
6. R. E. Burke, Movement Disorders 1, 135 (1986); S. 
B. Freedman, M. S. Beer, E. A. Harley, Eur. J. 
Pharmacol. 156, 133 (1988). 

7. B. E. Marshall and D. E. Longnecker, in Goodman 
and Gilman's T h e  Pharmacological Basis of Therapeu- 
tics, A. G. Gilman, T. W. Rall, A. S. Nies, P. Taylor, 
Eds. (Pergamon, New York, 1990), p. 307. 

8. D. L. Reich and G. Silvay, Can.  J. Anaesth. 36, 186 
(1989); E. N. Ayim and F. X. Makatia, East Afr .  
Med.  J .  53,377 (1976); K. Korttila and J. Levanen, 
Acta Anaezthesiol. Scand. 22, 640 (1978); D. L. 
Coppel, J. G. Bovill, J. W. Dundee, Anaesthesia 28, 
293 (1973). 

9. Rats ( n  = 6) were treated with a standard dose of 
MK-801 (0.4 mgkg sc), then anesthetized with 
halothane, and maintained under halothane anesthe- 
sia for 4 hours. When killed at 4 hours, all rats in 
both groups had an abundant display of vacuolated 
neurons in the cindate  and retrosolenial cortices. 

10. J. W. Sharp, S. M.%agar, F. R. shaip, Soc. Neurosci. 
Abstr. 16, 1122 (1990). 

11. M. A. Sesma, M. T. Price, J. W. Olney, ibid., in 
press. We localized HSP immunocytochemically us- 
hg a primary antibody directed' against ~ 5 ~ 7 2  
(Amersham RPN 1197) and a modified Vector Elite 
avidin-biotin-peroxidase (ABC) method recom- 
mended by F. R. Sharp (9). An antisera-free incu- 
bation served as an internal control for each case. 

12. R. L. Macdonald and J. L. Barker, Science 200, 775 
(1978); E. S. Levitan, L. A. Blair, V. E. Dionne, E. 
A. Barnard, Neuron 1, 773 (1980); N. Akaike, T. 
Maruyama, N. Tokutomi, J. Physiol. (London) 394, 
85 (1987); C. F. Zorumski and K. E. Isenberg, A m .  
J. Psychiatry 148, 162 (1991). 

13. R. E. Study and J. L. Barker, Proc. Nat l .  Acad. Sci. 
U . S . A .  78, 7180 (1981). 

14. J. A. 0. Magbagbeola and N. A. Thomas, Can.  
Anaezth. Soc. J .  21, 321 (1974). 

15. The proposal that the pathomorphological and psy- 
chotomimetic side effects of NMDA antagonists may 
be causally linked rests on the reasonable assumption 
that reversible injury confined to cingulate-retrosple- 
nial neurons might produce a temporary derangement 
in psychological functions mediated by any or all 
components of an extensive neural network with 
which these neurons communicate. 

16. Behavioral side effects of competitive and noncom- 
petitive NMDA antagonists are similar and consist 
of ataxia and hyperactivity at low to moderate doses, 
with a progressive increase in muscle tone at higher 
doses that causes the animals to lie on their sides 
with partially flexed limbs held in a rigid posture. 
Anticholinergic drugs were well tolerated; in fact, 
they tended to relieve these symptoms, especially the 
muscular rigidity. Treatment with an NMDA antag- 
onist plus a barbiturate was also well tolerated. 
Consistent with the barbiturate effect alone, the 
animals appeared heavily sedated, but there was no 
apparent potentiation by the barbiturate of the 
NMDA antagonist's effects or vice versa, and respi- 
ratory function was not compromised. 

17. Certain barbiturates, especially thiamylal, effectively 
block both NMDA and non-NMDA subtypes of 
glutamate receptor and can prevent ischemic neu- 
ronal degeneration [J. Olney et a l . ,  Neurosci. Lett.  
68,29 (1986); J. Olney, inExcitatoryAminoAcids in 
Health and Disease, D. Lodge, Ed. (Wiley, London, 
1988), pp. 337-3521, Thus, barbiturates are neuro- 
protective in a dual sense. They protect against 
ischemic neuronal degeneration in many brain re- 
gions by blocking glutamate (including NMDA) 
receptors, while preventing NMDA antagonist neu- 
rotoxicity in ,the cingulate cortex by exerting 
GABAmimetic activity that is stronger than their 
NMDA antagonist activity. 

18. G. Paxinos and C. Watson, T h e  Rat  Brain in Stereo- 
tazic Coordinates (Academic Press, New York, 
1982). 

19. We thank F. R. Sharp for advice on immunohis- 
tochemical methods. Supported in part by a grant 
from the Huntington's Disease Foundation, PHS 
grants DA 53568 and AG 05681, National Institute 
of Mental Health Research Scientist Award MH 
38894 (J.W.O.), a Weldon Spring Fund grant, and 
a Research Leave Award from the University of 
Missouri-St. Louis (M.A.S.). 

8 August 1991; accepted 10 October 1991 

Functional Contribution of Neuronal AChR Subunits 
Revealed by Antisense Oligonucleotides 

Although multiple related genes encoding nicotinic acetylcholine receptor (AChR) 
subunits have been identified, how each of these subunits contributes to AChRs in 
neurons is not known. Sympathetic neurons express four classes of AChR channels and 
six AChR subunit genes (d, a4,a5, a7, 82, and 84). The contribution of individual 
subunits to AChR channel subtypes in these neurons was examined by selective 
deletion with antisense oligonucleotides. An cu3 antisense oligonucleotide decreased 
the number and altered the properties of the normally expressed ACh-activated 
channels. The remaining AChR channels have distinct biophysical and pharmacolog- 
ical properties that indicate an important functional contribution of the a7 subunit. 

L IGAND-GATED ION CHANNELS ARE 

multimeric protein complexes with 
component subunits encoded by ho- 

mologous genes (1 ) . The neuronal nicotinic 
AChRs that mediate neurotransmission at 
many central and peripheral synapses com- 
prise two subunit types ( a  and P) encoded 
by at least 11 related genes (2). Expression 
of particular combinations of the subunit 
RNAs in oocytes yields biophysically and 
pharmacologically distinct channels (4, 
reminiscent of the multi~le AChR channel 
types detected in embryonic sympathetic 
neurons (4). However, neither the identity 
nor the functional contribution of the indi- 
vidual a and B subunits in native AChR 
channel subtypes is known. 

To determine which AChR subunit genes 
are expressed by sympathetic neurons, we 
used the polymerase chain reaction (PCR) 
(5 ) .  Primers to the nonconserved regions of 
.the a and p subunit genes were chosen to 
amplify specific CDNA target sequences 
(Fig. l ~ ) . - ~ ~ ~ r o ~ r i a t e - s i z e d  were 
generated in the a3, a4, 015, a7, and P 
reactions, but not in the a 2  reacrion (Fig. 
1B) (6) .  Restriction enzyme digestion of the 
amplified products confirmed their identity. 
RNA blots of polyadenylated [poly(A) + ] 
RNA from sympathetic ganglia under strin- 
gent hybridization and washing conditions 
revealed hybridization to a3, a4, a5, a7, P2 
(n-a), and p$ (n-a3) probes but not to the 
a 2  probe (Fig. 1C) (7). AChR gene expres- 
sion ranged from undetectable (a2) and low 
(a4, a5, P2) to relatively high (013,137, P4). 

Because sympathetic neurons express 
multiple types of a and P subunit genes, the 
AChR channel subtypes observed (4) might 
result from different subunit combinations. 

To determine the role of individual AChR 
subunits in sympathetic neurons, we exam- 
ined changes in the properties of AChR 
channels after functional deletion of a par- 
ticular subunit with antisense oligonucleo- 
tides. 

The contribution of preexistent surface 
AChRs was removed by treatment with 
bromoacetylcholine (BAC), which covalent- 
ly binds to and inactivates AChRs (8). BAC- 
treated neurons regain ACh sensitivity 
through synthesis of new AChRs (9). ACh 
sensitivity was <15% of control at 3 hours 
and completely restored within 48 hours of 
BAC treatment (9). Sympathetic neurons 
were incubated with oligo~ucleotide imme- 
diately after BAC treatment, and the ACh- 
activated single channel currents were mea- 
sured after 48 hours (10). Analysis of the 
number of channel openings and the aver- 
aged single channel current from all patches 
in a 3  antisense-oligonucleotide treated neu- 
rons indicates a >90% decrease from the 
control levels of AChR channel activity typ- 
ically evoked by 2.5 FM ACh (Fig. 2) (1 1 ) . 
Although the number of AChR channel 
openings under these conditions was too 
low for slope conductance determinations, 
the residual activity included openings at 
amplitudes consistent with the characterized 
AChR subtypes (designated S, M, L, and 
XL) (4). An a 4  antisense (Fig. 2) as well as 
several control oligonucleotides (1 0) did not 
affect AChR channel opening frequency, 
mean current, conductance, or desensitiza- 
tion kinetics. In view of these results and the 
lack of effect on other ligand or voltage- 
gated channels (lo), it seems likely that a 3  
antisense reduces AChR channel activity by 
a specific functional deletion of the a 3  sub- 
unit. 

The observed decrease in AChR channel 
De~arunents of Anatomy and Cell Biology, Pathology, activity gated by 2.5 ACh is apparently and the Center for Neurobiology and Behavior, Colum- 
bia College of Physicians and Surgeons, New York, NY due to both an increase in the ACh concen- 
10032. tration required for channel activation and a 

"The first three authors contributed equally. decrease i; the number of functional AChRs 
tTo whom correspondence should be addressed. (Figs. 3 and 4). In patches from control 
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neurons, higher concentrations of ACh (25 
pA4) gate all four AChR channel classes (4), 
but these channels desensitize rapidly (Fig. 
3, A through C). In conaast, in patches 
h m  neurons treated with a 3  antisetisem, 25 

ACh elicited persistent AChR slngle 
channel activity (Fig. 3F). Analysis of AChR 
openings in u3 antisense+xated neurons 
revealed two conductance classes similar to 
those in control neurons and, in addition, a 
conductance class of - 1 15 pS (Fig. 3 D, E). 
All of the channels in u3 antisense-treated 
neurons differed fiom control in requiring a 
higher concentration of ACh for their acti- 
vauon and in their slower desensitization in 
the continued presence of ACh. . . Exarmnatlon of macroscopic currents 

meals a d-t decrease in the total num- 
ber of functional AChRs in u3 antisense- 
treated neurons comDarcd with control neu- 
rons (-60% dmtase in the average peak 
cumnt; Fig. 4, A and C). This analysis 
underestimates the dccreasc in AChRs, how- 
ever, because of signiiicant slowing of AChR 
desensitization after u3 antisense treatment 
(12). High concentrations of ACh normally 
evoke cummts that decay with a biphasic time 
course (Fig. 4 4 .  In contrast, in neurons 
treated with a3 antisaw, macroscopic cur- 
rents evoked by the same concent&ion of 
ACh desensitized at a slower rate reflected in 
a signi!icant in- in both the fast and slow 
time constants of desensitization (Fig. 4, A 
and D). 

We next sought to identify which a sub- 
unit rmght contribute to the new, slowly 

L.  
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desensitizing currents evoked by ACh in 
neurons where a 3  had been functionally 
deleted. Because the a5 subunit gene fails to 
yield functional AChR channels when coex- 
pressed in oocytes with either 82 or 84 
genes (13), a 7  seemed the best candidate for 
the ligand-binding subunit in the novel 
AChRs expressed by neurons treated with 
a 3  ,antisense. The role of a 7  in the AChRs 
was tested two ways. The a 7  subunit, unlike 
a3, is blocked by a-bungarotoxin (a-BGT) 
(14). If a 7  is an important component of the 
AChRs, then the slowly desensitizing cur- 
rent in neurons treated with a 3  antisense 
should be eliminated by a-BGT. Similarly, 
oligonudeotide-mediated deletion of a 7  
should have quantitatively the same effect as 
a-BGT treatment, if a 7  participates in these 
AChRs. Both these predictions are support- 
ed by the experiments in Fig. 4. 

ACh-activated currents in control neu- 
rons were dd by a-BGT. However, 
in u3 antisense-treated neurons the toxin 
decreased the peak of macroscopic currents 
by 60 to 70% (Fig. 4, A and C). The 
residual, a-BGT insensitive current was 
blocked by neuronal bungarotoxin (nBGT) 
and desensitized rapidly, which are features 
characteristic of control AChR currents 
(Fig. 4D) (15). Treatment with an a 7  an- 
tisense decreased control ACh-evoked cur- 
rents by <25%. However, like a-BGT, the 
a 7  antisense decreased the ACh-evoked cur- 
rents by 60 to 70% in u3 antisense-treated 
neurons (Fig. 4, B and C). The residual 
current (15) also resembled control ACh- 
evoked currents: it desensitized with kinetics 

=-- (urBgtBP al) 
- (*a) 

(n- a3) 
-=lWbp 

Flg. 1. AChR subunit gene expression in 
sympathetic neurons. (A) Diagram of ncu- 
ronal AChR dlNA sequences. Proposed 
transmembrane-spanning domains are in- 
dicated by boxes; arrows indicate the re- 
gions used for PCR primers; bold lines 
indicate the fragments used to generate 
probes for Northern (RNA) blots, and 
asterisks near the start sites indicate the 
region used for functional black oligonu- 
cleotides (6, 10). (B) PCR assay of embry- 
onic day 10 sympathetic ganglia RNA 
with (+) or without (-) previous cDNA 
synthesis (6). (C) Northern (RNA) analy- 
sis of ED 10 sympathetic gangha poly A+ 
RNA (7). Approximate sizes: a3: 2.0 kb, 
a4: 2.4 kb, 1x5: 2.9 kb, a7: 2.3 and 5.0 kb, 
82: 1.8 and 1.5 kb, 84: 1.9 kb. 

equivalent to control, exhibited insensitivity 
to a-BGT (Fig. 4D), and was blocked by 
nBGT. Thus, the slowly desensitizing 
AChRs expressed in a 3  antisense-treated 
neurons are blocked by a-BGT and depen- 
dent on the expression of a7. This indicates 
that a 7  may be the principal ligand-biding 
subunit of the AChR channels expressed 
after functional deletion of 1x3. 

Treatment of embryonic chick sympathet- 
ic neurons with antisense oligonucleotides 
against a3, a4, or a 7  subunit sequences 
suggests specific functional contributions of 
these subunits to neuronal AChRs. The a 3  
subunit appears to play an important role in 
all four AChR channel classes normally ex- 
pressed by these neurons. The functional 
deletion of the u3 subunit decreases the 
number of openings of all channel subtypes, 
alters the concentration of ACh dlicient to 

A Con & A S  

Con & A S  d A S  as 
Flg. 2. AChR channel activity is d d  in a3 
antisense-treated neurons (10, 11). (A) Noncon- 
secutive traces from cell-attached patches on con- 
trol and a3 antisense-treated neurons (2.5 p M  
ACh, V,,: -50 mV relative to rest, 5 PA x 5 ms). 
(B) Mean current versus time for patches in (A). 
Average mean current values over 3 min were 
0.0323 (Con) and 0.0031 (a3 AS). (C) Box plot 
repmentation of mean current determi~tions. 
Control: n = 30, a3 antisem: n = 27, a4 
antisense: n = 9, a3 sense: n = 18. The a3 
antisense group (a) is sigdcantly Werent (P 5 
0.001) from other groups. Examination of chan- 
nel opening frequency yielded identical resdtS. 
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Fig. 3. c 3  antisense-treated neurons express novel 
AChR channels (10, 11). High concentrations of 
ACh activate three AChR subtypes in a 3  an- 
tisense-treated neurons. (A) Nonconsecutive rec- 
ords of channels activated by 25 pM ACh in 
control neurons. S, M, L, XL subtypes with y 2 
SD of 17 t 5.1, 31 2 5.9, 49 t 4.7, and 65 t 
4.6 were detected. (B) Amplitude histogram of 
channels (Con) with summed Gaussian fit super- 
imposed. (D) Nonconsecutive records of channels 
gated by 25 pM ACh from a 3  antisense-treated 
neurons. Three AChR subtypes designated a 3  
AS-S (small), a 3  AS-L (large), and a 3  AS-G 
(giant) with y 2 SD of 24 + 9.5, 53 2 6.0, and 
114 t 13.0, respectively, are seen. (E) Amplitude 
histogram of channels (a3 AS) with summed 
Gaussian fit superimposed. All openings required 
ACh and were blocked by hexamethonium (500 
pM). (Cell-attached patches; Vh: -50 mV rela- 
tive to rest for (A) and (B); 5 pA x 5 ms). (C) 
and (F): Desensitization of AChR openings ana- 
lyzed by comparison of mean single-channel cur- 
rent over two consecutive 10-s periods of ACh 
application to outside-out patches from control 
and a 3  antisense-treated neurons (V,: -100 
mV; ACh: 25 pM). Boxplots of data from all 
patches indicate persistent ACh-gated single chan- 
nel activity in a 3  antisense-treated neurons com- 
pared with control (a and b pair, P < 0.001). 

gate channel activity, alters AChR desensi- 
tization, and results in the expression of a 
new, larger conductance AChR channel. 
Biochemical and molecular studies have also 
indicated that the, a 3  subunit is a compo- 
nent of peripheral neuronal AChRs (16). 

After functional deletion of a3, a new 

Fig. 4. Both a-bunga- 
rotoxin and a 7  antisense al- C 
ter ACh-evoked currents in 
a 3  antisense-treated neu- 
rons (10, 11). (A) Macro- 
scopic currents from control 
and a 3  antisense-treated I a3 AS * a-BGT 2 Con Con @ A S  a7AS a l ~ ~  a l ~ ~  
neurons before and after (*) + + 

D a-BGT a B G T  a 7 A S  
a-BGT application (ACh: 
500 pM; a-BGT: 500 nM, 
10 min) and (B) (top) Mac- 
roscopic currents from con- Conta7AS 8 5 2  
trol and a 7  antisense-treat- - + 9 
ed neuron ( )  and 
(bottom) macroscopic cur- 
rents from control versus a 3  
antisense-treated neurons 
(+) versus neuron treated a 3 A S f  a7AS 
with both a 3  antisense and 
a 7  antisense (+ and +; 
V!,,,: -50 rnv; 500 pA x O Con Ctn a36 a7AS q A S  *AS 
1 s). nBGT completely a.BGT a-BGT a7 AS 

blocked ACh-evoked cur- 
rents in control and in a 3  
plus a 7  antisense-treated neurons. (C) Summary of peak macroscopic current data (mean * SEM) (D) 
Summary of desensitization time course data. Fast (7,) and slow (7,) time constants of the biexponential 
decay of the macroscopic currents are displayed with boxplots. Control: n = 27; +a-BGT: n = 10; a 3  
antisense-treated: n = 26; a 7  antisense-treated: n = 7, a 3  antisense-treated +a-BGT: n = 15; a 3  
antisense + a 7  antisense-treated: n = 8. In (C) the comparisons (a) were significantly different ( p  5 
0.001) for control versus a 3  AS, at P 5 0.023 for control versus a 7  AS; (b) indicates p < 0.004 for 
a 3  AS versus a3AS + a-BGT; (c) indicates P 5 0.041 for a 3  AS versus a 3  AS + a 7  AS; p 5 0.001 
for a 7  AS versus a3AS + a 7  AS. In (D), (a) indicates differences at P < 0.004 to 0.001 for a 3  AS 
versus all other groups. The relative contribution of the fast and the slow time constant did not differ 
among groups. a-BGT did not affect either peak current or decay in a 4  antisense-treated neurons. 

class of channels emerges that appears to be 
dominated by the a 7  subunit. Because treat- 
ment with a 7  antisense alone significantly 
decreased the control ACh-evoked current, 
a 7  is likely a component subunit of the 
AChR channels normally expressed in sym- 
pathetic neurons. However, a-BGT, which 
blocks a 7  subunit homooligomers in the 
Qocyte (14), does not decrease the control 
ACh-evoked currents (Fig. 4). Thus, the 
AChRs in neurons that include the a 7  sub- 
unit or subunits must include other subunits 
that are a-BGT-resistant (a3) or that influ- 
ence the a-BGT sensitivity of the a 7  subunit 
(1 7). Furthermore, because macroscopic 
ACh-evoked currents, which are mediated 
by a 7  homooligomers in the oocyte, desen- 
sitize rapidly (14), our findings suggest that 
other factors [for example, different subunit 
combination+ or posttranslational modifica- 
tion (18)] are important determinants of 
AChR desensitization kinetics in neurons. 
Homooligomers of a 7  mediate a large ACh- 
evoked macroscopic current in the oocyte 
(14) consistent with our finding an unusu- 
ally large conductance channel. Although a 4  
is expressed in sympathetic neurons, treat- 
ment of cells with an a 4  antisense had no 
effect on AChR-activated currents. If the a 4  
antisense functionally deletes 014, then 
expression of a given AChR subunit gene 
may not indicate participation in functional 
AChR channels. 

These studies also provide a general ap- 

proach for the dissection of receptor func- 
tion in primary neurons that complements 
studies in heterologous cell expression sys- 
tems. The use of antisense oligonucleotides 
to unravel the functional contribution of 
individual subunits is applicable to the anal- 
ysis of AChRs in other regions of the ner- 
vous system (19) and should permit the 
molecular dissection of the contribution of 
individual subunits to other ligand-gated 
ion channels within their native cellular en- 
vironment. 
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Refined Structure of Charybdotoxin: Common 
Motifs in Scorpion Toxins and Insect Defensins 

FRANCOIS BONTEMS, CHRISTIAN ROUMESTAND, BERNARD GILQUIN, 
AND& M~NEZ.  FLAVIO TOMA 

Conflicting three-dimensional structures of charybdotoxin (Chtx), a blocker of K+ 
channels, have been previously reported. A high-resolution model depicting the 
tertiary structure of Chtx has been obtained by DIANA and X-PLOR calculations 
from new proton nuclear magnetic resonance (NMR) data. The protein possesses a 
small triple-stranded antiparallel f3 sheet linked to a short helix by two disulfides and 
to an extended fragment by one disulfide, respectively. This motif also exists in all 
known structures of scorpion toxins, irrespective of their size, sequence, and function. 
Strikingly, antibacterial insect defensins also adopt this folding pattern. 

C HARYBDOTOXIN (CHTX) IS A TO= 

acting on K+ channels isolated from 
venom of a scorpion (Leiurus quin- 

questriatus hebraeus) (1). It is a small protein, 
containing 37 amino acids and three disul- 
fide bridges (2). Elucidation of its three- 
dimensional (3-D) structure is important for 
understanding the molecular basis of its 
activity and for designing drugs acting on 
K+ channels. The structure of Chtx has been 
reported in two recent NMR studies (3, 4) 
that led to different 3-D models of the toxin. 
One of these has now been retracted (5 ) .  
Also, a recent communication has reported 
the preliminary NMR structure of synthetic 
Chtx (6) that is similar to that obtained in 
our work. y e  have collected additional 
NMR data from which further Chtx struc- 
tures have been computed. The new refined 
structures confirm our initial model (4) and 
show that Chtx possesses a motif that is 
conserved in functionally unrelated proteins 
of arthropods. 

We have reported elsewhere the sequence- 
specific assignments of the 'H NMR spec- 
tra, the identification of the secondary struc- 
ture elements, and the tertiary structure 
computations (4). The new data, recorded at 

Dtpartement d'Ingbnierie et &Etudes des Protbines, 
CEN Saclay, 91191 Gif sur Yvette, France. 

temperatures from 15" to 45"C, include 
NOEs (eight mixing times from 50 to 300 
ms), HN-Ha and Ha-HP vicinal coupling 
constants, and amide lH-'H exchange rates 
at 15°C. Iteration of back calculations and 
analysis of NOESY experiments led to the 
assignment of 144 interresidue NOE con- 
nectivities that correspond to 72 sequential 
and 72 nonsequential effects (Fig. 1). Inten- 
sities of backbone-backbone NOEs were 
determined either from NOE buildup rates 
or from cross-peak volumes in spectra re- 
corded with a 150-ms mixing time. The 
corresponding distance constraints were ob- 
tained calibrating the backbone-backbone 
NOE intensities with known distances in 
regular secondary structures (2.2 A for d,, 
in a p sheet and 2.8 for dm in an a helix). 
Measurement of the exchange rates of amide 
protons allowed the identification of 11 
hydrogen bonds, leading to the introduc- 
tion of 22 additional constraints. In addi- 
tion, 12 ~1-angle values, including those of 
the six half-cystines, were deduced from the 
measurement of and the identifica- 
tion of intraresidue HaHP NOEs, whereas 
30 cp-angle values were deduced from the 
values of J,., coupling constants. 

The 3D-structures of Chtx were derived 
from these data with a procedure that com- 
bined minimization in the dihedral angle 
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