBgTx or nicotine effected sEPSC amplitude in either preparation. (D) aBgTx inhibition of synaptic 
enhancement is concentration dependent with an IC5, -70 nM (VMT-LSG synapses). 

Fig. 5. Effect of antisense oligonucleotide deletion of the A 2 m7ASt treated 

a7 subunit. (A) Pretreatment of VMT-LSG cultures with 
antisense oligonucleotides to the a7 subunit mRNA elim- 
inated the aBgTx -sensitivity of nicotine-induced synaptic 
enhancement (24, 25) (aBgTx concentration, 500 nM). 
(6) lmmunoblots of total protein from VMT explant cul- 

Time (s) tures probed with an a7 polyclonal antisera (26). The line 
indicates the extent of migration for a 50-kD protein, 
which is the predicted size of the a7 protein (21). Con, 8 .- 3 c 
denotes untreated control cultures; ASl, AS2, and MM 
denote a7AS1, a7AS2, and a7MM1, respectively (24); 
df, dye front. (C) The amount of a7 protein relative to 
control was determined by densitometric measurement 
of autoradiograms. Measurements were normalized to *, - .  control protein amounts and these values were averaged ' .: J; ,< 
from three experiments. The a7AS1 and a7AS2 are two J + 6 

antisense oligos spanning the translation start site, a7S is the sense sequence corresponding to a7AS1, 
and a7MM is the mismatched oligo similar to a7AS1 (24, 25). 

cifically decreased the amount of a 7  immu- 
noreactive protein (Fig. 5B) (26). Because 
nicotine application still elicits detectable 
synaptic enhancement in a 7  antisense treat- 
ed cultures, albeit through aBgTx-insensi- 
tive receptors, deletion of a7-containing, 
aBgTx-sensitive presynaptic receptors may 
be accompanied by compensatory changes in 
synthesis or targeting of high-affinity- 
aBgTx-insensitive nAChRs to presynaptic 
sites. If the presynaptic nAChRs normally 
expressed include a 7  with other subunit 
types, the receptors assembled after a 7  dele- 
tion may be composed of the same non-a7 
components. Alternatively, the presynaptic 
receptors in a 7  antisense-treated cultures 
mav be entirelv distinct in subunit com~osi- 
tion. Our previous work on MHN channels 
(9) as well as previous studies of heterologous 
expression of nAChR subunit genes (2) 
would implicate a 4  2 a 2  and P2 2 P4 
subunits in these receptors. This would yield 
a receptor with high nicotine affinity that is 
resistant to ~ B ~ T ; ,  as is the case after a 7  
deletion. The antisense mediated deletion of 
a 7  shows that this subunit is a comDonent of 
the presynaptic nAChR complexes that nor- 
mally regulate excitatory synaptic transmis- 
sion in the CNS. 

Conclusions. These findings converge 
with previous morphological, biochemical, 
and autoradiographic studies (27-29) in 
support of a simple hypothesis: the predom- 
inant, if not exclusive role of CNS nAChRs 
may be to modify excitability. This idea is 
based on (i) the sparse experimental sup- 
port for direct nAChR-mediated synaptic 
transmission between CNS neurons, (ii) 
the prominent expression of nicotine and 
aBgTx binding sites in terminal fields of 
limbic and cortical areas implicated in cog- 
nition and behaviors that are altered by 
nicotine administration (27), and (iii) pre- 
vious demonstrations that nicotine can 
stimulate the release of inhibitory transmit- 
ters (28) as well as modulatory transmitters 
including norepinephrine and dopamine in 
numerous synaptosomal studies (29). In ad- 
dition. the localization of nAChRs to Dre- 
synaptic terminals provides a mechanism 
whereby the activation of only a few 
nAChRs could alter excitability. Finally, in 
view of the potency of nicotine in enhanc- 
ing glutamatergic synapses and the concen- 
trations of nicotine achieved with smoking, 
it seems likely that pre- rather than postsyn- 
aptic nAChRs mediate the broad psycho- 
physical effects of nicotine in humans. 
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