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Synapse Formation and Function: The Neummuscular 
Junction and the Central Nervous System 

Function of Neurotransmitter Receptors 
T 001 CALCIUM MODULATION AND HIGH CALCIUM PERMEABILITY OF NEURONAL tacontac ACETYLCHOLINE RECEPTORS, 

Steven Vernino, Mariano Amador, and John A. Dani, Division of Neuroscience and Dept. of Molecular Physiology and Biophysics, Baylor 
Colleee of Medicine. One Baylor Plaza, Houston, TX 77030-3498. 

I 

Two properties were found to distinguish neuronal from muscle nicotinic 
acetylcholine receptors (nAChRs). First, neuronal nAChRs have a greater 
Ca" permeability. The high Ca2' flux through neuronal nAChRs activates 
a Ca2'-dependent C1- conductance, and the Ca" to Cs' permeability ratio 
(P&'a is 7 times greater for neuronal than for muscle nAChRs. Single- 
channel measuremenfs and permeation models indicated that about 2% of 
the current through muscle nAChRs is carried by Ca2' in physiologic 
solutions. Measurements with the Ca2+ indicator, fura-2, show that the 
fraction of current carried by Ca2' through neuronal nAChRs is much 
greater than for muscle nAChRs. Activity-dependent Ca2' influx through 
neuronal nAChRs may produce an important intracellular synaptic signal. 
A second difference between the receptor types is that neuronal nAChRs are 
potently modulated by physiological levels of external Ca". Extracellular 
Ca" enhances currents through neuronal nAChRs and decreases currents 
through muscle nAChRs. The decrease in current through muscle nAChRs 
by extracellular Ca" is consistent with singie-channel measurements (I), 
which demonstrated that Ca2+ competes with Na' and K' for occupancy of 

the channel. Then, Ca2' moves through the channel more slowly than the 
monovalent cations. Therefore, Ca2' decreases the macroscopic currents 
through the muscle nAChR channels by decreasing the underlying 
singlechannel conductance. In contrast, currents through neuronal nA(;bRs 
are enhanced by extracellular Ca2+ even though the single-channel 
conductance decreases. Our results suggest that external Ca2' may directly 
modulate neuronal nAChRs. Modulation by Ca2+ is  seen when cells are 
internally perfused by Ca2' chelators and is seen at voltages that would 
allow little Ca2+ entry into the cell. Therefore, an intracehlar 
Ca2'-dependent enzyme cascade is a very unlikely mechanism, but 
membrane-bound second messenger systems in close proximity to the 
intracellular face of the receptor channel cannot be  excluded. The results 
indicate that changes in extracellular Ca2' modulate neuronal nAChRs and 
may modulate cholinergic synapses in the central nervous system. 

1. Decker, E.R. and J.A. Dani (1990) J. Neurosci. 103413-3420. 

T 002 GLUTAMATE RECEPTOR KINETICS AND SYNAPTIC FUNCTION, Robin A. J. Lester, John D. Clements.  Gary L .  
Westbrook,  and Cra ig  E. Jahr ,  Vollurn insti tute,  OHSU, Portland, OR 97201. 

Many excitatory synapses in the central nervous system depend long lasting activation and suggesting that the lifetime of free 
on the activation of two types of postsynaptic Iigand-gated ion transmitter in the cleft is short. In support o f  this. short 
channels by presynaptically released L-glutamate. Even applications of L-glutamate to outside-out patches from 
though the same exocytotic event can activate both receptor hippocampal neurons evoke prolonged NMDA channel activity 
types. the component of the synaptic conductance due to NMDA that is not curtailed by subsequent application of D-APS. Both 
receptors has much slower onset and decay kinetics than the the onset and decay times of the NMDA channel currents in 
AMPA receptor component. NMDA receptors have much higher patches are the same as those of the NMDA component of the 
affinity for L-glutamate than AMPA receptors and thus the espc indicating that diffusion of transmitter to extrasynaptic 
differences in time course may he accounted for by prolonged sites i s  not necessary to account for the slow onset. Rather, a 
occupancy of NMDA receptors by L-glutamate leading to long slow opening rate and prolonged bursts of  openings delay the 
bursts of channel openings whereas AMPA channel activity is ume to peak and result in a siow decay phase. Agonists of NMDA 
quickly curtailed by rapid unbinding. Consistent with these receptors with lower affinities than L-glutamate, such as L- 
supposit ions,  we have shown that competit ive NMDA aspartate and L-cysteate. evoke currents in patches that decay 
antagonists, such as D-APS, can inhibit synaptic responses of much faster than those due to L-glutamate because their 
hippocampal neurons only if it is present before presynaptic dissociation rates are several fold faster. If an excitatory amino 
stimulation. If D-APS is rapidly applied after the onset of the a c ~ d  other than glutamate were used as a neurotransmitter. we 
synaptic conductance, no inhibition of the epsc is observed would expected that the NMDA component of the epsc would 
indicating that rebinding of transmitter is not required for decay with a time constant consistent with its affinity. 

Structure of Neurorransmitter Receptors 
T 003 
To describe the mechanism of permeability control by nicotinic 
acetylcholine receptors (AChR), we have been using affinity labeling techniques to 
identify regions involved in the binding of agonists and in ion permeation and also 
to describe differences in AChR smcture characteristic of the different receptor 
functional states. The general approach is to covalently incorporate radiolabeled 
ligands into native AChR, to then isolate labeled subunits and to identify sites of 
specific labeling by N-terminal sequence analysis of peptides generated b proteases 
and isolated by SDS-PAGE or HPLC. Previous studies have identized a short 
segment of a-subunit (a-lW200) as the primary site of labeling by competitive 
antagonist affinity labels. Based upon an analysis of the sites of labeling by agonist 
(['Hlnicotine and ['HJacetylcholine mustard (PHIAChM)) and competitive antagonist 
(['HlNbocurarine (['HldTC)) affinih, labels, we have now identified other reeions 

STRUCTURAL ORGANIZATION OF FUNCTIONAL DOMAINS OF THE NICOTINIC ACETYLCHOLINE RECEPTOR, Jonathan B. Cohen, Michacl P. Blantoo, 
David C. Chiara, S h a m  D. Sharp, and Benjamin H. White, Department of Anatomy C Neumbiology, Washington University Sch. Med., St. Louis, MO. 

['HIdTC incorporation is restricted to ~190-200. Within y- and &-subunits, the 
principle sites of incorporation occur at homologous residues y Trp55 and I - T p  
57. These results provide the first identification of regions of 7- and 6- subunits 
contributing to the ACh binding site, and comparison of aligned sequences of ligand- 
gated ion channels identifies conservation pattern in this region indicating a more 
general involvement in ligand binding domains. 

of &-subunit as well as regions wiihin -,-.and 6- subunits that contribute to the 
agonist binding site. ['HIACM was used to identify regions of the binding site 
interacting with the positive charge of ACh. In its reactive form, AChM has the 
same smclure as ACh but contains the posidve charge within a reactive, quaternary 
aziridium ion well-suited to react with nucleophiles in the bindiy site. Specific 
labeling of AChR is restricted to a-subunit, an3 within a-subunit [ HIAChM reacts 
selectively with Tyr-93. The lack of reactivity with tyrosyl or acidic side chains 
wthin ~190-200 reveals a selective orientation of ACh within its binding site, and 
the general lack of reactivity with acidic side chains establishes the importance of 
aromatic interactions for the binding of the quaternary ammonium group. In 
contrast to ['HIAChM, when photoincorporated into AChR. ['Hlnicotine reacts 
primarily with aTyr-198 and also with Tyr-190 and Cys-192, but not with Tyr-93 
(1). As is generally true for competitive antagonists but not agonists, dTC is bound 
nonequivalently by the 2 ACh sites on the AChR (K, = 35 nM, K, = 2 pM). 
Upon UV irradiation, ['HJdTC is specifically photoincorporated into AChR a - , ~ - ,  
and 6- subunits, with a coxentration dependence that places the high an3 low 
affinity sites at the u-y and a 4  interfaces, respectively (2). Within a-subunit, 

To characterize agonist-induced changes of AChR structure, we have mapped the 
sites of incorporation of a novel, uncharged photoaffinity nonamptitive 
antagonist, ['"IITID (3). ['"QTID binds with similar affinity to AChR in the 
absence or presence of antagonist but agonist inhibits photolabeling of all AChR 
subunits by > 75%. In the absence' of agonist, ['xl]TD specifically labels &subunit 
Leu-257 and Val-261 as well as homologous residues in the MZ region of cach o h r  
subunit. In the presence of agonist, that labeling is reduced by =90% and, in 
addition, labeling is broadened U, include a homologous set of senhe residues at the 
N terminus of Mz (in @-subunit, Ser-250 and Ser-254). This pattern of labeling 
suppons an a-helical model for M2 and provides a first indication of differences in 
structure in the M2 region between closed and desensitized states. The s i b  of non- 
specific incorporation of ['TITID within the AChR define reg ias  in contact with 
lipid. The primary sites of nonspecific labeling are found within the M4 segment 
and the periodicity and distribution of labeled residues establish that in both resting 
and desensitized states, the M4 segment is a-belical in nature a d  prwm a broad 
face to membrane lipid. 

1. 
2. 

R.E. Middleton & J.B. Cohen (1991) Biochemistry 35:69874997. 
S.E. Pedemn & 1.B. Cohen (1990) Proc. Natl. A d .  Sci. USA 87:2785- 
77QO 

3. i:g.White, S. Howard, S.G. Cohen, & J.B. Coben (1991) I .  Bioi. Chcm. 
266:2 1595-21607. 

21 7 



Synapse Formation and Function: The Neuromuscular 
Junction and the Central Nervous System 

Termination of Neurotransmitter ActiviQ 
T 004 

Young-Jin Suh' and Gary Rudnick'. 'Dept. of Biochemistry. Hadassah Medical School, The Hebrew University,  Jerusalem, 
I s r a e l ,  'Anatomical I n s t i t u t e ,  University of Oslo,  Norway, 'Dept. o f  Pharmacology. Yale University School o f  Medicine, 
New Haven, C T  0 6 5 1 0 .  
Synaptic trdnsmsslon bt nost vertebrate synapses is thought to be terminated by e transport actjvity - as assayed upon reconstitution f r m  a partially purified 
r a v d  UPtaKe of the neurotransmitter into PreSpaPtic nerve terminals or g l m l  detergent extract. The tmnunocytochsntcal localmtion of the transporter w a s  

cell processes. Such uptake 1s catalyzed by sodim-coupled neurotransrnltter trans- stuated at the electron microscopic level in hippocampal as well as  cerebellar 
Porter systms. Ye have studied the uptake SystmnT for GABA and L-glutmate. the cortex of rat. It was found to be located m g11a1 cell processes rather than 
rmPr lnhibltory and excitatory neurotransmitters I n  the central nervous system. neurons. Recently re have. I"  collaboration with the labs of H.  Lester and 
The GABA transporter catalyzes EotrmspOTt of sodim. chlorrde and GABA. The N. ~eison. Isolated and expressed a cDNA clone encodmg for the GABA transporter 
Protrln was purlfled f r a  rat brain and reconrtltured into llpororrs in an actire (Guastella et al.. 1990). Subsequently we studied the transient and stable expres- 
f o m .  This glycopmte?n migrates a* an 10 kDa polypeptide on SDS-PAGE. Polyclonal ston of the cloned transporter ~n l ~ m ~ l l a n  cells. and have been able to define 
antibodies prepared against this 10 kDa band inmunoprecipitate GABA transport unamb,guously the subtype of the cloned transporter. to study the effect of 
actlvlty. Using these antibodrer the distribution of the transporter rat bra," N-glycorylat~on and to provide evidence t h t  la affrmty GABA transport IS not a 
has been studied by imnunocytochemistry. I t  was found to be asroclated wIth property of the cloned hlgh-affxnity transporter. Antibodies rere raised agalnrt 
neuronal GABA-ergic tenmnals. Kinetic and phamcologxal studies suggest the Synthetic peptides coirespanding to several reg,onr of the GABR transporter. All 
Presence of a variety of GABA transporter subtypes. There are at least two types the antthodies recognised the intact transporter on Yestern blots. Upon papain or 
of high-affinity GABA transporters. One i s  inhibited by ACHC and ferns to be pronase treatment a reconstitutively active transporter can be lsolated upon 
neuronai. The other IS more sensltwe to 8-alamnr and 7s suspected to be of glial lectIn chromatography. on SDS-PAGE these fragments exhiblt increased mobility. 
orlgln. Low afflnity GABA transport has also been observed. The uptake ryr t m  for tndlcatlng an apparent reduction of 20 kDa in mlecular IMEI. The fragment 
the neurotransmitter L-glutamate (GI") catalyses electrogenic cotransport of thlr obtatned after pronase digertlon reacts *Ith the antibodies against the internal 
amino acid with sod7mn and potasslum (the latter travelling ?n the opposite d7rec- loops but not rlth those ralred against the carboxy terminal. Ye conclude that the 
tion. Recently re have reported on the Isolation and reconstltutlon of the Glu-Tp. mmlna- and carboxy-terminal parts of the transporter. possibly including trans- 
The transporter was purified to d high degree and it exhibited. upon reconsti- menbrane a-hellcen I. 2 and 11. are not required for the transport f u n c t m .  
tutlon. the same propertlet as the natlre transporter. The mlar polypeptide REFERENCE: 
Present in this purified preparation had an apparent noiecular m s s  of 10 kDs. Guartella. .I.. Nelson. N.. Nelson. H.. Cryzyk, L.. Keynan. 5 . .  Uiedel. H . C . .  
Antibodies raised against this polypeptide. rmnopreclpitate the L-glutamate Oaujdson, N.. Lester, H.A. and Kmner. B.I. (1990) Sclence 1 4 9 .  1301-1306. 

NEUROTRANSMITTER REUPTAKE: MECHANISM. ISOLATION AN0 RECONSTITUTION OF THE TRANSPORTERS, AND MOLECULAR CLONING, 
Baruch I .  Kanner'. Shoshi Keynan', Nicola Mabjeesh', G i l i a  Pines ' .  Niels C .  Oanbolt'. Jon Storm-Mathisen', 

T 005 GENE STRUCTURE AND REGUIATION OF EXPRESSION OF ACETYLCHOLINESTERASE. P. Taylor, Y. Li, S. Camp, D .  Getman. H . E .  Fuentes. 
T. Rachinsky. Z. Radic and D. Vellom. Dept. of Pharmacology, University of California, San Diego. La Jolla, CA 92093. 

A single gene exists for acetylcholinesterase with defined differences yield monomeric enzyme species, a sulfhydryl- 
chromosomal locations in mouse andhuman. and expression of the containing carboxy terminus allowing for disulfide linkages to 
molecule is precisely regulated in neurons. muscle and hemato- structural subunits and a unique hydrophobic sequence allowing 
poietic cells. In fact, the regulation of gene expression for attachment of a glycophospholipid. The 3'-untranslated 
associated with development and synaptogenesis often shares region also contains alternative polyadenylation signals which 
common properties with receptors and channels which typically affect mRNA stability. Studies in muscle cells show that 
are encoded by polygenic systems. The expression of acetylcho- enhanced mRNA stability is critical to the increased expression 
linesterase appears to be controlled at three levels. Tran- seen with muscle cell differentiation. RNase protection, 
scription is affected by the presence of alternative cap sites primer extension. transfection and expression of ninigene 
and alternative mRNA splicing in the 5' non-translated region. COnatNCtS will be used to show the various control points for 
Alternative exons corresponding to the very carboxy terminus of AChE expression. 
the protein encode differences in sequence. 

Supported by grants from USPHS and KDA. 
The sequence 

Post-Translational Modifications of Synaptic Molecules 
T 006 

Pugh, and Zhong-wei Zhang; Depamnent of Biology, UC San Diego; La Jolla, CA 92093. 

NATIVE ACETYLCHOLINE RECEPTORS ONiEURONS: COMPOSITION. FUNCTION, AND REGULATION BY CELL-CELL 
INTERArnIONS. Darwin K. Berg, Sukumar Vijayaraghavan, William (3. Conroy, Ann B. Vemallis, Roderick A. Comveau, Phyllis C. 

A family of genes encoding subunits of nicotinic acetylcholine receptors 
(AChRs) on neurons has been cloned from several species. Expression 
studies in Xenoprrs oocyes have demonstrated that rhe encoded subunits can 
assemble in various combinations to produce receptors with distinctive 
physiological features. While it is likely that specific AChR gene products 
can have a dramatic impact on the fate and function of receptor subtypes In 
vivo, little is known about the subunit composition of native AChRs and even 
less is known about the role of composition in determining receptor iocanon, 
function, and regulation in neurons. 

Chick ciliary ganglion neurons have at least 2 classes of AChRs. One class 
binds the monoclonal antibody mAb 35, is concentrated predominantly in 
postsynaptic membrane on the neurons, and generates nicotinic responses 
mediating synaptic transmission through the ganglion (mAb 35-AChRs). The 
other class binds a-bungarotoxin, is located predominantly in non-synaptic 
membrane on the neurons, and, until recently, had no known function (aBgt- 
AChRs). Northern blot analysis and RNAase protection experiments 
demonstrate that ciliary gangha contain moderate amounts of at least 5 AChR 
gene products. Immunoprecipitation experiments and immunoblot analysis 
with subunit-specific monoclonal antibodies show that each of 3 subunits 
tested is segregated either to mAb 35-AChRs or to aBgt-AChRs, The unique 
combination of subunits comprising mAb 35-AChRs may dictate a synaptic 
location. 

By loading neurons with a calcium-sensitive fluorescent dye, it can be shown 
that activation of aBp-AChRs elevates the innaceUular level of free calcium 
The pharmacology of the response. agrees well with that predicted for aBgt- 
AChRs from binding studies and distinguishes it from the response of mAb 
35-AChRs on the cells. This establishes native aBgt-AChRs as being 
functional nicotinic receptors. Their non-synaptic location and effects on 
calcium levels suggest that aBgt-AChRs may participate in a novel form of 
cholinergic signalling with imponant regulatory consequences for the neuron. 

Several lines of evidence support the contention thar infomation from the 
postsynaptic target tissue can regulate neurotransmitter receptors on 
ganglionic neurons. Axotomy sharply and specifically reduces the number of 
mAb 35-AChRs and aBgt-AChRs in ciliary ganglia. The levels of AChR 
gene rranscripts in the ganglion increase substantially when the neurons 
contact target tissue in the eye during normal development. A component(s) 
of about 50 kD from the target tissue increases the acquisition of ACh 
sensitivity by the neurons in culture and also enables the neurons to enhance 
their ACh rcsponses acutely in a CAMP-dependent manner. Such components 
represent candidates for target-derived molecules that act via a rerrograde 
pathway to regulate neurouansmiuer rcccpton on the innervating neurons. 
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Synapse Formation and Function: The Neurornuscular 
Junction and the Central Nervous System 

T 007 

Neurotransmitter receptors mediate signal transduction at  the 
postsynaptic membrane of synaptic connections between cells in both 
the central and peripheral nervous systems. This pivotal role in the 
mechanism of synaptic transmission suggests thar neurotransmitter 
receptors may be potential targets at which synaptic plasticity could 
occur. Modulation of the function, expression or density of 
neurotransmitter receptors in the postsynaptic membrane could have 
profound effects on the efficacy of synaptic transmission. A variety of 
data now suggest that protein phosphorylation of neurotransmitter 
receptors i s  a primary mechanism for the regulation of neurotransmitter 
function. W e  have used the nicotinic acetylcholine receptor as a model 
system to  study the role of protein phosphorylation in the regulation of 
neurotransmitter receptor and ion channel function. The nicotinic 
acetylcholine receptor is a pentametic complex of four types of subunits 
the a. 8, y and S in the stoichiomeny of a&6. The nicotinic receptor is 
multiply phosphorylated by CAMP-dependent protein kinase (PKA), 
protein kinase C (PKC), and a protein tyrosine kinase (PTK). PKA 
phosphorylates the y and S subunits, PKC phosphorylates h e  6 subunit 
while the PTK phosphorylates the p, y and 6 subunits. The 
phosphorylation of these subunits occurs on  the major intracellular loop 
of each subunit between the third and fourth transmembrane domains. 
Phosphorylation of the nicotinic acetykhoiine receptor by all of these 
protein kinases appears to regulate the rate of the desensitization of the 
receptor. The phosphorylation of the nicotinic rcceptor is under the 

REGULATION OF N E U R O T R A N S m R  RECEPTORS BY SERINE AND TYROSINE PROTEIh' PHOSPHORYLATION, Richard 
L. Huganir, HHMI, Neuroscience Department, Johns Hopkins University School of Medicine, Baltimore, MD 21205. 

control of a variety of nerve derived factors including acetylcholine itself 
and the neuropeptide calcitonin gene-related peptide. Recent studies 
have also shown that tyrosine phosphorylation of the nicotinic receptor 
i s  regulated y&g and ~* by neuronal innervation of muscle. 
Experiments to characterize the components of nerve involved in  the 
regulation of tyrosine phosphorylation have demonsmted that agrin, a 
neuronal extracellular matrix protein, regulates tyrosine phosphorylation 
in a manner similar to  neuronal innervation. Agrin is thought to be 
released from the neuron and to mediate the nerve-induced clustering of 
the nicotinic acetylcholine receptor at the neuromuscular junction. These 
results suggest that tyrosine phosphorylation of the receptor may be 
involved in the regulation of agrin and nerve-induced clustering of the 
receptor at synapses. In addition, in recent studies, we have begun to  
examine the role of protein phosphorylation in the regulation of the 
major inhibitory and excitatory neunwansminer receptors in the newous 
system, the GABAA and glutamate receptors. These receptors are also 
phosphorylated by a variety of protein kinases including PKA, PKC and 
PTKs. The phosphorylation of these receptors also occurs on the major 
intracellular loop of the receptor subunits and appears to be involved in 
the regulation of desensitization of the receptor. These studies suggest 
that protein phosphorylation of neurotransmitter receptors is a major 
mechanism for the regulation of their function and thus may play a n  
imponant role in the regulation of synaptic plasticity. 

Synaptic Organization of Neurotranrminers Receptors and lon Channels 
T 008 

Houston, TX 77030. 
Neurons are highly polarized cells characterized by a cell surface organization in 
which proteins are segregated and maintained in discrete functional domains. A 
fundamental problem in neurobiology is how neurons establish their patterned 
plasma membranes. Voltagedependent calcium channels and GABA receptors are 
distributed in high density on cell bodies and dendrites and voltage-dependent 
sodium channels (NaChs) are localized at nodes of Ranvier in axons. In myelinated 
nerve, clustering of NaChs at nodes of Ranvier creates sites of large inward sodium 
current and is crucial in facililating saltatory conduction down the axon. Although 
it is not currently known how proteins are synthesized and delivered to different 
membrane domains of the neuron, in other polarized cell types it is thought that 
the different membrane domains are constructed as a result of targeted transport of 
proteins. However, the problem faced by even the simplest neuron in establishing 
its mosaic surface membrane is many times more complex than for almost any 
other cell. While it  is not known how specific cell surface domains are created in 
neurons, recent work with viral and glycosylphosphatidylinositol-linked proteins 
expressed in neurons and epithelial cells suggest that similar mechanisms for 
protein sorting could operate in both cell types. 

In nerve, NaChs are composed of a protein of 260 kDa (a-subunit) and in 
some laboratories additional subunits of 36 kDa (p,) and 33 kDa (83 accompany 
the large polypeptide. In brain, three distinct NaCh genes have been found and 
there is evidence that these NaCh proteins are differentially localized to cell bodies 
and axons. The GABA receptor is a pentameric complex each of whose subunits 
are encoded by multiple genes which can form active GABA receptor complexes. 

TOPOGRAPHY AND SORTING OF VOLTAGE-DEPENDENT ION CHANNELS AND RECEPTORS IN NEURONS AND POLARIZED CEUS, Kimon 
1. Angelides, Eun-hye Joe, and Jose Velquez .  Departments of Molecular Physiology and Biophysics and Neurcscience, Baylor College of Medicine, 

To gain insight into the subunit requirements and signals that target NaCh 
subtypes and specific GABA recepor to distinct synapses on dendrites and cell 
bodies. we examined the sorting of specific combinations of GABA receptor a- 
and p-subunit subtypes and rat brain Na(;bs aftcr aansfection of their cDNAs into 
polarized epithelial cells and neumns. Digital and confocal microscopy with NaCh 
specific antibodies and NaCh specific fluorerent neurotoxins show that Na(3hs I1 
and 111, isofom primarily segregated to axons, are targeted to the apical 
membrane of polarized epithelia and distributed in patches. In addition, in thare 
cells expressing apical NaChs, both ankyrin and spectrin, cytoskeletal elements that 
associate with NaChs in vim, accumulate with NaCh patches. Differential 
detergent extraction and fluorescence photobleach recovery measurements of the 
lateral mobility of fluorescently labeled NaChs shows that 90% of the NaChs 
expressed in the apical membrane are immobile. Using GABA receptor subunit- 
specific antibodies, depending on their subunit composition, defined receptor 
assemblies composed of a -  and p-subunit subtypes are specifically routed to either 
apical or basolateral membranes. The resula indicate that a signal contained in the 
NaCh a-peptide primary sequence is sufficient to target NaChs to a specific 
membrane domain and to induce NaCh-cytoskeleton assembly, while the 
acquisition of quaternary StNCNre of GABA receptor complexes composed of 
specific subunit combinations may determine the differential targeting of GABA 
receptors to either dendrites, cell bodies, or to specific synapses within these 
regions. Supported by the NIH. 

T 009 THE SUBMEMBRANE MACHINERY FOR ACETYLCHOLINE RECEPTOR CLUSTERING, Stanley C. Fmhner, 
Depar tment  of Physiology, University of N o r t h  Caro l ina ,  C h a p e l  Hill ,  NC 27599 

At the vertebrate neuromuscular junc t ion ,  nicotinic 
acetylcholine receptors (AChR) are localized almost 
exclusively to the postsynaptic membrane. At these sites, the 
density of AChR is remarkably high - 8-10,000 receptors per p2 
of membrane surface. Since AChR are transmembrane 
proteins inherently capable of diffusion withrn the plane of 
the membrane, they must interact with other proteins that 
serve as synaptic anchors in order to be maintained in thls 
specialized distribution. We are interested in the mechanisms 
by which AChR are anchored in the postsynaptic membrane 
and how this process is regulated during synapse formation 
and remodeling. By analogy to mechanisms used by other cells 
to form specialized membrane domains. it seems likely that the 
postsynaptic cytoskeleton is involved in anchoring AChR at 
the synapse. A peripheral membrane protein of M r  43,000 
(43K protein) is closely associated with AChR in muscle and has 
been implicated in the receptor clustering phenomenon. The 
43K protein is present in amounts stoichiometric with the 
AChR and is unrelated in primary structure to any other 
cytoskeletal protein. To test directly the involvement of the 
43K protein in AChR clustering, we have examined the 
distribution of AChR in the presence and absence of the 43K 
protein. X c n o p u s  oocytes injected with i n  virro-synthesized 
RNA encoding the a, B, y, and S subunits of the mouse muscle 

AChR express receptors on the cell surface in a diffuse 
distribution. When coinjected with RNA encoding the mouse 
43K protein, AChR are organized into small clusters. These 
clusters also contain the 43K protein, indicating that the 43K 
protein plays a direct role in the clustering, probably by 
interaction directly with the AChR. Finally, when expressed 
alone, the 43K protein forms clusters of similar size and shape, 
even in the absence of the receptor. These results provide 
direct evidence for a role for the 43K protein in clustering of 
AChR. We are currently using a similar approach to 
determine how other proteins of the postsynaptlc cytoskeleton 
assemble. Among other proteins closely associated with 
postsynaptic si tes is one of Mr 58,000 (58K protein). 
Biochemical studies demonstrate that the 58K protein is 
complexed with dystrophin and possibly with other members 
of the dystrophinispectrin family of proteins. Isolation and 
sequencing of cDNA clones encoding the Torpedo and mouse 
58K proteins indicate that these proteins a r t  unrelated to any 
other sequence in the protein data banks. Coexpression of the 
58K protein with AChR and/or the 43K protein will allow us to 
study the assembly of these postsynaptic components and 
begin to understand how this process i s  regulated during 
neuromuscular synaptogenesis.  

21 9 



Synapse Formation and Function: The Neuroniuscukar 
Junction and the Central Nervous System 

T 010 

The metabolic turnover rate of AChRs at the vertebrate 
newmuscular junction (nmj) varies with the state of innervation. 
and can sometimes (but not always) be regulated by CAMP and/or 
muscle activity. However, a basic mechanism for this regulation, 
and the circumsfances under which the AChR turnover can be. 
regulated has not yet been determined. Work from our laboratory 

REGULATION OF ACHR DEGRADATION AT VERTEBRATE NEUROMUSCULAR JUNCTIONS, Miriam M. Salpeter, Dept 
Neurobiology & Behavior, Cormll University, Ithaca. 

has suggested that there are two populations of AChR at the nmj, 
(called Rs and R,) which differ in their degradation rate and in their 
responses to innervation and other factors. Other laboratories have 
explained the existing experimental nsults without invoking two 
AChR populations. The alternate models and their corroborating 
evidence will be discussed. 

T 011 NICOTINIC ACETYLCHOLINE RECEPTORS ON AUTONOMIC NEURONS, Peter Sargent, Guy Bryan, Evelyn Garrett, 
Danny Pang, and Laura Streichert, Depts. of Stomatology and Physiology, Univ. of California, San Francisco, C A  94143. . -  

We examined the effects of innervation upon the distribution and 
number of nicotinic acetylcholine receptors (AChRs) on the surface of 
autonomic neurons in the frog cardiac p g l i o n .  AChRs were 
monitored either with anti-electric organ A hR monoclonal antibody 
22 a ft from Dr. Jon Lindstrom) or with neuronal-bungarotoxin (n- 
BuiXf Electron microscopic examination of imrnunoperoxidase- 
stained ganglia indicates that AChRs are clustered at  synaptic sites on 
normally innervated neurons, where they are found on the postsynaptic 
surface opposite active zones. Surprisingly, some AChR clusters (20% 
of the total) are also found in the extrasynaptic membrane. No 
extrasynaptic AChR clusters are  found in fro skeletal muscle using 
identical methods for visualizing AChRs. jenervation of cardiac 
ganglia for 2-3 weeks results in a 4-fold reduction in the average size of 
AChR clusters and a marked chan e in their distribution; AChR 
clusters on denervated neurons are o8en distributed randomly on the 
cell body surface, whereas those on normal cells are  concentrated at 
the base of the cell, where most of the synaptic boutons lie. The 
original synaptic clusters of AChRs thus do  not survive denervation. 
By contrast, immunoperoxidase-stained AChR clusters in frog skeletal 
muscle are retained at their original position and at their original size 
for 2-3 weeks in the absence of innervation. The effects of denervation 
upon the number of AChRs in the cardiac gan ion was examined 
using IDI-n-BuTX. Bath application of n B u d ' i n d i c a t e s  that the 
toxin blocks both EPSPs and ACh potentials at 5-20 nM. ACh 
potentials on both normal and denervated cells are reduced by more 
than 80% in the presence of 20 nM n - B u m .  Binding assays using lBI- 

n-BuTX and cardiac ganglion homogenates indicate the presence of 
two classes of 'ZI-n-BuTX binding sites, a high-affinity site with a K,j 
of 1.7 nM and a B of 3.8 fmoUganglion and a low-affinity site with a 
K,j of > 100 n f l % e  high-affinity site is likely to represent the 
functional AChR. Denervation of cardiac ganglia for 2-3 weeks does 
not change the number of high-affinity sites in the gan lion, suggesting 
that it does not change the number of AChRs. AEhRs were also 
visualized autoradiographically after incubating intact tissue with IBI- 
n-BuTX. IZI-n-BuTX binds selectively to synaptic sites on the 
ganglion cell surface, and the binding occurs with high affinity (&= 1.3 
nM) and shows nicotinic pharmacology. Denervation does not alter 
the number of autoradiographic grains on the cell surface. The failure 
of denervation to increase the number of AChRs on the surface of 
cardiac ganglion cells is curious, given the increase in ACh sensitivity of 
these neurons induced by denervation. To learn whether this dener- 
vation supersensitivity to ACh mi ht be caused by changes in extra- 
cellular acetylcholinesterase (AChk), we measured sensitivity of both 
normal and denervated cells to  both ACh and carbachol, a non- 
hydrolyzable analog of Ach. Denervation increases sensitivity to ACh 
but not to carbachol. The denervation-induced increase in ACh sen- 
sitivity is not observed if ganglia are  pre-treated with an irreversible 
inhibitor of AChE. Denervation supersensitivity to ACh is therefore 
not caused by a change in the number or properties of AChRs but 
rather by a reduction in the effectiveness of AChE. These results 
suggest that AChRs on neurons are  regulated differently than those on 
muscle fibers. 

Use- Dependent Development of Synaptic Structure 
T 012 SYNAPTIC COMPETITION AT THE NEUROMUSCULAR JUNCTION. Jeff W. Lichtman, Rita Mice-Gordon, Peter van Mier, 

Adam Brown. Washington University School of Medicine, St. Louis, MO 63110. 

Posmatal elimination of synaptic connections beoueen motor neurons and instigates synapse withdrawal emanates from the postsynaptic cell. If the 
muscle fibers occurs at virtually all developing neuromuscular junctions in postsynaptic cell mediates synaptic competition between axons the mechanism 
mammals. Before the period of synapse elimination every muscle fiber is must permit the postsynaptic cell to distinguish between the synaptic contacts 
innervated by multiple motor axom (often two) whose synapses are interspersed at Fat will be maintained from those synapses of the other axon that are 
the same site on the muscle fiber. However, following the loss, each muscle fiber terspersed with it at the same junction. One difference between inputs that 
retains innervation from exactly one motor neuron. A number of lines of evidence f e  postsynaptic cell could use to distinguish the synapses of one axon from 
indicate that the transition from multiple to single innervation is due to a Loss of those or another is their activity patterns. To test the potential role of activity 
axonal branches within the muscle rather than death of motor neurons. Thus, each differences as a stimulus for synaptic competition we have followed adult 
motor neuron initially innervates more muscle fibers than it will remain in contact junnions in whlch synaptic transmission from one axonal branch has been 
with. In many ways this segregative event is analogous to changes in axonal effectively blocked. By locally puffing a saturating dose of a-bungamtoxin 
projections in the postnatal central nervous system. onto the postsynaptic receptors at one pan of an adult neuromuscular junction, 

We have followed synapse elimination at individual neuromuscular junctions one branch of an axon's terminal a r b r  on that muscle fiber is made 
over time in living mice. By using one vital fluorescent probe for nerve terminals ineffective. By following such junctions over several weeks we could assess 
(4-Di-2-ASP) and another for postsynaptic acetylcholine receptors (fluorescently if the postsynaptic cell can sense that some of its receptor sites are inactive at 
tagged a-bungarotoxin) we have watched the events underlying synapse withdrawal. the time other receptor areas are functional. The results were dramatic: within 
Surprisingly, the loss of nerve terminals coincides with a loss of postsynaptic 2-3 days of such partial postsynaptic blockade, nerve terminal branches over 
receptors at the same sites. We have found no evidence that axons compete for the blocked sites began to disappear. The entire nerve terminal area overlying 
occupation of the same sites. Rather, as synapse elimination proceeds each junction the blocked receptors was resorbed over the course of 7-10 days. 
undergoes a series of pre- and postsynaptic receptor site disappearances. The Furthermore, postsynaptic receptors at the blocked site were also eliminated 
postsynaptic losses are correlated with a step by step withdrawal of overlying and no new receptors took their place. Thus, this experimental result mimics 
synaptic butons from one of the two axonal inputs. Only when the junctions are the loss of nerve terminals and receptors seen during competitive synapse 
finally singly innervated does the loss of postsynaptic receptor sites cease. elimination between different axom. This result shows that postsynaptic 

Our evidence suggests that the postsynaptic receptor changes begin before the activity has a destabilizing effect on receptor sites that did not contribute to the 
overlying synapse is withdrawn. Fluorescent recovery after photobleaching and postsynaptic activity. This son of mechanism could also explain some 
other experiments suggest to us that receptor loss is due at least in part to migration competitive events between axons in the developing central nervous system. 
of receptors to other sites on the muscle fiber membrane. The precocious 
postsynaptic changes that precede synapse loss may mean that the signal that 
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T 013 THE ROLE OF NMDA RECEPTORS IN DEVELOPMENT OF ORDERLY BINOCULAR CONNECTIONS IN XENOPUS. 
Susan B. Udin,  State University of New York. Buffalo. NY 14214. 

Vrsual input plays a pivotal role in the establishment of matching binocular 
maps In the tectum of Xenopus frogs. In adult X e n o p u s .  each tectal lobe 
receives a direct retinotectal projection from the contralateral eye. The 
ipsilateral eye's input is relayed indirectly. via the nucleus isthmi. When 
the frog has been reared with normal visual input, these two representations 
are in register so that each position in the binocular portion of the visual 
field is represented at a single location via both eyes in each tectal lobe. 
The essential role of visual experience m establlshing this registration is 
demonstrated by the fact that the ipsilateral map fails to organize properly 
if the animal is reared in the dark. Moreover. abnormal visual experience 
resulting from surgical rotation or realignment of the contralateral eye 
during development induces an orderly rearrangement of the ipsilateral 
map. reestablishing registration with the contralateral projection. 

The process that brings the ipsilateral map into register with the 
contralateral map involves a Hebbian mechanism, whereby axons with 
similar firing patterns stabilize one another when they cowerge on common 
postsynaptic dendrites. The NMDA-type glummate receptor is appropriate 
for such a process, since retinotectal axons release glutamate and activate 
this receptor. inducing calcium influx into tectal cells. We suggest that the 
calcium triggers release of a retrograde messenger. Ipsilateral axons with 
correlated firing activity would be stabilized by the synergistic action of 
this messenger and the elevated intracellular calcium associated with the 

axons' firing. Evidence for this hypothesis comes from experlments 
showing that blockade of NMDA receptors with chronic applicatlon Of the 
antagonist APV prevents realignment of the ipsilateral map wrth the 
contralateral map after eye rotation during development. 

Changes in NMDA receptors may underlie the loss of plasticity 
seen during normal development. The changes described above typically 
occur only during a critical period of development. However. plasticity in 
adults can be restored by chronic treaunent with low doses of NMDA. 
Three months of NMDA treatment in frogs which have had one eye rotated 
after the normal end of the critical period induces rearranged connections. 
The exogenous NMDA may boost the activation of a diminished population 
of receptors such that the threshold for activity-dependent alteration of 
synaptic connections is reached. 

Changes in plasticity also are associated with changes in 
expression of the polyslalylated neural cell adhesion molecule NCAM. We 
find high levels of immunostaining for this molecule in the tecta of 
developing frogs but not in normal adults. In dark-reared adults. in which 
plasticity is maintained at juvenile levels, immunostaining is higher than 
in age-matched controls. In adult frogs unilaterally treated with NMDA. 
the NMDA-treated side reacquires a pattern of high staining while the 
control side does not. These results suggest that the activity-dependent 
mechanisms associated with plasticity may affect connectivity in part by 
altering expression of variants of NCAM. 

Synaptic Regulation of Gene Expression 
T 014 STRUCTURE AND ASSEMBLY OF THE MAMMALIAN MUSCLE ACETYLCHOLINE RECEPTOR. Zach W. Hall, Xiao Mei 

Yu, Shahla Verrall, Raymond A. Chavez, Department of Physiology, University of California, San Francisco, CA 94143. 

We have used an in vitro translation system to examine the 
transmembrane topology of newly-synthesized a and 6 subunits of the 
mouse muscle AChR. By introducing novel glycosylation sites and by 
using a fusion protein in which prolactin, used as an antigenic marker, 
is attached to N-terminal fragments of the subunits, we determined 
which particular segments are on the cytoplasmic or lumenal side of 
the microsomal membrane. Our results are  consistent with a model in 
which the entire N-terminal domain preceding MI  is translocated into 
the lumen, the C-terminus is lumenal, and MI-M4, but not MA, are 
transmembrane domains. 

We have also carried out experiments in COS cells that transiently 
express receptor subunits to investigate which parts of the subunits 
mediate specific recognition steps during receptor assembly. We have 

found that chimeric subunits, in which the N- and C-terminal regions 
are from the B 
subunit, are able to substitute for the t, but not the 8, subunit during 
AChR assembly. We have also used a dominant-negative assay to 
show that fragments of the a, 7 and 6 subunits that contain the N- 
terminal region, but lack all transmembrane domains block 
heterodimer formation and the surface expression of the AChR. 
Sucrose gradient experiments also show that a fragment of the a 
subunit containing the N-terminus forms a specific complex with the 6 
subunit. On the basis of these observations, we conclude that the N- 
terminal domain contains the information necessary for specific 
subunit association. (Supported by grants from the NIH and the 
Muscular Dystrophy Association). 

t subunit and the intervening portion from the 

T 015 

and *Molecular Oncology and Virology, Roche Institute of Molecular Biology, Nutley, NJ.  071 10. 
Excitation of neurons both in vivo and in culture results in the rapid 
nanscriptional activation of a class of genes, known generically as cellular 
immediate-early (cIE) genes. This induction occurs even in the absence of 
ongoing protein synthesis and represents the earliest transcriptional 
consequences of cell stimulation. Many (but not all) cIE genes encode 
known or putative transcription factors that are supposed to alter the 
expression of target genes, thereby providing an initial link between a 
stimulwand long term changes in cellular phenotype. One group of cIE 
genes encode proteins of the h and & families that form homo- and 
heterodimers with one another and exhibit sequence specific DNA binding 
activity to the AP-I consensus (TGACTCA). In the brain following seizure, 
it is possible to show elevation of c-fes and c-& mRNA as well as mRNA 
and protein for other fes- and h - re l a t ed  family members. This induction 
occurs in a staggered manner such that there is a dynamic appearance and 
disappearance of these proteins but a prohacted elevation of AP-1-like DNA 
binding activity. 1.e. a relatively brief period of stimulation not only elicits a 
rather long-term elevation of AP-1 binding activity but also the molecular 
composition of these AP-I complexes varies in a time-dependent manner. 
Many types of stimuli have been shown to elicit c-fes induction in brain; 
including, electrical and chemoconvulsant seizures, cerebral ischaemia, 
nerve and brain trauma, painful and tactile stimuli, osmotic sness, photic, 
olfactory and acoustic stimuli, and administration and withdrawal of drugs of 
abuse such as amphetamines, cocaine and morphine. This has resulted in the 
widespread use of Fos immunohistochemistry and in  s i t  I! transgene in primary dissociated cultures of the fetal nervous system. 

SYNAPTIC REGULATION OF TRANSCRIPTION: FXOM ONCOGENES TO TRANSGENES, Richard J. Smeyne, Karl 
Schilling, John Oberdick, *Daniel Luk, *Linda Robertson, *Tom C u m  and James I. Morgan. Departments of Neuroscience 

hybridization for c-fes mRNA to map the pathways and sites of action of 
neurophysiologically and neuropathologically relevant agents and 
conditions. Since these methods are somewhat tedious and prone in some 
cases to ambiguity because of cross-reactivity of reagents we have developed 
a new Fos mapping strategy based upon transgenic mice. Bacterial h 2  has 
been inserted, in-frame, into the fourth exon of a c-fns genomic fragment 
that contains all known 5' and intragenic regulatory elements, introns, exons 
and 3' mRNA regulatory sequences. The fusion protein encoded by this gene 
is translocated to the nucleus and can be readily detected by its galactosidase 
activity. Transgenic mice have been generated using this fusion gene which 
is shown to recapitulate normal c-fes regulation both in terms of basal and 
stimulated expression. Constitutive expression of this f e s - h Z  transgene 
(and cognate c-f& is seen to be associated with cells that are undergoing 
terminal differentiation and that will subsequently die. Whether expression 
of c - h  is causally related to programmed cell death is unknown at the 
present. During development of the CNS, constitutive f n S - h Z  expression is 
seen in neurons in a number of brain regions at times when active 
synaptogenesis is under way. Instances include, mind cells of the olfactory 
bulb, pyramidal neurons in the distal region of the CAI layer of 
hippocampus and the parafascicular nucleus of the thalamus. The transgene 
can also be induced transiently in brain with differentia] patterns of 
expression by diverse physiological and pharmacological stimuli that will be 
discussed. In addition, many neurotransmitters and growth factors induce the 
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Molecules Involved in Synaptic Differentiation 
T 016 THE PUTATIVE AGRIN RECEPTOR Justin. R. Fallon, Jian-Yi Ma and Mary A. Nastuk, Neurobiology Group, 

Agrin is a component of the synaptic basal lamina that To further investigate the biochemical nature of the putative 
induces the clustering of acetylcholine receptors (AChRs) agrin receptor, we tumed to Torpedo electric organ membrane 
on cultured myotubes and is likely to play a central role in fractions. Agrin binds to these membranes as judged by 
orchestrating postsynaptic differentiation at  the immunofluoresence microscopy, RIA, and depletion of 
neuromuscular junction. However, little is known about bioactive agrin from solution. Binding measured by all three 
how agrin interacts with the cell surface, or the nature of assays requires calcium and is abolished by pretreatment of 
its putative membrane receptor. To address these the membranes with trypsin. Half-maximal binding is observed 
questions, we have characterized agrin binding to cultured at subnanomolar agrin concentrations. Agrin binds selectively 
myotubes and to purified plasma membrane fractions from to membrane fractions enriched in synaptic components: 
Torpedo elecmc organ. Immunofluorescence microscopy membranes from non-synaptic regions of electric organ 
shows that on myotubes incubated with agrin at 4°C membranes or liver show low or undetectable levels of agrin 
(resting myotubes), agrin binds in a uniform, finely punctate binding. Agrin binding to Torpedo membranes is unaffected by 
pattern that correlates poorly with the distribution of removal of peripheral membrane proteins by alkaline treatment. 
AChRs. Immunoelectron microscopy shows that agrin The level of agrin binding to solubilized preparations is 
binds to a component closely associated with the plasma unaffected by depletion of AChR by a-bungarotoxin affinity 
membrane; binding to formed elements of the extracellular chromatography. These data indicate that the putative agrin 
matrix is not observed. Myotubes stimulated with agrin at receptor is: 1 ) an integral membrane protein distinct from the 
37°C for 22hr show a co-clustering of agrin binding sites AChR; 2) highly concentrated at  postsynaptic-like 
and AChRs. By contrast, if anti-AChR antibodies are used specializations on myotubes and in postsynaptic membranes 
either to cluster or to internalize AChRs, the dismbution from electric organ; and 3 ) binds agrin in a calcium dependent 
and number of agrin binding sites remains unchanged. fashion. The aggregation and calcium dependence of the 
Agrin binding to myotubes is saturable as measured by RIA putative agrin receptor may represent important control points 
and, like agrin-induced AChR clustering, requires in postsynaptic differentiation. 
extracellular calcium. 

Worcester Foundation for Experimental Biology, Shrewsbury, MA. 01545 

Use Dependent Modification of Synaptic Function 
T 017 INDUCTION MECHANISMS FOR NMDA-RECEPTOR INDEPENDENT LTP IN HIPPOCAMPUS, David B. Jaffe, Stephen H. 

Williams, Richard Gray, Nelson Spruston, and Daniel Johnston, Division of Neuroscience, Baylor College of Medicine, Houston, TX 
77030 

The induction of LTP at  mossy fiber synapses in the CA3 region of hippocan- 
pus is independent of the activation of NMDA receptors. We have tested the 
hypotheses that induction is dependent on a rise in intracellular Cazi and on 
the membrane potential in the postsynaptic neuron. Using electrophysiolog- 
ical techniques in rat slices, we found that the injection of BAPTA, a Ca" 
chelator, into CA3 neurons blocked the induction of mossy fiber LTP. In 
other experiments, we found that strong hyperpolarization during the tetanus 
train blocked, while depolarization during the train enhanced, LTP induction. 
These results suggest that a rise in [Ca*+]; is required for LTP and that in- 
duction (e.g. the influx of Caz+) depends on the membrane potential of the 

postsynaptic neuron. Induction also appears to require high-frequency synap 
tic activity in addition to postsynaptic depolarization because depolarization 
alone had no effect on LTP. We propose that an additional factor, which is re- 
leased with high-frequency stimulation, facilitates the induction of mossy fiber 
LTP. We have also begun to explore the postsynaptic mechanisms of Caz+ 
entry into pyramidal neurons using fluorescent imaging techniques. Voltage- 
gated Caz+ channels appear to be located throughout the dendrites and are 
activated by action potentials that partially invade the dendrites. These re- 
sults may help explain the Hebbian nature of both NMDA-receptor dependent 
and independent LTP. 

T 018 BIOCHEMICAL MECHANISMS CONTRIBUTING TO LONG-TERM POTENTIATION, Eric Klann, 
Dane Chetkovich, Shu-Jen Chen, Craig Powell, J. Suzanne Sessoms, Morganne Gower, and J. David Swe- 
att, Baylor College of Medicine, Houston, TX 77030. 

The induction of one form of long-term potentiation (LTP) in the 
CAI region of hippocampus is known to be dependent upon the activation 
of NMDA receptors. However, the biochemical events subsequent to 
NMDA receptor activation that are required for LTP induction and mainte- 
nance are not well-defined. We have observed that NMDA receptor activa- 
tion and LTP-inducing tetanic stimulation elicits an increase in cyclic AMP 
levels in the CAI region of hippocampus. The NMDA receptor mediated 
increase in cyclic AMP appears to be due to calcium influx and subsequent 
activation of calmodulin-sensitive adenylyl cyclase. These results suggest 
the possibility that activation of the cyclic AMP cascade may be one of the 
biochemical sequelae of NMDA receptor activation that contributes to the 

induction of NMDA receptor dependent LTP. Previous pharmacological 
and electrophysiological studies have suggested that persistent activation 
of protein kinases conmhutes to the maintenance of LTP. We have directly 
assayed hippocampal slices for long-lasting increases in protein kinase 
activity after LTP-inducing stimuli. We have found that the maintenance 
phase of LTP is associated with a calcium-independent, persistently acti- 
vated form of protein kinase C. The induction of this effect is blocked by 
NMDA receptor antagonists. This finding compliments previous studies 
and strongly supports the hypothesis that persistent activation of protein 
kinase C contributes to the maintenance of LTP. 
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Role of the Extracellular Matrix in Synaptogensis 
T 019 THE ACTMTY-DEPENDENT CNS PROTEOGLYCAN RECOGNIZED BY MONOCLONAL ANTIBODY CAT-301 IS 

STRUCIURALLY AND FUNCTIONALLY RELATED TO AGGRECAN, S. Hockfield and H. Fryer, Section of 
Neurobiology. Yale University School of Medicine, New Haven, CI'. 

Evoked neuronal activity plays an imponant role in sculpting the 
final morphological and physiological features of neurons in the 
mammalian central nervous system (CNS). Activity-dependent 
alterations in neuronal phenotype occur predominantly during 
circumscribed periods in development, which have been called 
"critical" or "sensitive" pericds. We have been studying molecular 
properties of neurons that correlate with, and might subserve, the 
acquisition of mature neuronal phenotype during developmental 
critical periods. 

The chondroitin sulfate proteoglycan (CSPG) recognized by 
monoclonal antibody Cat-301 is expressed as a perisynaptic, surface 
antigen on subsets of neurons in many areas of the CNS. In three 
systems we have demonstrated that the expression of the Cat-301 
CSPG is regulated by neuronal activity early in the postnatal period. 
Deprivation of normal patterns of neuronal activity early in 
development inhibits the expression of the proteoglycan. The 
restoration of normal activity late in development does not restore 
normal levels of expression. Deprivation in adult animals does not 
reduce proteoglycan expression. Surgical, environmental and 

pharmacological manipulations during the early postnatal period @Ut 
not in adults) can all affect the level of Cat-301 expression. 

We have examined the relationships between the Cat-301 
CSPG and proteoglycans from other tissues. Cat-301 recognizes a 
high molecular CSPG from canilage, which we have demonstrated 
to be aggrecan. Like aggrecan, zhe Cat-301 CSFG from brain binds 
hyaluronic acid. However, aggrecan and the Cat-301 CSPG from 
brain are not identical in that aggrecan has keratan sulfate 
substitution, while the CNS CSPG does not. The Cat-301 CSPG 
also has a lower buoyant density than aggrecan. These biochemical 
data suggest that the Cat-301 CSPG represent another member of 
the family of high molecular weight CSPGs which bind to and 
aggregate with hyaluronic acid 

Biochemical and ultrastructural studies have provided 
evidence that the Cat-301 CSPG is an element of an extracellular 
matrix in the mature mammalian CNS. Taken together, our 
experiments suggest that the late expression of extracellular mamx 
molecules may play a role in stabilizing the mature synaptic smctm 
of CNS neurons. 

Late Abstract 
GLUTAMATEGATED ION CHANNELS IN THE BRAIN: GENETIC MECHANISMS FOR GENERATING MOLECULAR AND FUNCTONAL DIVERSITY, P.H. 
Seeburg. Ph.D., 8. Sommer. Ph.D.. W. Wisden. Ph.D.. H. Monyer. M.D.. T.A. Verdoorn'. Ph.D., N. Burnashev'. Ph.D.. 6. Sakmann'. M.D.. Ph.0.. Center for 

Molecular Babgy. UnNenay of Hedelberg. 6WO Heldslberg. Germany and Max-Plad InsMu! fur Mediinische Forschung, 6933 Hedelborg. Germany 

LQlummate 1s the major examtwy newobammmr m me vnmbrate mnml nervous system 
(CUS) It gates s~tlontc channels which m&sP last eaelatorf synapuc responses and 
pamcipam m mechansms underlylcg hlgher neural buneons Thess channels dso medmte 
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paU~ological sihlBhQns Funhermore a vanety of chronic neuroiwJlca1 disorders may be 
generated by foxins amng as agonists at glummate gated receptor channels There exst 
dsmci mnoaopc gbtemam recepmr subtyper nsmsd a w d n 9  to the egonlsk Nmemyl D 
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to play a role m neumnal plssuaty Snd neummnety AMPA reospmrs am the man medlstors of 
hst ex~tatory wummnsmssmn end em expresred mmughan me CNS These channek can 
ako be paw by )(A H m v e r  mere appears m eust II separate dass 01 glummate receptor 
&mela whet bnd UA wm high afhnity and WuOh 688111 to be msmYhre m AMPA 

Recanly we end others have don& a granng famtly 01 related Qlulsmale m p m r  subYnlB of 
rat h n  that l m  fumonal a tmn channels n nm These subuntts cen be gmuped mm mose 
m n g  m the AMPA sekLweglutamam regpmr (4 ~ l l n b  WuRA B C and D) and to e 
MA nhciwe -tDr subtype All s u b ~ n l 6  a m  appoxlmasly 900 amm aa& in length and am 
p.asd m mnmtn tour membrane spanning regions (TMI to TMIV) which determine me 
tramsmbrane topology 01 mese polypepudes All SUhnlk s h w  a malderable sequenm 
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TMlIl nd TMIV The subunm d h r  most in then plmwue sxmceuular regans (4m -,dues) 
whem AMPA recaptor subunits share appmximately 60% and UA receptor subunits 75% 
seqmnw idenhty Pamse mmpensms between subunlk of me two mmptor classes redurn 
ldenuty 10 ebout 25% in thu doman 
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Ion Channels and Preqnaptic Mechanisms 
T 100 EXPRESSION OF HUMAN NEURONAL VOLTAGE- 

DEPENDENT CALCIUM CHANNEL IN TRANSFECTED 
HEK293 CELLS, P. Brust, A. Maroufi, M. Akong, D. Feldman, S. Ellis, 
G. Velicelebi and M. Harpold, SIBIA, 505 Coast Blvd. S . ,  La Jolla, 
CA, 92037 
Recently, we reported isolation of the cDNAs encoding three subunits 
(alo, P2) of a human neuronal voltage-dependent calcium channel 
Williams. M., Feldman, D.F., McCue, A.F., Brenner, R., Velicelebi, 
G., Ellis, S.B. and Harpold, M.M. (1992) Neuron, in press]. 
Recombinant expression of these subunits in Xenoous oocytes and 
pharmacological characterization of the voltage-dependent Ba2’ currents 
indicated that the and P2 subunits, together, comprise a neuronal 
subtype of a DHP-sensitive L-type VDCC. We report here recombinant 
expression of the aIDa2& channel i n  HEK293 human embryonic kidney 
cells. pcDNAl and pCMV expression vectors were used to direct both 
transient and stable expression of the three subunits in HEK293 cells. To 
establish stable transfectants, the pSV2neo selectable marker was co- 
transfected. Functional expression of the recombinant channel was 
determined through: (a) measurement of Ca” flux, and @) measurement 
of voltage-dependent Ba” currents. To detect increases in calcium flux, 
the cells were first loaded with fluo-3, a calcium-sensitive fluorescent 
dye, prior to depolarization of the cell membrane by the addition of KCI. 
Cells which had been transfected with the vecturs containing the C Y , ~ , C L ~ ~ ,  

and O2 cDNAs responded to depolarization by an increase in fluorescence, 
indicating an increase in intracellular Ca2+. This response was enhanced 
by the DHP-agonist Bay K 8644 and inhibited by the DHP-antagonist 
nifedipine. No significant fluorescence response was detected in 
mtransfected cells. High-voltage activated currents of 25-60 pA were 
detected i n  the transfected cells through measurement of inward Ba2+ 
currents in  response to electrical polarization by whole-cell patch 
recording. Application of Bay K 8644 increased the magnitude of the 
currents approximately threefold and resulted i n  the appearance of 
prolonged tail currents. More detailed characterization of the recombinant 
calcium channels is in progress. 

T 102 HABITUATION OF NEUROTRANSMITER 
RELEASE IN PC12 CELLS, Laura Cheever and Daniel E. 

Koshland, Jr. Division of B ixhemisq  and Molecular Biology, 
Depamnent of Molecular and Cellular Biology, University of 
California at Berkeley, Berkeley, CA 94720. Habituative learning 
and memory were studied using neuronally differentiated PC12 cells 
as a model system. These clonal cells secrete norepinephrine in 
response to stimulation with ATP or acetylcholine. With repetitive 
stimulation, the amount of norepinephrine released decreases. 
meeting many of the criteria for habltuative learning. Retention of 
changes in cellular behavior following habituation depends on the 
number of habituanng stimuli. For stimulanon with ATP, 
habituation results from receptor inactivation, demonstrating that a 
common phenomenon such as receptor inactivation can potentially 
give rise to learning and memory. Kinetic equations based on a 
hypothetical stimulation-dependent inactivation of the response 
machinery are used to analyze the observed habituation. 

T 101 SYNAPTOGLYCAN: A KERATAN SULFATE 
PROTEOGLYCAN OF SYNAPTIC VESICLES, S.S. Carlson, 

M. Iwata, and T. Scranton. Dept. of Physiology and Biophysics, 
University of Washington, Seattle WA. 98195 We have determined that 
synaptic vesicles contain a vesicle-specific keratan sulfate integral 
membrane proteoglycan. 77iis is probably the major proteoglycan of 
electic organ synaptic vesicles. It exists in two forms, a low molecular 
weight (L Form) of about 100 kd and a higher molecular weight form (H 
form), about 250 kd on SDS-PAGE. Both forms contain SV2, an epitope 
on the cytoplasmic side of the vesicle membrane. n t e  SV2 protein is non- 
covalently complexed to 4 proteins with molecular weights of 23 kd, 
35kd, 39 kd, and 45 kd. In addition to e l e c ~ c  organ, we have analyzed 
the SV2 antigen in vesicle fractions from two other sources; elecmc fish 
brain and rat brain. Both the H and L forms of SV2 are present in these 
vesicles and all are keratan sulfate proteoglycans. Unlike previously 
studied synaptic vesicle proteins, this proteoglycan contains a marker 
specific for a single group of neurons. While the SV2 protein is present in 
all neurons of the fish brain, a unique keratan sulfate epitope, SVl, of this 
proteoglycan is not. SVI is specific for the cells innervating the electric 
organ and is not found in other neurons of the elecmc fish brain. We 
propose the name synaptoglycan for this synaptic vesicle keratan sulfate 
proteogl ycan. 

T I a3 IMMUNOCHEMICAL IDENTIFICATION OF AN N-TYPE 
AND AN L-TYPE CALCIUM CHANNEL FROM RAT BRAIN, 

Johannes W. Helli, Ruth E.Westenbroek1, Michael K. Ahlijanianl, Terry 
P. Snutch2, and William A. Catteralll. ’Department of Pharmacology, 
University of Washington, Seattle, WA 98 195 and 2Biotechnology 
Laboratory, University of British Columbia. Vancouver, B.C., V6T 1W5. 
POIYCIOMI antibodies were raised against synthetic peptides, which 
correspond to sequences of multiple calcium channel al subunits cloned 
from rat brain. In immunoprecipitation experiments, one antiserum (CNBI) 
specifically recognized only the w-CgTx GW-receptor (N-type channel), 
but not the dihydmpyridine-receptor (L-type channel). In contrast, 
antiserum CNC 1 immunoprecipitated only the dihydropyridine-receptor, 
but not the w-CgTx GVIA -receptor. Neither of these receptors could be 
precipitated using the third antiserum CNA I .  This suggests, that CNB I is 
specific for the N-type channel and CNC I for the L- type channel , 
whereas CNA I may recognize the w-CgTx GVIA- and dihydropyridine- 
insensitive P-type channel. This conclusion was further supported by 
immunohistochemical investigations, where all three antisera showed a 
differential cellular and subcellular distribution in rat brain. lmmunobloning 
and immunoprecipitation experiments are in progress to identify and 
compare the protein components of these brain calcium channels. 
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Joan Rothlein an( 
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IDENTIFICATION OF PROTEINS REQUIRED FOR ATP-DEPENDENT 
L!)o?a’*-ACTIVATED STEPS I N  THE REGULATED SECRETORY PATHWAY, 
Thomas F.J. H a r t i n ,  Bruce W. P o r t e r ,  J a n e  H. Walent and Jesse 

OF PROTEIN KlNASE C. +n M..Lohof, C. Hay, Department of  Zoology, U n i v e r s i t y  of Wisconsin, 
Mu-ming Poo, De artment of Biological Madison, WI 53706 Neura l ,  endocr ine  and e x o c r i n e  cells 
Universitv. New fo rk .  NY 10027. p o s s e s s  a Ca“-activated s e c r e t o r y  pathway by which t h e  

TION OF TRAhSMITTER SECRETION 
OPING NEUROMUSCULAR SYNAPSES 

We haveinvestigated the posiible role of protein kinase C (PKC) 
activation in regulating transmitter release at developing 
neuromuscular synapses in nerve-muscle cultures pre ared from 
Xenouus embryos. Synaptic currents were recorded t?om 
myoj t e s  which had been contacted by a growing neurite (natural 
synapse) or which had been brought into contact with a neuron 
(manipulated synapse), using whole-cell patch-clamp recording 
method. Local perfusion of the synapse with medium containing 
20-300 nM of 12-0-retradecanoyl-phorbol- 13-acetate ( P A )  
resulted in a marked increase in the frequency of spontaneous 
synaptic currents (SSCs). Similar treatment with the inactive 
analogue 4-alpha-phorbol (100 - 200 nM) produced no increase in 
the SSC frequency. TF’A also produced a small increase ie the 
mean SSC amplitude, apparently due to more frequent large- 
amplitude currents. The potentiation was apparently due to a 
presynaptic action of TPA on the secretion mechanism, since 
TPA had little effect on the postsynaptic response to 
iontophoretic application of ACh. After brief treatment with 
TPA, the potentiation usually persisted for as long as the 
recording was made. Interestingly, only brief activation of protein 
kinase C appears to be necessary to trigger a long-term 
potentiation of spontaneous secretion. Application of the kinase 
inhibitors staurosporine (0.25 - 1 pM) and H-7 (100 pM) before 
TPA application prevented TPA-induced potentiation. However, 
these drugs produced only a transient inhibitory effect, if any, on 
transmitter secretion when applied after the PA-induced 
PotenFiation was established. This observation suggests that 
initiation of down-stream event(s) following PKC activation may 
lead to a persistent potentiation which becomes independent of 
PKC activity itself. Identification of processes affected by PKC 
within the presynaptic nerve terminal may reveal cellular events 
important for synapse development and plasticity. 

T 106 ESTABLISHMENT OF SYNAPTOTAGMIN (P65)- 
DEFICIENT VARIANT SUBCLOh’ES OF PC12 RAT 

PHEOCHROMOCYTOMA CELLS, Takahashi, M., Shoji-Kasai, Y., 
Yoshida, A,, Ogura, A,, Sato, K., Kondo, S., Hoshino, T., 
Fujimoto, Y., Kuwahara, R., Mitsubishi Kasei institute of Life 
Sciences, Machida, Tokyo 194, Japan 
Synaptotagmin (p65) is a novel phosphoprotein localized in secretory 
vesicular and presynaptic membranes of various neurons and some 
endocrine cells. Synaprotagmin has characteristic suuctural domains 
including a small mineterminal region, a single transmembrane 
region, and a large cytoplasmic domain containing two repeats 
homologous to the regulatory region of protein kinase C. To define the 
specific roles of synaptotagmin in neurotransmitter and hormone 
release, we isolated vanant subclones of PC12 cell deficient in 
synaptotagmin by “cell-killing technique”. 

synaptotagmin specifically bound to the synaptic button-lie structure 
of cultured neurons without permeabilidng the cell membrane with 
detergents, indicating that the amino-terminal portion of synaptotagmin 
in the plasma membrane was exposed to exhacellular region. 
Synaptotagmin-expressing cells were killed by mating them with the 
antibody followed with a complement. The population of cells not 
stained by the antibody increased significantly after repeating the cell 
killing ten umes. We isolated individual single cells with a 
micropipene, and checked their immunoreacdvjties. Finally we 
obtained three clones negative to anti-synaptotagmin antibody out of 
these nearly thousand of clones. Western blot, Northern blot, and 
PCR analyses revealed that these variant clones were deficient in 
synaptotagmin protein and the mRNA. On the other hand, these cells 
retained many properties exhibited by wild type PC12 cells, including 
ultrasmctural morphology, NGF-responsiveness. We are presently 
comparing the exocytotic activities of catecholamine between the wild 
type and variants. These variant cells should be useful for the 
elucidation of the physiological roles of synaptotagmin in the secretion 
of neurouansmitters and hormones. 

An antibody recognizing the amino-terminal peptide of 

e x o c y t o t i c  r e l e a s e  of n e u r o t r a n s m i t t e r s ,  hormones and enzymes 
is  r e g u l a t e d .  Ca”-activated s e c r e t i o n  can  be  r e c o n s t i t u t e d  
i n  d e p l e t e d  permeable cells by t h e  a d d i t i o n  of c y t o s o l i c  
p r o t e i n s .  w e  have undertaken a c h a r a c t e r i z a t i o n  of t h e  
c y t o s o l i c  p r o t e i n s  which a r e  r e s p o n s i b l e  for t h e  r e c o n s t i t u -  
t i o n  of ATP-dependent, Ca“-activated norepinephr ine  (NE) 
s e c r e t i o n  from permeable PCl2 c e l l s  (J. Bio l .  Chem. 264:10299, 
1989).  A p r o t e i n  which e x h i b i t s  s u b s t a n t i a l  a c t i v i t y  a l o n e  i n  
t h e  r e c o n s t i t u t i o n  assay  has  r e c e n t l y  been p u r i f i e d  from r a t  
b r a i n  c y t o s o l .  T h i s  p r o t e i n ,  termed CAPS (Ca’+-dependent 
A c t i v a t o r  P r o t e i n  f o r  S e c r e t i o n ) ,  w a s  p u r i f i e d  500-fold t o  
homogeneity i n  a 5-s tep  pro tocol .  The CAPS p r o t e i n  is  a dimer 
of two l40)rD s u b u n i t s  and e x h i b i t s  hydrophobic p r o p e r t i e s ,  
i n c l u d i n g  Ca’*-dependent i n t e r a c t i o n  w i t h  a hydrophobic r e s i n .  
Rabbit  a n t i s e r a  t o  t h e  CAPS p r o t e i n  have been genera tad  and 
shown t o  recognize  a s i n g l e  140kD p r o t e i n  i n  i m u n o b l o t t i n g  
s t u d i e s  o f  r a t  b r a i n  c y t o s o l  reso lved  by SDS PAGE. CAPS 
a n t i s e r a  s p e c i f i c a l l y  b lock  ATP-dependent, Ca2+-activated NE 
r e l e a s e  from permeable PCl2 cells. I m u n o b l o t t i n g  s t u d i e s  of 
t i s s u e  e x t r a c t s  i n d i c a t e  t h a t  t h e  CAPS p r o t e i n  is expressed  i n  
high c o n c e n t r a t i o n s  i n  n e u r a l  t i s s u e s ,  p r o t e i n - s e c r e t i n g  
endocr ine  t i s s u e s .  e x o c r i n e  t i s s u e s  and i n  mast cells. I n  
c o n t r a s t ,  t h e  p r o t e i n  is  e i t h e r  n o t  d e t e c t e d  or is p r e s e n t  a t  
very  l o w  l e v e l s  i n  many o t h e r  t i s s u e s .  i n c l u d i n g  l i v e r ,  
muscle,  k idney  and sp leen .  P a r t i a l  p r o t e i n  sequences obta ined  
from t h e  CAPS p r o t e i n  s u g g e s t  t h a t  it is a novel r a t  b r a i n  
p r o t e i n .  F u r t h e r  s t r u c t u r a l  c h a r a c t e r i z a t i o n  of t h e  p r o t e i n  
may provide  c l u e s  t o  t h e  n a t u r e  of t h e  biochemical process  
a c t i v a t e d  by Ca” d u r i n g  s e c r e t i o n .  

I n  r e c e n t  s t u d i e s ,  it has been p o s s i b l e  t o  demonst ra te  
t h a t  t h e  ATP-dependent and Ca2*-triggered s t e p s  of NE r e l e a s e  
can be  s t a g e d  i n  s e p a r a t e  incubat ions .  Pre incubat ions  wi th  
ATP and c y t o s o l i c  p r o t e i n s  enhance t h e  rate of ATP-indepen- 
d e n t ,  Ca2+-activated NE r e l e a s e .  The p u r i f i e d  CAPS p r o t e i n  
was found t o  s u p p o r t  t h e  Ca”-triggered r e l e a s e  s t e p  b u t  no t  
t h e  ATP-dependent priming s t e p .  Conversely,  a l o w  molecular 
m a s s  (20 )rD) p r o t e i n  was p a r t i a l l y  p u r i f i e d  from r a t  b r a i n  
c y t o s o l  and shown t o  e x h i b i t  ATP-dependent pr iming  a c t i v i t y  
b u t  no t  Ca”- t r igger ing  a c t i v i t y .  T h i s  p r o t e i n  has been 
termed PEP (Pr iming  i n  Exocytos ie  P r o t e i n ) .  F u r t h e r  charac- 
t e r i z a t i o n  of t h e  PEP p r o t e i n  may r e v e a l  t h e  n a t u r e  o f  t h e  
requirement for ATP i n  Ca“-regulated s e c r e t i o n .  

T 107 SYNTHETIC ACnON POTENTIALS: SYNCHRONOUS 
BIOCHEMICAL DEPOLARIZATIONS ON A MILLISECOND 

TIME SCALE. Timothy J. Turner & Kathleen Dunlap, Department of 
Physiology, Tufts University School of Medicine, Boston, MA 021 11. 
We are interested in mechanisms of neurosecretion in central neurons, 
especially with regard to the properties and regulation of presynaptic Ca 
channels. We have used synaptosomes, a preparation of rat brain enriched 
in nerve terminals, to study ’H-glutamate release on a subsecond time scale 
approaching the time course on which synaptic events are observed to 
occur. A major limitation of such studies is the requirement for chemical 
depolarizing stimuli such as elevated KCI solutions or Na channel 
alkaloids. Such stimuli are greatly prolonged relative to the action potential 
duration. We have developed a stimulation paradigm that theoretically can 
be as brief as several milliseconds through the concerted use of the Na 
channel activator batrachotoxin and the pore blocker tenodoroxin. The 
synaptosomes are loaded with 3H-glutamate and are suspended in a Na- 
free saline RI-rnethylglucamine substituted) that contains 5 pM BTX. This 
toxin causes activation of Na channels at resting potentials and blocks 
inactivation, so that at rest there is a population of Na channels that is 
persistently activated. The membrane permeability is dominated by Na+, 
but it remains polarized since i n  the absence of external Na+. EN? is 
negative. When the terminals are superfused with a solution containing 
Na+, the value for EN* becomes positive and the membrane is depolarized 
ir, proportion to [Na+l., resulting in Ca-dependent release of ’H-glutamate. 
The duration of the depolarization can be limited by simultaneously 
superfusing with a solution containing Na+ and TTX. As m< binds to the 
Na channel it blocks the pore, allowing repolarization as K reclaims its role 
as the dominant permeant ion. Because TTX associates with its receptor in 
a fust-order fashion, the rate of block is directly proportional to the [TTXJ. 
Based on the kinetics of 3H-TTX binding to the Na channel, the rate of 
block of Na channels is 30 pM-1 s-I, predicting that the depolarization will 
last 10 ms at 10 ‘ITX. Using this approach, we find that 3H-glutamate 
release outlasts the predicted duration of the synthetic action potential. We 
will present data to compare the rate of 3H-glutamate release, 45Ca+2 
uptake, and *4C-guanidinium uptake to establish the relationship between 
rhe duration of presynapdc depolarjzation and neurosecretion. Our ultimare 
goal is to use this paradigm to study the regulation of neurosecretion at 
central synapses and determine whether mechanisms which modulate Ca 
currents in cell bodies also regulate neuromnsmitter release from terminals. 
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T 108 CHARACTERIZATION OF '2'I-~-CONOTOXIN BINDING 
SITES IN HUMAN NEUROBLASTOMA CELL LINES, 

G .  Velicelebi. S. Simerson and D.Feldman, SIBIA, 505 Coast Blvd S , 
La Iolla, CA 92037 
Three human neuroblastoma lines. lhjR32, SHSHSY, and SMS-SAN 
cells. were analyzed for specific binding of "'I-w-conotoxin ("'I-w- 
CgTx) i n  the uninduced state and after indiiction for neuronal 
differenriation with either 10 p M  retinoic acid ( R A )  or  with a 
combination of ImM dibiityrvl cyclic AhlP (Bt,cAhtP) and 2.5 pM 5-  
broniodeoxyuridine (5-BrdU;) lor ten days. The  number of "'I-w- 
CgTx binding sites (B,,,) and the dissociation constant (Kd) were 
dereriiiiiied through Scatchard analysis of saturation binding data and 
compared for each cell line for the three sets of experiinental 
conditions. No specific binding was detected In membranes prepared 
from iiniiiduced IMR32 and SHSYSY cells in  contrast to SMS-SAN 
cells, wiiere approximately 5000 sites were calculated per cell. 
Induction with either RA or  a combinatroil of Bt,cAMP and 5-BrdUr 
affected the values of K, and B,,,,, in significantly different ways in 
each cell !me. The results are summanzed below: 

Cell Line Induction B Rlcell 
SMS-SAN none 35 i 7 5312 F 539 
SMS-SAN RA 24 i 3 1494 2 186 
SMS-SAN Bt,cAMP+S-BrdUr 41 i 4 7950 2 150 
SHSY5Y none not detected 
SHSYSY RA 16+ I 2298 +. 138 
SHSYSY Bt,cAMP+S-BrdUr I 1 5  i 26  3040 428 
IMR32 none not detected 
IMR32 RA 44 & 7 1070 2 330 
lMR32 Bt,cAMP+S-BrdUr 22 i 1 6428 2 1 2 2 8  

The results of "'I-w-CgTx binding studies were correlated with those 
from eiectrophysiological recordings of voltage-dependent calcium 
channels in the SMS-SAN cell line. Whereas uninduced SMS-SAN 
cells displayed small (10-60 PA) Ba" currents, cells that had been 
induced with Bt,cAMP and 5-BrdUr exhibited 5-to-I0 fold larger 
currents. RA induction had little or no effect on the magnitude o f  the 
Ba" current. Approximately 80% of the Ba" current was blocked by 
"'I-w-CgTx in either case. The effects of the two induction protocols 
on the electrophysiological properties of the Ba" current in these cell 
lines is being investigated further. 

Receptor Structure and Function 
T 200 CHRONIC ELEVATION OF PROTEIN KINASE A (PKA) 

ENHANCES GABA, RECEPTOR CURRENTS 
COMPOSED OF apy SUBUNITS AND NOT a p  SUBUNITS 

Lp, AnOelnttL.. M.D. LUX+& R.L. th&n&l@ Depts. of 
Pharmacology*, Biochemistry+. Neurology#, and Physiology@. 
University of Michigan Medical School. Ann A b r ,  MI 48103. 

The role of PKA in the steady-state expression and function of 
GABAA receptors was examined by studying recombinant receptors 
expressed in three cell lines which possessed v a r i i s  levels of activated 
kinase. These included the parental cell line, L929 (intermediate kinase). 
and two derivative cell lines, Ca12 (high kinase) and RABlO (low 
kinase). Whole-cell and single-channel GABA-receptor currents were 
recorded 48 hrs post-translection, from single cells transiently 
expressing various combinations of GABAA receptor subunit cDNAs. 
These included wild-type (W) bovine a,, p,, or human yZs or mutant 
(MUT) hovine p1 ( S e e  -->Alas), lacking the PKA consensus 
phosphorylation site. 

In all cell types, expression of WT p1 with a, and y2s subunit cDNAs 
produced similar GABA-receptor whole-cell current concentration- 
response curves with respecl lo Hill slope, EC, value, and modulation 
by co-administered diazepam. Single channel current amplrtudes also 
were not different between cell types. One diflerence between cell types 
was the overall magnitude of the GAEA-receptor whole-cell currents: 
GABA, receptor currents expressed in G a l 2  cells were 2 - 3 times 
larger than those expressed in L929 or RAE10 cells. Expressed 
receptors composed of a, and p, subunits had the expected 
pharmacology. yet receptor currents were not enhanced when expressed 
in Ca12 cells. Expression of the MUT p, subunit along with W a, and 
yZs subunds produced functional receptors suggesting that the mutation 
did not prevent expression Further characterization of the mutant p, 
subunit in Ca12 cells will be necessary lo determine if the modulation of 
receptor currents by overexpression of PKA occurs via this site. 
(This work was supported by a grant from the Lucille Markey 
Fwndation) 

T 201 EXPRESSION OF CAENORHABDlTlS fLEGANS 

OOCYTES. Joseph P. Arena, Ken K. Liu, Philip S. Paress, and 
Doris F. Cully. Dept. Biochemical Parasitology, Merck Sharp and 
Dohme Research Laboratories, P.O. Box 2000, Rahway, N.J. 
07065-0900. The free-living nematode C. elegans is used as a 
model for differentiation, development, and morphology of simple 
nervous and muscular systems. The small size of C elegans 
has precluded the electrophysiologic experiments needed to 
characterize the properties, pharmacology, and function of 
neurotransmitter receptors in this organism. As an alternate 
approach we used the surrogate expression system of Xenopos 
laevts oocytes to express, and study the properties of, C. elegans 
neurotransmitter receptors. Oocytes were injected with 50 ng of 
poly (A)+ RNA and membrane current at -80 mV was measured 
2-3 days later. Glutamate activated an inward membrane current 
that desensitized in the continued presence of glutamate. 
Glutamate-receptor agonists quisqualate, kainate. and NMDA 
were inactive. The glutamate-sensitive current had a reversal 
potential of -22 mV, and the reversal potential was dependent on 
external chloride. The chloride channel blockers flufenamate 
and picrotoxin inhibited glutamate-sensitive current. lbotenate 
also activated a picrotoxin-sensitive chloride current. lbotenate 
was inactive when current was previously desensitized with 
glutamate, and the responses to low concentrations of glutamate 
and ibotenate were additive. Glutamate-sensitive current was 
also activated with the antheImintic/insecticide. avermectin. The 
glutamate/ibotenate/avermectin responses were insensitive to 
intracellular injection of EGTA. However, in oocytes from 
approximately 60 % of the donors glutamate also activated an 
oscillatory component of current that was EGTA-sensitive. In 
addition, acetylcholine activated an oscillatory current 
component that was sensitive to atropine and intracellular EGTA. 
We conclude that C. elegans RNA encodes for a glutamate 
receptor/chloride channel complex. In addition, the data suggest 
expression of muscarinic acetylcholine receptors, and a second 
glutamate receptor linked to a rise in intracellular calcium. 

NEUROTRANSMI~ERRECEPTORSINMNOPUS 
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T 02 CHARACTERIZATION OF A THIRD GLUR 4 ISOFORM, 
k Buonanno, V. Gallo, L.W. Upson, W.P. Hayes, C.A. 

Winters and L. Vyklicky Jr., Laboratory of Developmental 
Neurobiology, NIH, Bethesda, MD 20892 
The flip and flop isoform of glutamate receptor (GluR) subunits are 
generated by differential RNA splicing (Sommer er. d, Science 249, 
1583, 1990). We have isolated cDNAs coding for a third isoform of 
the GluR-4 subunit which differ from the previously described flip 
and flop variants in the C-terminal36 amino acids, this isoform was 
named GluR4c. The novel C-terminus was found in GluR-4-flip and 
-flop cDNAs, and the sequence has been conserved through evolution 
since it is homologous to that found in the GluR-2 and GluR-3 
subunits. Xenopus oocytes injected with transcripts synthesized from 
a GluR4c cDNA express functional homooligomeric channels 
activated by glutamate, kainate, quisqualate and AMPA, and blocked 
by CNQX. Responses to quisqualate or AMPA are potentiated by 
either aniracetam or wheat germ agglutinin. The I/V relationship, 
recorded using lOOpM kainate, shows inward rectification at holding 
potentials between -60 to -10 mV. Northern blot analysis using the 
cDNA probe revealed that GluR-4 transcripts (6.2, 4.2 and 3.0 kb) 
are predominantly expressed in cerebellum and their levels increase 
maximally between P1 and P8, a time that coincides with 
proliferation of granule cells. Cultured cerebellar granule cells also 
express the 3 transcripts, whereas astrocytes fail to accumulate 
detectable levels of the 3.0 kb RNAs. Using oligonucleotide probes 
specific for either the flip, flop or the GluR-4~ C-terminus, we found 
that these probes hybridize selectively to the 6.2 and 4.2 kb 
transcripts. The same probes were also used for in sifu hybridization 
histochemistry to study the cellular distribution of GluR-4 transcripts 
during cerebellar development. We found in sections from P1 and P8 
cerebella that granule cells are labelled by the flop and C-terminus 
probes in the external germinal layer prior to their migration into the 
internal granule cell layer; labelling was not detected with the GluR- 
flip probe. Differential expression of GluR-4 transcripts was also 
observed in cerebella from adult mice where we found that the 3 
probes labelled the Bergmann glial cells, whereas only the flop and 
C-terminus probes labelled strongly the granule cell layer. 

~ 2 0 4  DIFFERENCES IN THE ACTION OF NONCOMPETITIVE 
INHIBITORS ON MUSCLE AND ELECTRIC ORGAN ACETYL- 

CHOLINE RECEPTORS, V.A. Eterovic’. L. Liz, P. A .  Ferchmin’, 
Y H. Lee‘, R.M. Hann’, A.D. Rodriguez’ and M.G. McNamee’, 
‘Dept. of Biochemistry, Univ. Central del Caribe, Bayamon, 
PR 00960 ,  ’Dept. of Biochemistry and Biophysics, Univ. of 
California, Davis, CA 95616,  and ’Dept. of Chemistry, Univ. 
of Puerto Rico. Rio Piedras, PR 00931 

Muscle-type acetylcholine receptor (AChR) from BC3Hl 
cells and the receptor from electric organ of Torpedo  
californica were expressed in Xenopus laevis oocytes and 
studied with a two-electrode whole-cell voltage clamp The 
positively-charged channel blockers, phencyclidine (PCP) 
and tetracaine (TTC), displayed a much lower potency on 
muscle receptor than on the electric organ receptor. The 
IC,, f o r  both blockers at the electrocyte recepLor was 
close to 1 pM at - 6 0  mV, and lower at more hyperpolarized 
voltages. In contrast, with muscle receptor ICs0’s varied 
between 20 and 70 pM at -60  or -80 mV. Eupalmerin acetate 
(EUAC), a new, uncharged noncompetitive inhibitor that 
displaces [’HiPCP from its high-affinity binding site, 
inhibited both receptors with similar potency: IC,, 4 . 9  pM 
and 6 . 4  pM for electrocyte and muscle receptors, 
respectively. Another positively-charged channel blocker, 
ME*+. also inhibited both receptors wirh similar potency 
(IC,, 0 S-1.0 mM). Unlike PCP, Mg” block was voltage- 
independent (-100 to -20 mV). Furthermore, the degree of 
inhibition by 0 5 pM PCP was the same at 1 o r  5 mM Mg*+. 

Noncomperirive inhibitors of the PCP and TTC families 
are believed t o  interact with a polar subsite and a 
hydrophobic subsite located on the M2 helices of the five 
receptor subunits. The uncharged inhibitor EUAC would be 
expected to inceracc mostly with the hydrophobic subsite 
Our observations with these three inhibitors suggest that 
the polar subsite is less polar in muscle receptor, while 
the hydrophobic subsite does not differ significantly. This 
is supported by comparison of amino acid sequences forming 
the proposed noncompetitive inhibitor site. On the other 
hand, Mg” seems to bind to sites somewhat distant from the 
membrane bilayer, and not LO the PCP binding site. 

T 203 CLONING, CHARACTERIZATION. AND EXPRESSION 
OF cDNAs CODING FOR HUMAN GLUTAMATE 

RECEPTORS. N.G. Mayne, Y. M. Snyder, R.L. Sharp, and J. P. 
Burnett. Lilly Research Laboratories, Indianapolis, IN 46285. 

cDNAs coding for members of several different types of rat 
glutamate receptors have been cloned ( Hollman et al. Nature 
=,643,1989; Keinanen et al. Science 24.3.556,1990; 
Egebjerg at al. Nature m, 745, 1991 ; Masu et al. Nature m, 
760,1991; Moriyoshi et al. Nature m, 31,1991) Among these 
are proteins which can be expressed in cell culture and/or 
oocytes to produce receptors which correspond 
pharmacologically to all of the major types of glutamate 
receptors: AMPA- , kainate. NMDA- and metabotropic- type 
receptors. Hood et al. (PNAS 887557.1991) have described 
one member of the human glutamate receptor family of the 
AMPA type. 

We have cloned and characterized cDNAs for several 
members of the human glutamate receptor family which are of 
the AMPA and metabotropic types . Analysis of these 
demonstrates that , like the rat, multiple subtypes of these 
receptor proteins exist in humans. Some of these are closely 
related to the previously described rat clones, but others are 
significantly different. 

These data confirm and extend the evidence for diversity of 
excitatory amino acid receptors in the brain. 

T205 A METABOTROPIC NICOTINIC AcCho RECEPTOR 
EXPRESSED IN MOUSE MYOTUBES, Fabrizio 

Eusebi, Francesca Grassi, Elisabetta Mattei, 
Anna M. Mileo and Aldo Giovannelli. Laboratorio 
di Biofisica, CRS Istituto Regina Elena Via 
delle Messi d’Oro 156 - 00158 Rome, Italy 
Electrophysiological, biochemical and Ca2+ 
imaging studies of cultured mouse myotubes were 
used to investigate whether the neurotransmitter 
acetylcholine AcCho) causes a rise in 
intracellular Cad+ level through activation of a 
second messenger system. Bath applications of 
AcCho to myotubes (i) elicited a signific nt 
membrane current even in a sodium-free Ca’+- 
medium, when the current was carried mainly by 
calcium ions: (ii) caused a rapid and transient 
cytosolic accumulation of inositol 1,4,5- 
trisphosphate (Ins(1,4,5)P3) ; (+if) evoked a 
conspicuous a-bungarot xln-sensltlve long- 
lasting intracellular Ca2+ enhancement even in 
the presence of cadmium; (iv) transiently 
increased the intracellular calcium cont nt when 
cells were equilibrated in a Ca’+-free, 
atropine-containing medium. We propose that, in 
addition to acting on ionotropic nicotinic 
receptor, AcCho induces an intracellular calcium 
mobilization by activating a metabotropic 
nicotinic receptor that could be either the same 
or a different molecule in respect to the AcCho 
ionotropic receptor-channel. 

This work was supported partially by FIDIA 
and by CNR. 
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T 206 SITE-SPECIFIC MUTAGENESIS OF THE CAMP- 
DEPENDENT PHOSPHORYLATION SITES OF THE 

NICOTINIC ACETYLCHOLINE RECEPTOR, Peter W. Hoffman, 
Anppa Ravindran and Richard L. Huganir, Howard Hughes Medical 
Institute. The Johns Hopkins University School of Medicine, Department 
of Neuroscience, Baltimore, MD 2 1205. The nicotinic acetylcholine 
receptor (nAChR) is a pentameric complex of four types of subunits in the 
stoichiomeay a*p$. All of the subunits have been shown to contain sites 
of protein phosphorylation located in the major intracellular loop between 
the third and fourth nansmembrane a-helixes. Phosphorylation sites for 
protein kinase C (on the a and 6 subunits), CAMP-dependent protein 
kinase (on rhe y and 6 subunits), and a protein tyrosine kinase (on the p. 
y. and S subunits) have been described in the nAChR of Torpedo. We 
have studied the phosphorylation of the nAChR by expression of wildtype 
and mutant receptors in Xenopus oocytes. When wildtype nAChR is 
expressed in oocytes the receptor is phosphorylated solely at the CAMP- 
dependent protein kinase phosphorylation sites. This phosphorylation is 
not significantly enhanced by incubation with forskolin and cAMP analogs 
or when the catalytic subunit of CAMP-dependent protein kinase is co- 
expressed with the nAChR. These results demonsuatc that the basal level 
of CAMP-dependent protein kinase in oocytes is sufficient to 
phosphorylate the nAChR to completion. Employing vine mutagenesis 
we have mapped the sites of phosphorylation and have found that two 
serine residues on the y and 6 subunits are phosphorylated. We have also 
expressed mutant receptors in which all known sites of phosphorylation 
have been removed. These mutant receptors are not phosphorylated and 
assemble and express normally. Using patch-clamp and rapid perfusion 
techniques, we have analyzed the desensitization of wildtype and mutant 
channels expressed in Xenopus oocytes. Out-side out patches were 
placed in the path of a rapid perfusion system in which the solution 
superfusing the patch can be changed within 1-3 ms. Deletion of the 
phosphorylation sites slowed the rate of desensitization of the receptor at 
all ACh concenuations tested. Moreover, mutation of the phosphorylated 
serine residues to a negatively charged amino acid such as apartatic acid 
appeared to mimic the phosphorylation producing a mutant nAChR with 
the desensitization rate of the phosphorylated wildtype receptor. These 
results provide additional evidence that CAMP-dependent phosphorylation 
increases the desensitization rate of the nAChR and that it may play an 
important role in modulating synaptic function. 

T 208 PROMISCUITY OF THE CLONED MOUSE 5-HT1C 
RECEPTOR FOR G P R O T E I N S  AS SHOWN BY 

E F F E C T S  O N  ADENYLATE CYCLASE AND 
PHOSPHOLIPASE C, V.L. Lucaitesl, D.L. NelsonL L. Yu2 and 
M. BaezL 1Lilly Res. Labs., Lilly Corporate Center, and ZDept. 
Med. & Mol. Gen., I.U. School of Med., Indpls, IN 46285 
The mouse 5-HT1C and r a t  5-HT2 cloned receptors were 
transfected into Syrian hamster tumor cells (AV12-664). These 
two receptors define a subclass of 5-HT receptors and couple to 
phospholipase C. Unexpectedly, the cloned 5-HT1c receptor 
was also found to inhibit the formation of CAMP. The effects of 
5-HT were dose-dependent, producing EC50 values of 0.49rto.07 
nM and 47.6f11.5 nM for stimulating IP formation and  
inhibiting cAMP formation respectively. Thus, 5-HT had  
relatively potent effects on both second messenger systems. In 
contrast to the  5-HT1C receptor, the closely related 5-HT2 
receptor stimulated inositol phosphate (IP) formation, but  had 
no effect on CAMP production. Pretreatment with as little a s  20 
ng/ml pertussis toxin (PTX) in  cells expressing the  5-HT1c 
receptor reduced the ability of 5-HT to inhibit CAMP formation 
by a t  least 70%. However, concentrations of PTX ranging from 
20 to 1000 ng/ml had no significant effect on 5-HT-stimulated 
IP formation. This suggested tha t  the 5-HT1c receptor was 
producing its effects by direct coupling to two different 
G proteins ra ther  than  by crosstalk. After ITX inhibition of the  
inhibitory G protein, a small, bu t  reproducible, 5-HT1 c 
receptor-mediated s t imulat ion in  cAMP formation was 
revealed. Although the  5-HT1c and 5-HT2 receptors a r e  
structurally similar, there is little homoIogy within the third 
intracellular loop. This loop, which has been implicated i n  
G protein coupling, could therefore account for the differences 
in the  ability of these two receptors to interact with different 
G proteins. Future  studies of the 5 - H T l c  receptor may help to 
dissect the  s t ructural  features t h a t  determine coupling to 
different G proteins. 

T 207 THE TRK FAMILY OF NEUROTROPHIN RECEPTORS 
Fabienne Lamballe, Rudiger Klein, Peter Tapley, 

Shuqian Jing, Venkata Nanduri and Mariano Barbacid, 
Department of Molecular Biology, Bristol-Myers Squibb 
Pharmaceutical Research Institute, Princeton, NJ  08543. 
The NGF family of neurotrophic factors (NGF, BDNF, NT-3 
and NT-4) recognizes at least two distinct classes of cell surface 
receptors. One of these receptors is a cysteine-rich 
glycoprotein, p75LNGFR, which contains a short cytoplasmic 
domain devoid of informative structural motifs. p75LNGFR 
binds each of the above neurotrophins with the same low 
affinity (Q-10-9 M) and does not mediate most of their 
biological responses. Recent studies have indicated that  the 
NGF family of neurotrophins also binds to the trk family of 
tyrosine protein kinase receptors. The trk gene was first 
identified as  the normal allele of an oncogene present in a 
human colon carcinoma biopsy. The related trkB and trkC 
genes were subsequently isolated by screenin brain cDNA 
libraries a t  low stringency. Unlike p'i5LxgFR. these trk 
receptors show binding specificity. Whereas NGF on1 hinds to 
the product of the trk proto-oncogene, gppl40trT BDNF 
speci ically recognizes gp145trkB, the tyrosine protein kinase 
receptor encoded by the trkB locus. The trkC gene product, 
gp145trkC, appears to be the primary receptor for NT-3, a 
neurotro hin that can also interact with gpl4Otrk and 
gpl45frkf;. Recent studies regarding the binding specifity of 
the recently identified NT-4 protein will be presented. 
The interaction between these neurotrophins and their cognate 
trk receptors elicits a variety of biological responses including 
(if phosphorylation of the receptor in tyrosine residues; (ii) 
induction of c-Fos expression; (iii) induction of DNA synthesis 
(iv) survival and neurite outgrowth in PC12 cells and (v) 
morphologic transformation of NIH3T3 cells. None of these 
biological responses requires the presence of p75L-VGFR. 
Moreover, they are not affected by co-expression of this low 
af in i ty  receptor. Finally, each of the trk tyrosine kinases binds 
their cognate neurotrophin(s) with high affinity(&-10- 11 M), 
either in the presence or absence of p75L-UGFR. These findings 
strongly suggest that the trk family of tyrosine protein kinases 
are the high affinity receptors that mediate the known 
neurotrophic properties of the NGF family of neurotrophins. 

T209 MAPPING OF THE LIGAND BINDING SITE OF 
NEURONAL NICOTINIC ACETYLCHOLINE 

RECEPTORS USING CHIMERIC SUBUNITS, Charles W. 
Luetje, Marietta Piattoni and Jim Patrick, Dept. of Molecular 
and Cellular Pharmacology, University of Miami, Miami, FL 
33101 and Division of Neuroscience, Baylor College of 
Medicine, Houston TX 77030. 
Nicotinic acetylcholine receptors (nAChR) are found at the 
neuromuscular junction and throughout the nervous system. 
These receptors are formed by various combinations of 
homologous subunits, yielding a family of acetylcholine 
(ACh) gated ion channels with diverse physiological and  
pharmacological properties. While several recent affinity 
labelling studies have identified amino acid residues which 
may form portions of the ligand binding site common to all 
nAChR, we have attempted to identify residues responsible 
for pharmacological diversity among nAChR. We 
constructed a series of chimeric receptor subunits composed of 
portions of two pharmacologically dissimilar neuronal 
nAChR subunits, a2 and a3. Receptors formed In Xenopus  
oocytes by a2, in combination with p2, are insensitive to 
blockade by neuronal bungarotoxin (NBT) (IC50>1pM), and 
are more sensitive to nicotine than to ACh. In contrast, a3P2 
is highly sensitive to NBT blockade (IC50<10nM), and is less 
sensitive to nicotine than to ACh. Analysis of receptors 
formed by chimeric a subunits, in combination with p2, 
allowed us to map the location of amino acid residues 
responsible for this pharmacological diversity. Residues 
responsible for the difference in NBT sensitivity were 
localized to regions 84-121, 121-181 and 195-215. Residues 
responsible for the differences in agonist sensitivity were 
localized to regions 1-84 and 195-215. Within region 195-215, 
we used site-directed mutagenesis to identify the residue at 
position 198 (gln in a3, pro in a2) as important in determining 
agonist and antagonist sensitivity. 
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T 210 DESENSITIZATION OF NICOTINK ACH RECEPTORS IS 
AI.TFRED FOI.LOWING GAMMA-EPSILON SUBUNIT ~ -~~~ 

SUBSTITUTION. David Naranjo & Paul Brehm, Department of 
Neurobiology. SUNY at Stony Brook. Stony Brook. NY 11794 

We utilized fast perfusion of ACh to outside-out membrane 
patches derived from oocytes in which either mouse ap6yor ap& ACh 
receptors were expressed. Rapid jumps in ACh concentration from 0 to 
1" pM (within < Imsec) resulted in currents which corresponded to the 
activation of as few as I channel in some patches to >I00 channels in 
others (see Figure). The macroscopic and single channel ensemble 
currents from a& receptors desensitize with at least two time constants 
(40ms & 8Oms) which are voltage-independent between -80 mV and 4 0  
mV. Desepitization is concenuationdependent with 8 fold increases in 
half-time of decay asthe concenuation is decreased from 100 to 1 pM. 
The time constants for channel desensitization exceed those for channel 
closure (7-15 msec) measured after jumps to ACh-free solution. Half- 
recovery from desensitization occurs within 5oOmsec for aj3&receptors 
but with npeated application of ACh an incomplete recovery is observed 
corresponding to channel 'drop out'. Analysis of patches containing a 
single apN channel show at least two kinetic burst modes, one with a 
0.9 Po (open probability) and a second with 0.5 Po. This indicates that a 
single protein is capable of switching between two modes of operation. 

Comparisons between apsy and ~ p &  receptors show that the 
latter desensitize 10 times faster as well as 'drop out' faster. Single a e  
receptor currents exhibit 'flicker' behavior at 100 pM ACh indicating a 
fast channel block at this concentration. This behavior was not obsmed 
for ag8y. Also, mean open times are reduced and conductance is 
increased following substitution of gamma by epsilon subunit. In 
summary. we conclude that substitution of the gamma subunit by epsilon 
leads to faster desensitization and more effective block of the ACh 
receptor channel by ACh. 

T 212 SEQUENCES ON THE N-TERMINUS OF ACH 
RECEPTOR SUBUNITS REGULATE THEIR 

ASSEMBLY, Katumi Sumikawa, Department of Psychobiology, 
University of California, Irvine, CA 92717 - 4550 
A functional nicotinic acetylcholine receptor (AChR) consists of 
five subunits of four different types arranged as a2.p, y. and 6. 
Each of the four subunits is encoded by a separate mRNA. The 
synthesis of functional AChRs therefore involves complex 
processes including assembly of different types of subunits in a 
particular order. It was thought that assembly of subunits was 
not directed by particular sequences on individual subunits, but 
was simply dependent on the correct folding of subunits. 
Recent findings suggest that assembly of AChR subunits 
appears to occur in the endoplasmic reticulum without 
requiring N-glycosylation and disulfide bond formation, both 
thought to be important for proper folding. These findings 
indicate that correct folding may not be required for assembly. 
although it is necessary for their transport to the plasma 
membrane. In order to search for -assembly signals- on the 
subunit of AChRs, mutant a subunits of Torpedo AChR were 
constructed and expressed in Xenopus oocytes together with 
other normal subunits. I have found that chimeric a subunits, 
consisting of the N-terminal extracellular domain of the AChR a 
subunit, followed either by the hydrophobic transmembrane 
segments of GABAA receptor or glutamate receptor subunits, 
were still recognized as the AChR subunit and associated with 
co-expressed other normal AChR subunits. Furthermore, a 
truncated a subunit, consisting of about one half of the N- 
terminal extracellular domain (amino acid residues 1-128) 
without a conserved N-glycosylation site and disulfide bond 
between Cys-128 and Cys-142, was still able to associate with 
other normal subunits, suggesting that this part of the N- 
terminal extracellular domain contains *assembly signals-. 

T 21 1 TIME-DEPENDENT CHANGES IN THE FUNCTIONAL 
PROPERTES OF ACETYLCHOLINE RECEPTORS IN A 

MOUSE MUSCLE CELL LINE, Dawn Shepherd and Paul Brehm, 
Depanment of Neurobiology and Behavior, SUNY at Stony Brook, 
Stony Brook, NY 11794. 

Extensive changes in functional properties of acetylcholine 
receptors (AchRs) have been shown to occur during development of 
mammalian skeletal muscle in-vivo and amphibian skeletal muscle both 
in-vivo and in-virro. Aneural mammalian primary muscle cultures 
undergo only limited changes in AchR properties during development in 
culture, but we have found extensive time-dependent changes using a 
fusing mouse muscle cell line, C2. AchRs were detected using single- 
channel recordings on cell-attached patches, with pipette [Ach] of 100- 
300 nM or 10-20 pM. Channel openings were detected from 2-3 days 
following myotube formation, with the major channel class having mean 
open rime of 12-15 ms, and single-channel conductance of 50 pS. Ach- 
activated channels ranging in conductance from 12-40 pS, and with mean 
open times of greater than 10 ms also began to be detected at this time. 
Seven to ten days following cell fusion, channels were detected having 
50 pS conductance, but mean open time of only 5-6 ms. This was 
concurrent with the first appearance of "adult" type AchRs, of 70 pS 
conductance, and mean channel open time of 3 ms. Channel openings 
by both the shorter mean open time 50 pS channel and the 70 pS channel 
were increasingly common with longer times after myotube formation. 
In addition, the proportion of openings by the 70 pS channel increased 
with time in culture, representing 40.50% of channel openings two 
weeks after fusion. 

We are now using desensitizing concentrations of acetylcholine 
(10-20pM) to distinguish between the openings of long and short open 
time 50 pS channels. Open probability (Po) measured within bursts 
shows marked differences between the shon and long open rime 50 pS 
channels. We are attempting to determine whether this reflects a shift in 
kinetic modes of a single channel type or a difference in subunit 
composition between two different channels. Comparisons of Po for 
50pS and 70 pS channels indicate that the Po characteristic of the short 
open time 50 pS channel resembles that measured for the adult type 70pS 
channel. This finding suggests that the shon open time 50 pS channel 
may represent an intermediate between the immature and adult 
phenotypes, sharing conductance properties with the "embryonic" 50 pS 
channel, and kinetic propenies with the "adult" 70 pS channel. 

T 213 THREE DOMAINS OF THE a SUBUNIT OF THE 
GLYCINE RECEPTOR FORM THE STRYCHNINE 
BINDING SITE. 

Robert J. Vandenberg'. Chris R. French', Peter H. Barry'. John 
Shine1 and Peter R. Schofield.1 
1 .Garvan Institute of Medical Research, Sydney, Australia and 
2.University of New South Wales, Sydney, Australia. 

The inhibitory glycine receptor (GlyR) is a member of the ligand- 
gated ion channel receptor superfamily. Glycine activation of the 
receptor is competitively antagonized by the convulsant alkaloid, 
strychnine. Using site-directed mutagenesis we have identified 
several amino acid residues on the a1 subunit of the GlyR that 
are involved in the formation of the strychnine binding site. These 
residues were identified using transient expression of each of 
the mutated cDNAs in mammalian (293) cells and examination of 
[BHlstrychnine binding, glycine displacement of bound 
[SHIstrychnine and the electrophysiological responses to the 
application of glycine and strychnine. These studies revealed 
that residues from three separate domains within the 
extracellular region of the a1 subunit contribute to the formation 
of the binding site for strychnine. The first domain includes 
aspartate 148 within the disulfide loop found in ail subunits of the 
ligand-gated ion channel superfamity. The second domain 
includes glycine 160 and tyrosine 161, and the third domain 
includes lysine 200 and tyrosine 202 and is close to the first 
transmembrane region. These results, combined with analyses 
of other ligand-gated ion channel receptors, suggest a 
conserved tertiary structure and a common mechanism for 
competitive antagonism in this receptor superfamily. 
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T 214 HIGH CALCIUM PERMEABILITY AND CALCIUM 
MODULATION OF NEURONAL NICOTINIC 

ACETYLCHOLINE RECEPTORS, Steven Vernino, Mariano 
Amador a n d  John A. Dani, Division of Neuroscience and 
Department of Physiology, Baylor College of Medicine, 
Houston, TX, 77030 
Two properties were found to distinguish neuronal from 
muscle nicotinic acetylcholine receptors (nAChRs). First, 
neuronal nAChRs have a greater Ca++ permeability. The Ca++ 
flux through neuronal nAChRs activates a Ca++-dependent Cl- 
conductance, the Ca++ to Cs+ pameabili ty ratio is 7 times 
greater for neuronal than for muscle nAChRs, and  neuronal 
nAChRs mediate a larger intracellular Ca++ increase per unit 
current than muscle receptors. 
A second difference between the receptor types is that neuronal 
nAChRs are potently modulated by physiological levels of 
external Ca++. Neuronal nAChR currents are  enhanced 
specifically by extracellular Ca++ in  a dose-dependent manner.  
This modulation is independent of the receptor's ability to flux 
calcium. 
The results indicate that changes in  extracellular Ca++ 
modulate the  neuronal receptor a n d  may modulate nicotinic 
synapses in the nervous system. In addition, activation of 
neuronal nAChRs produces significant Ca++ influx that could 
be an important intracellular signal. 

Synapse Formation and Function 
T 300 DEVELOPMENTAL REGULATION OF AN INNERVATION- 

Stephanie H. Astrow and Wesley J. Thompson, Department of Zoology, 
University of Texas, Austin, TX 78712. 
We have generated a monoclonal antibody (mAb 3G2) which recognizes a 
protein at the neuromuscular junction in adult rats. The antigen appears to 
be unique to muscle, as immunohistochemical staining is not detectable in 
other tissues including smooth muscle, cardiac muscle, spinal cord or 
autonomic ganglia. The epitope for mAb 3G2 is intracellular, as labeling 
of intact muscle fibers requires permeabilization. MAb 3G2 
immunoreactivity lies beneath the acetylcholine-rich synaptic gutters, but 
is also present in sarcoplasmic pronusions located between, or at the 
edges of, the synaptic gutters. Deeper within fibers, mAb 3G2 
immunoreactivity surrounds sole plate nuclei and is associated with 
perijunctional Z-discs. At b i d ,  mAb 3G2 immunoreactivity is not 
restricted to neuromuscular junctions, but is widely dismbuted within 
muscle fibers in regions not occupied by myofibrils or nuclei. Some small 
(presumably secondary) muscle fibers contain immunoreactivity along 
their ennre length, while larger fibers have patches of immunoreactivity in 
which longitudinal filamenrs or transverse bands with a sarcomeric 
periodicity are seen. Localization of mAb 3G2 immunoreactivity to 
neuromuscular junctions begins posmatally, several days after 
acetylcholine receptor clusters can be detected in hindlimb musculature. 
The establishment of this synaptic localization is neurally regulated, as 
neonatal denervation prevenrs its occurrence. In adults, denervation 
results in a loss of synaptic immunoreactivity which returns upon 
reinnervation. MAb 3G2 is also found at the myotendinous junction (its 
localization here is innervation-independent) and in culrured rat myotubes. 
MAb 3G2 recognizes a 41 kD protein on immunoblots of extracts of 
newborn muscle. The protein is highly insoluble and present in low 
abundance. Based on its dismbution within muscle fibers, its 
developmental and neural regulation, and its molecular weight, the 41 kD 
protein can be distinguished from other known postsynaptic proteins. The 
solubility characteristics of the 41 kD protein taken together with its 
association with Z discs at neuromuscular and myotendinous junctions 
suggest that the 41 kD protein may be a cytoskeletal protein. 
Funhennore, its neural dependence and developmental regulation suggest 
that it may panicipate in synaptic stabilization, perhaps as a member of a 
complex of proteins that tether the nerve terminal to the junctional site in 
the postsynaptic membrane. 

DEPENDENT, JUNCTION-SPECIFIC MUSCLE PROTEIN, 

T 2 1 5  POTENTIATION OF THE GABA-A RECEPTOR BY 
ETHANOL REQUIRES PHOSPHORYLATION OF SERINE 
343 OF THE Q L  SUBUNIT. 

Paul  Whltlng a n d  Kelth A. Wafford, Neurosc l ence  Resea rch  
Centre, Merck Sharp and  Dohme Research Laboratories, Harlow, 
Essex, CM20 2QR, England. 

y-aminobutyric acid (GABAA) receptors a re  G A B A  gated chloride 
channels which are located at inhibitory synapses in the mammalian 
CNS and the function of which can be modulated by a number of  
agents including benzodiazepines. barbiturates, neurosteroids and 
ethanol. Molecular cloning approaches have revealed that a family of 
GABA-A receptor subunits exist ( a l - 6 ,  pl-3.  y l -3 ,  6, O) which 
presumably coassemble to form numerous receptor subtypes. Further 
diversity is created by alternative splicing. leading to the formation of 2 
forms of the p subunit (9s and p L )  which differ by the presence of 
an extra 8 amino acids in the putative large cytoplasmic loop region of 
12L. 

Recently it has  been shown that, when coexpressed in Xenopus 
oocytes with an a and a p subunit, $?L but not p S .  confers ethanol 
sensitivity upon the receptors. In this study we have used Xenopus 
oocyte expression of recombinant bovine GABAA receptor and site 
directed mutagenesis to further dissect the molecular basis of ethanol 
potentiation. The extra 8 amino acids found in p L  (LLRMFSFK) 
contains a protein kinase C consensus phosphorylation site at the 
serine residue. Deletion of FSFK and RMFSFK sequences prevented 
the ethanol potentiation of a lpl$?L receptors, while having no effect 
upon the potentiation of receptors by flunitrazepam. A similar effect 
was found by mutating the serine. the putative phosphate acceptor, to 
an  alanine. and by mutating the lysine (required for the consensus 
phosphorylation site) to a leucine. Additionally. overnight incubation of 
alPly2L injected oocytes in the protein kinase inhibitor H7 abolished 
the ethanol potentiation of these receptors. 

These data strongly suggest that phosphorylation at  residue serine 343 
of p C  is a requirement for ethanol potentiation of GABA-A receptors. 

T 301 ACTIVITY-DEPENDENT METABOLlC STABILITY OF END- 
PLATE ACETYLCHOLINE RECEPTORS IS MEDIATED BY 

CALCIUM INFLUX AND BY PROTEIN PHOSPHORYLATION. 
H A  Brenner*, S. Rotzler' and P. Caronis, *Department of Physiology. 
University of Basel, CH-4051 Basel. and $Friedrich Miescher Institute. 
CH-4002 Basel. Switzerland. 
Upon denervation, the metabolic half-life tin of endplate acetylcholine re- 
ceptors (AChRs) decreases, but AChRs can be restabilized by direct sti- 
mulation of denervated muscle in culture (Rotzler et al.. Nature 349: 337- 
339, 1991). We have now attempted to characterize the signalling pathway 
linking muscle activity and AChR stabilization. Muscles were organ cul- 
tured after 17-40 days of denervation in vivo, when ti12 of the synaptic 
AChRs had declined to about 2-3 days. and were then subject, in organ 
culture, to stimulation and/or pharmacological treatments affecting intracel- 
Mar signalling systems. After labeling AChRs with 125I-a-bungarotoxin. 
the apparent half-lives tl/2 of AChRs in the endplate membrane were esti- 
mated, by quantitative autoradiography, from the loss of radioactivity as a 
function of culturing time. We found that metabolic stabilization of 
AChRs was dependent on the pattern of muscle acrivity, with short. high 
frequency stimulation k i n g  more effective than long, low frequency sti- 
mulation; stimulation-induced AChR stabilization was prevented by the 
presence of Ca++ channel blockers (+)PN200-110 or of D600. The Ca++ 
channel activator (+)SDZ202-791 when applied in culture medium contai- 
ning 15 mM K+ induced AChR stability in the absence of muscle activity; 
in agreement with results by Shyng et al. (Neuron 6: 469-475. 1991). 
AChR stabilization could also be induced in the absence of muscle activity 
by treatment of muscles with membrane penneant CAMP-analogue but not 
with cGMP cAMP levels in muscle were not affected by muscle activity, 
however; activity-dependent AChR stabilization was not prevented by cy- 
cloheximide, suggesting its independence of protein synthesis; blockade of 
protein phosphatase activity by treatment with okadaic acid reduced the 
amount of activity required to produce AChR stabilization; treatment of 
unstimulated muscles with the phorbol ester TPA had no effect on AChR 
stability, and stimulation-induced AChR stabilization was not prevented by 
stauroporine; both activity-dependent Ca*-influx and cAMP treatment in- 
duce the phosphoxylation of myosin light chain isofotms; no phosphoryla- 
tion of 43K protein nor of AChR subunits could be resolved by muscle 
stimulation causing the stabilization of synaptic AChRs. These findings 
are consistent with the notion that muscle activity causes AChR stabiliza- 
tion via the activation of calcium-dependent protein phosphorylation reac- 
tions. 
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~ 3 0 2  COMPLIANCE OF HIPPOCAMPAL NEURONS TO PATTERNED 
SUBSTRATE NETWORKS, Gregory J. Brewer*, Joseph 

M. Corey' and Bruce C. Wheeler+, *Southern Illinois 
University School of Medicine, Springfield, IL 
62704 and +University of Illinois, Urbana, IL 61801 
In vitro techniques for the study of synaptogenesis 
and the specificity of synaptic connections is 
difficult because of the large number of neurons 
and the multitude of synapses they form with other 
cells surrounding them in many directions. A 
reduction in the number of neurons and connections 
and controlled direction of process growth would 
produce simpler networks more conducive to 
monitoring synapse formation and patterns of 
synaptic specificity. We have established a method 
for patterning rat hippocampal neurons at densities 
low enough to observe individual contacts between 
neurons. Growth of these neurons at these low 
densities was made possible by use of a serum-free 
medium and reduced oxygen (Brewer and Cotman. 
1989). Substrates were patterned by etching 
polylysine coated glass substrates with a W laser 
through a quartz mask or by photolithography with 
aminosilane chemistry to create linewidths of 3, 5 
and 10 pm, with nodes of 5, 10 and 20 pm diameter 
separated either 80, 120 or 160 pm. Not only did 
somae strongly prefer the unablated polylysine or 
aminosilane areas, but they also migrated to loci 
where the local area of adhesion was higher. 
Maximum migration to nodes of >88% occurred for a 
combination of 5 pm pathwidth, 20 pm node diameter 
and 80 pm pathlength. Daily observations indicated 
active migration to larger adhesive areas, which 
explains the differential compliance. These 
substrate networks should facilitate electrical and 
morphological studies of synaptogenesis. 

T 304 TARGETING OF THE 43 KD PROTEIN TO THE 
POSTSYNAPTIC MEMBRANE AND ITS ROLE 

IN AChR AGGREGATION. Emma K. Dutton, James E. 
Yeadon and Steven J. Burden, Department of Biology, MlT, 
Cambridge, MA 02139. 
One of the earliest events of neuromuscular synapse 
formation is the accumulation or aggregation of 
acetylcholine receptors (AChRs) to the nerve-muscle contact 
site. AChRs, initially evenly distributed throughout the 
myofiber, become highly concentrated and localized in the 
postsynaptic membrane. This accumulation of AChRs at the 
synaptic site is due to a posttranslational mechanism that 
triggers a redistribution of AChRs already present in the 
myofiber membrane at the time of nerve-muscle contact. In 
addition, associated with AChR aggregates is a submembrane 
cytoskeletal protein of Mr 43,000 (43 kd protein), and recent 
evidence suggests that the 43 kd protein is involved in the 
mechanism of AChR aggregation (Phillips et. al., Science 
251, 1991; Froehner et. al., Neuron 5, 1990). We have 
developed a system to investigate targeting of the 43 kd 
protein to the postsynaptic membrane and the role of the 43 
kd protein in AChR aggregation. A plasmid directing the 
expression of a full-length mouse 43 kd protein tagged with 
an immunoreactive epitope from influenza heamagglutinin 
has been transfected into primary myoblast/fibroblast 
cultures. We have demonstrated that the tagged 43 kd 
protein is targeted to the membrane and associated with 
endogenous AChR aggregates in primary rat myotubes. In 
contrast, transfected myoblasts/fibroblasts show a different 
phenotype. This system is being used to determine the 
region of the 43 kd protein that is necessary to target the 
protein to the membrane and to investigate the role of the 43 
kd protein in AChR aggregation. 

T 303 COMPARISON BETWEEN THE EXPRESSION OF 
ACETYLCHOLINE RECEPTOR a-SUBUNIT GENE 
A N D  MYOGENIC GENES DURING 
NEUROMUSCULAR JUNCTION FORMATION. 

A. Duclerl+, J. Piette+, M. Huchet+. A. Fujisawa-Sehara' and 
J.P. Changeux+, +Neurobiologie Mojeculaire lnstitut Pasteur 
75724 Paris Cedex 15 France, Division of Molecular 
Genetics National Institute of Neuroscience, Tokyo, Japan. 

During vertebrate muscle development, the  expression 
of the acetylcholine receptor (AChR) genes becomes 
progressively restricted to junctional nuclei. We  investigate 
t h e  molecular mechanisms responsible for t h i s  
compartimentalized gene expression by examining t h e  
distribution of the mRNAs coding for two of the regulatory 
factors of the  chicken a-subunit gene : the chicken MyoDl 
(CMD1) and myogenin. At early stages of chicken muscle 
development, CMDl mRNA is detected in the somites just 
before the  apparition of a-subunit mRNA ; myogenin mRNA, 
contrary to what was observed in the mouse, is detected 
slightly later. At embryonic day 14 (ED14), CMDl and 
myogenin m R N A s  are expressed like the a-subunit mRNA 
along the  entire length of the muscle fibers. Then, as 
a-subunit m R N A  disappears from extrajunctional areas, 
myogenin mRNA decreases and becomes undetectable at 
ED19 while only a few clusters of CMDl mRNA remain at the 
same stage. These results reinforce t h e  hypothesis tha t  the 
decrease in myogenin and CMDl mRNA could play a role in 
the repression of AChR genes in extrajunctional areas. The 
mechanisms responsible for the persistence of AChR genes 
at t h e  junctional nuclei remain to be identified. 

T 305 Isolation and Characterization of cDNAs Encoding 
Mouse 58K hotein. T. M. Dwyer, M. E. Adams, and S. C. 
Froehner. Department of Biochemistry, Dartmouth 
Medical School, Hanover, New Hampshire 

The 58K protein (Mr 58.000) was first identified 
in Torpedo electric organ and subsequently shown to be 
concentrated at  the postsynaptic membrane of the 
mammalian neuromuscular junction. It is a cytoplasmic 
protein peripherally associated with the membrane and 
may be involved in clustering acetylcholine receptors. 
The 58K protein has recently been shown to associate 
with dystrophin and the 87K postsynaptic protein 
(Butler, M.H., K. Douville, A.A. Murnane, N.R. Kramarcy, 
J.B. Cohen, R. Sealock, and S.C. Froehner. J .  Biol. Chem. 
submitted). To obtain the primary sequence of the 
mouse 58K protein a cDNA encoding a portion of 
Torpedo 58K (Butler, M.H., A.A. Murnane, S.C. Froehner. 
1989. J .  Cell Biol. 109:143a) was used to screen mouse 
cDNA libraries. Three overlapping cDNAs of a combined 
length of 3.3kb were isolated: m12a (1.8kb), m6a 
(1.4kb). and b5a (1.Okb). m12a is almost entirely 3' 
untranslated sequence but does not contain a 
polyadenylation signal sequence. Together b5a and m6a 
contain a single open reading frame of 1.7kb that 
encodes > 90% of the expected mouse 58K protein. The 
combined nucleotide sequence shows 54% identity to 
Torpedo but no significant similarity to any entry in the 
Genbank or EMBL sequence databases. Northern blot 
analysis of poly A+ RNA isolated from mouse C2 cells 
using the m6a cDNA as a probe showed a single band of 
5kb. Preliminary Southern blot analysis of mouse 
genomic DNA indicates that the gene encoding 58K 
protein exists in low copy number in the mouse genome. 

03755-3844. 
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T 306 DISSECTION OF SIGNALLING PATHWAYS IN 

INHIBITORS OF PROTEIN KINASES. Grigori Enikolopov 
and Natalia Peunova. Cold Spring Harbor Laboratoxy, 
Cold Spring Harbor, New York 11724 
Protein kinases are directly involved in the modulation of 
synaptic plasticity in the brain. We are using specifc 
recombinant inhibitors of various protein kinases as 
tools to dissect particular slgnalltn 
investigate the points of overla gezz:: G e d r e 2  
signaUing athways in neuronal ce&. We have prepared 
a series oPrecombinant expression ciones fusing various 
cellular protein domains with peptide sequences known 
to act as highly speckfic seudosubstrate inhibitors of 
PKA. PKC and CaMKII. 81 ese chimeric inhibitors were 
used to test the requirement for various b a s e s  in signal 
transduction in the neuronal cell line PC12. monitored 
by induction of expression of co-transfected variants of 
the fos-gene. Our results indicate that depolarisation- 
induced gene activation is mediated by CaMKII and PKC. 
acting through different regulatov DNA elements. We 
are currently exploiting this approach to investi ate 
other Ca2+-mediated events in neuronal cells, incluiing 
the intracellular Ca2+ release and synergistic 
interactions of the Ca2+- and CAMP-dependent signalling 
pathways. 

NEURONAL CELLS WITH RECOMBINANT 

T308 43KD PROTEIN IS NOT SUFFICIENT F O R  
ACETYLCHOLINE RECEPTOR CLUSTERING. Herman 

Gordon and Zach Hall. Dept. of Anatomy, Univ. of Arizona, Tucson, 
AZ 85724 and Dept. of Physiology, Univ. of California, San Francisco, 
CA 941 43. 

Acetylcholine receptors (AChRs) in the surface membranes 
of cultured and embryonic rnyotubes spontaneously cluster into 
patches ranging from several to several tens of microns in  extent. 
AChRs on prefusion myoblasts and in isolated expression systems 
do not spontaneously cluster. AChR clustering is thus thought to 
involve additional molecules that can interact with either the 
intracellular or extracellular sides of the AChRs. These clustering 
molecules are likely t o  play key roles in the development and 
maintenance of the neuromuscular junction in vivo. Molecules 
that may be involved in the clusterin of AChRs include the 43kd 
protein in the cytoplasm and basal kmina corn onents such as 
agrin, heparan sulfate proteoglycans, and s-tminin o n  the 
extracellular face. 

We have used the S27 genetic variant of the C2 mouse 
muscle cell line to investigate whether the 43kd protein is required 
for AChR clustering. S27 myotubes express AChRs, but do not 
cluster them as do myotubes of the parental C2 line. Imrnunopre- 
cipitation and immunofluorescence reveal that the 43kd rotein is 
expressed by cultured 527 myotubes and that it is spreadldiffusely 
over the surface of the cells. In contrast, 43kd protein is associated 
with clusters of AChR in wild type C2 cells. Thus, the 43kd protein 
is not sufficient for AChR clustering although it may be necessary. 
Co-expression of 43kd protein with AChR subunits in Xenopus 
oocytes (Frwhner et al. (19901, Neuron 5: 403) and in quail fibroblasts 
(Phillips et al. 11991), Science 251: 568) gives rise to extensive 
AChR clusters. Thus, these cells may contain additional components 
that are required for AChR clustering. We suggest that the S27 
variant does not contain at least one of the required additional 
components. We have found that the S27 variant synthesizes 
shortened glycosaminoglycan chains, and it  is possible that normal 
glycosaminoglycans may be required for AChR clustering. 

T 307 MECHANISM OF ACTNI'IY DEPENDENT STABILIZATION 
OF AChR DEGRADATION AT DENERVATED ENDPLATES, 
Guido Fumagalli, Jacopo Andreose, T e j e  b m o *  and Minam M. 

Salpeter**, Dept. of Medical Pharmacology, University of Milano, Italy; 
*Institute of Neurophysiology, University of Oslo, Norway; "Dept. of 
Neurobiology and Behavior, Comell University, Ithaca NY. 
Acetylcholine receptors (AChRs) at the neuromuscular juncnon (nmj) of in- 
nervated muscles have a stable degradation rate (U2 about 10 days). After 
denervation there is a progressive increase in the degradation rate of the total 
population of junctional AChR which approaches a final U2 of about 1-2 
days (Levitt et al., Science 210: 550-51, 1980). Chronic elecnical stimula- 
tion of long term denervated rat soleus muscles restores normal AChR 
stability ( Fumagalli et al., Neuron 4: 563-69, 1990). Thus neurally evoked 
muscle activity is a factor in regulating AChR stability. Two distinct popu- 
lation of junctional AChR co-exist at the denervated nmj: AChR of the first 
population, called slowly degrading (R,) AChRs, are synthesized in inner- 
vated muscles. accelerate following denervation from a v'2 of about 10 days 
to one of about 3 to 4 days, and are stabilized again after reinnervation. This 
modulation of degradation rate occurs while the Rs AChR are in the plasma 
membrane and requires no synthesis of new AChRs. The AChRs of the 
second population, called rapidly degrading (R,) AChRs are synthesized in  
denervated muscles and replace the Rs as they degrade. The degradation v'2 
of the Rr is about 1-2 days and appears not to be stabilized by reinnervation 
(Shyng and Salpeter, J. of Neuroscience 10: 3905-15, 1990). The increas- 
ing ratio of Rr/Rs AChRs contributes to the progressive increase in  
degradation rate seen after denervation. To determine the mechanism of 
AChR stabilization by muscle activity we asked whether elecmcal stimula- 
tion could stabilize the Rr AChRs. Both soleus muscles of Wistar rats were 
denervated and 25 days later, when the Rr had replaced the Rs AChRs, they 
were labeled with '=I a-bungarotoxin by injection. Electrical stimulation of 
the right soleus muscle was started 6 hours after labeling, while the left 
muscle remained as an unstimulated control. Two patterns of stimulation 
were used: 60 pulses, 100 Hz every 100 sec, and 10 pulses, 20 Hz every 
10 sec. Muscles were removed 1, 3 or 5 days after stimulation and the 
degradation rate determined. We found no significant difference between the 
stimulated and unstimulated muscles. Both had a v'2 of about 2-3 days. We 
conclude that elecmcal stirnulation, like reinnervation, does not stabilize the 
degradation rate of Rr AChRs. The stabilization of junctional AChRs after 
electrical stimulation must therefore occur due to a replacement of the Rr 
AChR by the stable AChR. This could occur due by the down regulation of 
Rr relative to Rs synthesis, or by an induction of the stable R, population. 

T 309 Agrin Isoforms Induce Clustering Of Acetyl- 
choline Receptors On Rat Myotubes, Werner Hoch, 
Fabio Rupp, James T. Campanelli. Thane Kretner and Richard 
Scheller. Howard Hughes Medical Institute. Department of Molecular 
and Cellular Physiology, Beckman Center. Stanford University. 
Stanford CA 94305 
Agnn. a component of the synaptic basal lamina. is predominantly 
expressed during early development in neurons of the CNS and in 
myotubes. to a lesser extent. This protein has been purified from its 
richest source. the electric organ of Torpedo Californica. Using 
monoclonal antibodies against agnn, cDNAs encoding parts of agrin 
have been obtained from a marine ray expression library, and 
subsequently by homology screening of rat spinal cord libraries 
(Rupp et al., Neuron 6 .  811). 
Recently. we have identified several isoforms of agrin. which differ 
by the presence or absence of three small insens in the C-terminal 
part of the protcin as a conscqucnce of alrernative splicing. We 
constructed cDNAs containing the complete coding region of four 
rat agrin isoforms and expressed the proteins in CHO and COS-I 
cells. lmmunostaining of transfected ceils with different fusion 
protein antibodies demonstated tha t  agrin IS secreted and 
concentrated on the extracellular surface of the cells. lntracellular 
staining of a perinuclear reticular network most likely reprcsents 
newly synthesized agrin in the ER and Golgi on 11s way to the 
surface. 
To investigate the effccts of agrin on the  distribution of 
acetylcholine receptors (AChRs). agrin transfected cells werc 
cocultured with rat myotubes. Staining of the AChRs with a- 
bungarotoxin revealed that clusters of AChRs were frequently 
found in areas .of contact bctwccn myotubes and agrin cxpressing 
cells. In contrast. no lncreasc in thc number of AChR clustcrs was 
observed outside the sidcs of contact. Furthcrmore, all four agrtn 
isoforms cocultured with myotubes induced AChR clustcrs a t  
contact sifes with similar efficacy. 
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T 31 0 A SEARCH FOR NOVEL GENE PRODUCTS INVOLVED 
IN NEUROMUSCLJLAR SYNAPSE FORMATION. 

Charles Jennings, Xuejun Zhu, Stephen M. Dyer and 
Steven Burden, Dept. of Biology, MIT, Cambridge, MA 
02139.  

The vertebrate neuromuscular junction is a highly 
specialized structure, and a number of muscle gene 
products are localized to the junctional region of the 
muscle fiber. The best-studied of these is the 
acetylcholine receptor, and recent work from our lab 
(Simon et al., Development, in press) indicates that the 
AChR 6 subunit gene is specifically transcribed by 
synaptic nuclei. We are interested in how synapses are 
formed in response to inductive signals from the nerve, 
and to this end we have begun a search for muscle gene- 
products that may be involved in this process. We have 
taken two approaches. First, we have developed a 
subtractive hybridization procedure which we hope will 
enable us to identify novel mRNAs that, like the AChR 
subunit mRNAs, are localized to the synaptic region of 
the muscle fiber. 
receptors that may be involved in the response to 
innervation. By analogy with inductive events in 
invertebrate development, we speculated that a receptor 
tyrosine kinase might be involved in the induction of 
synapses, and this speculation was strengthened by the 
observation (Qu et al., Neuron 2, 367) that 
phosphotyrosine is concentrated at neuromuscular 
junctions. 
tyrosine kinases from Torpedo electric organ, a tissue 
homologous to muscle. Preliminary results suggest that 
we have identified a novel receptor tyrosine kinase that 
is highIy expressed in the electric organ. 

Second, we have used PCR to look for 

We have therefore used PCR to isolate 

T 312 SYNAF'SIN 1 PROMOTES FUNCTIONAL MATURATION 
OF DEVELOPING NEUROMUSCULAR SYNAPSES, Bai 

Lu. Paul Greeneard and Mu-mine Poo. Lab. Mol. & Cell. 
Neurosci., Rockefher Univ., New-York,. N. Y. 10021 and Dept. 
Biol. Sciences, Columbia Univ., New York, N. Y. 10027 
We have investigated the possible function(s) of 
synapsin I, a nerve terminal-specific protein, during 
the formation of neuromuscular synapses in X e n o p u s  
cell cultures. Purified synapsin I was loaded into 
embryonic spinal neurons by injection of the protein 
into one of the early blastomeres of Xenopus embryos. 
At synapses made by synapsin I-loaded neurons, 
spontaneous synaptic currents occurred with higher 
frequency and their amplitudes exhibited an earlier 
appearance of bell-shaped distribution, both of which 
are indicative of more mature quanta1 secretion. 
Functional synaptic efficacy was also enhanced, as 
impulse-evoked synapt ic  currents  exhibi ted ii 

signif icant  increase in ampli tude.  U s i n g  cell , 
manipulation techniques, we demonstrated that the 
enhancement of synaptic activities by exogenous 
synapsin I .  occured at the onset of synapse formation, 
suggesting a predominantly presynaptic mechanism. 
These results suggest a potential role of synapsin I i n  
the functional maturation of synapses. 

T 311 

NEURONAL CALPAIN: I. DEVELOPMENTAL EXPRESSION 

CHARACTERIZATION OF A SYNAPSE SPECIFIC 
PHOSPHOPROTEIN WHICH IS A SUBSTRATE FOR 

AND CELLULAR LOCALIZATION OF THE F1-20 PROTEIN AND 
mRNA, Eileen M. Lafer, Shibin Zhou, Nancy Hrinya Tannery, and 
Rui Sousa, Department of Biological Sciences, University of 
Pittsburgh, Pittsburgh, PA 15260. 

Our long-range goals are to contribute to an 
understanding of the of synaptic transmission. That is 
to say. we want to understand how changes in synaptic strength 
are modulated during the development of an organism, and as a 
consequence of learning and experience. These changes in 
synaptic strength are believed to depend, at least in part. on 
changes in the levels and activities of synaptic proteins. 
Therefore, there is a great deal of interest in characterizing the 
proteins found at neuronal synapses. 

A monoclonal antibody library generated against 
synaptosomes was immunohistochemically screened to identify 
proteins localizing to synapse rich regions. The antibodies were 
then used to isolate cDNA clones by expression screening. 
Here we report the detailed characterization of the protein 
reactive with monoclonal antibody F1-20. lmmunohistochemistry 
and western blot analyses reveal that the F1-20 protein is a 
synapse associated, brain specific protein with an apparent 
molecular weight by SDS-PAGE of 190,000 daltons. Northern 
blot analysis indicates that probes generated from a cDNA clone 
hybridize to a single brain specific mRNA of approximately 4.8 
kb. F1-20 mRNA levels increase abruptly at postnatal day 4 and 
protein levels increase abruptly at postnatal day 7. In situ 
hybridization experiments demonstrate that F1-20 mRNA 
expression is neuronal specific. Variation in the expression of 
the F1-20 protein is complex and reveals patterns also exhibited 
by probes directed against other synapse associated molecules. 

This work was supported by NIH grant RO1 NS29051 to Eileen 
M. Lafer, and by a March of Dimes Basal OConnor Starting 
Scholar Award to Eileen M. Lafer. 

T313 ON THE TRANSCRIPTIONAL BASIS OF BUTYRATE- AND 
DIBUTYRYL CYCLIC AMP-INDUCED DOWNREGULATION OF 

NICOTINIC ACETYLCHOLINE RECEPTOR EXPRESSION BY BC3H-1 
CELLS. Ronald J. Lukas and Linda Lucero, Division of 
Neurobiol., Barrow Neurological Inst., Phoenix, AZ 85013 

Innervation of developing muscle fibers is known to 
induce a net reduction in levels of muscle nicotinic 
acetylcholine receptors (nAChR) and a subunit switch that 
underlies the transformation of embryonic nAChR to the 
adult isoform composed of alphal, betal. delta and epsilon 
(instead of gamma) subunits. The nature of the presumably 
motor neuron-derived factorfs) that induces these changes 
in nAChR expression is unknown. We investigated the 
effects of different agents that are known to alter second 
messenger signnling and/or gene transcription on numbers 
of nAChR and nAChR subunit-encoding transcripts in the 
BC3H-1 mouse muscle cell line. The most dramatic effects 
are observed in cells treated with sodium butyrate or with 
dibutyryl cyclic AMP (dbcf.MP), both of which produce about 
a 90% reduction in levels of nAChR expression as assessed 
by radioligand binding assays using alpha-bungarotoxin. 
Levels of mRNA corresponding to nAChR alphal, betal, or 
delta subunits are reduced between 2- and 10-fold by 
butyrate or dbcAMP treatments. but the most dramatic 
effect is an enormous reduction (estimated to be about 
250-fold) in levels of gamma subunit-encoding transcripts. 
Butyrate and dbcAMP effects have distinct dose- and time- 
dependencies, but maximum effects are observed at 5 days 
of treatment with 1mH drug. Effects of butyrate are 
approximated by effects of valerate or propionate 
treatments, and dbcAMP effects are mimicked following 
forskolin and/or isohutyl methylxanthine treatments. 
These results suggest that effects of butyrate or dbcAMP 
treatments on nAChR numbers involve inhibition of nAChR 
subunit gene transcription and the virtual elimination of 
gamma-encoding transcripts. They also suggest, for 
example. that stimulation of cyclic AMP production 
;perhaps via motor neuronal release of calcitonin gene- 
related peptide?) in nevi:, innerveted muscle cells might 
be the signal that naturally downregulates gamma subunit 
expression and induces a net reduction in nAChR numbers in 
developing muscle cells in v ivo .  
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T 31 4 FODRIN POSTTRANSLATIONAL MODIFICATIONS INDUCED T 315 JUNCTIONAL AND EXTRA-JUNCTIONAL GOLGI IN 

Maria M. DI Stasi and Gianfranco Macchia, Cell Biology, Istituto 
Suoeriore di Saniti.  Roma. ltalv 

BY NMDA RECEPTORS ACTIVATION, Tamara C. Petruccl, A. MUSCLE, Evelyn Ralston, Laboratory of Neurobiology. 
NINDS, NIH. Bethesda, MD 20892. 

. ,  
AcLivation of  ~ N-Methyl-D-aspartate (NMDA) receptors has been 
implicated in several neuronal  process  including neuronal  
development, long-term potentiation and excitotoxic cell death. 
Cultured cerebellar granule cells. prepared from postnatal rats. 
express all three subtypes of eacitatory amino acid receptors 
and are susceptible to  the toxic action o f  glutamate and its 
analogs. We studied the expression of proteins of the conical  
cytoskeleton and of synapt ic  vesicles  and we  s tar ted t o  
investigate the link between excitatory amino acid receptor 
activation and posttranslational modifications of fodrin,  the 
major  component  o f  neuronal membrane skeleton. We have 
already showed that exposure o f  neuronal cell cultures to NMDA 
induces the appearance of 150 KDa fragments of alpha-fodrin 
subuni ts ,  a s  detected by immunoblot  analysis .  Proteolyt ic  
cleavage of alpha- fodrin i s  calcium-Icalpain I-dependent and 
is selectively associated t o  the functional activation o f  NMDA 
receptors. The cleavage of fodrin occurs also in the absence o f  
NMDA-mediated neurotoxici ty  (DiStasi et a1.,1991). Recent  
s tudies  performed in rat hippocampus have showed that  
activation of excitatory amino acid receptors induces activation 
of p ro te in  k inases  and  of calcium-Icalmodulin-dependent 
phosphatases  a s  well. In cerebel lar  granule  cel l  cul tures .  
translocation of protein kinase C from the cytosol  to  the 
membrane is linked to  glutamate neurotoxicity (Favaron et 
a1.,1990) and in hippocampal slices the rapid dephoshorylation 
of the cytoskelctal protein MAP2. induced by NMDA. may play a 
role in dendritic plasticity (Halpain and Greengard, 1991) We  
are  current ly  invest igat ing protein phosphorylat ion induced 
by excitatory amino acid in cerebellar granule cell cultures. 
Preliminary experiments have showed that phosphorylation o f  
55-60 KDaI pH 6.8-7 components is induced by NMDA and that 
t he  beta  subun i t s  o f  fod r in  a re  a l so  phosphory la t ed .  
Expcriments t o  characterize the 55-60 kDa phosphoproteins and 
to  understand the relationship between the phosphorylation of 
the beta subunits and the cleavage of alpha subunits of fodrin 
induced by NMDA are in progress. 

T 316 EXPRESSION OF PURKINJE CELL GABAA RECEPTOR 
SUBUNIT mRNAs PRECEDES, AND IS INDEPENDENT 

OF, SYNAPSE FORMATION, A. Rotter, D. Zdilar. V. Luntz- 
Leybman and A. Frostholm, Department of Pharmacology, 
Ohio State University, Columbus, OH 43210 
It is of considerable interest to determine the temporal 
relationship between presynaptic innervation and the 
appearance of corresponding postsynaptic receptors 
during synaptogenesis in the CNS. In the present 
studies, we have utilized subunit specific riboprobes to 
examine the temporal appearance of GABA-A receptor 
mRNAs in  cerebellar Purkinje cells by hsltu 
hybridization during normal murine development and in 
the reeler mutant. During normal development, Purkinje 
cells arise from the ventricular germinal layer, migrate 
into the cortex and subsequently receive GABAergic 
input. These cells become sensitive to exogenously 
added GABA, contain GABA-A receptors and express 
corresponding subunit mRNAs. In the reeler mutant, the 
majority of Purkinje cells fail to reach the cerebellar 
cortex and, as a consequence, do not receive their full 
complement of inhibitory innervation. Our results 
indicate that Purkinje cell receptor subunit mRNAs are 
already expressed at birth, prior to the formation of 
synaptic inputs from basket and stellate cells. This 
expression pattern is also observed in reeler Purkinje 
cells even though these cells do not become innervated 
by inhibitory interneurons. 

The restriction of certain proteins, such as the acetylcholine 
receptor, to the neuromuscular junction, has been suggested to 
result from an exclusive localization of the Golgi to the 
subsynaptic compartment (Jasmin et al., P.N.A.S., 86, 7218-22, 
1989). In order to study the distribution of Golgi and other 
subcellular organelles between junctional and extra-junctional 
zones, single muscle fibers were observed as whole-mounts 
after immunofluorescent staining with a panel of antibodies. 
Single fibers were prepared from 4-6 week-old rat flexor 
digitorum brevis by collagenase dissociation. Antibodies to 
centrosomes, endoplasmic reticulum, and to two transient Golgi 
proteins, clathrin and p-coat protein @-COP), recognized their 
repective antigens both at the junction and elsewhere. The 
antibodies to clathrin and p-COP gave a discontinuous 
perinuclear staining, similar to the distribution of Golgi in cultured 
myotubes. When the muscle was observed by electron 
microscopy, small, easily identifiable Golgi stacks (<lo & in 
length) were found in both transverse and longitudinal sections. 
In addition. at the neuromuscular junction, the antibodies gave a 
staining pattern similar to that of a-bungarotoxin. a specific ligand 
of the acetylcholine receptor, suggesting that their antigens are 
enriched in the subsynaptic cytoplasm. In contrast, antibodies to 
a-mannosidase. a resident Golgi enzyme oiten used as Golgi 
marker in cultured cells, did not produce any detectable staining 
anywhere, suggesting that the enzyme is down-regulated in 
mature innervated muscle. I conclude that Golgi and other 
subcellular organelles involved in protein biosynthesis persist in 
both junctional and extra-junctional zones during muscle fiber 
maturation, although their content appears to change, possibly 
reflecting different metabolic needs in adult muscle. 
This work was initiated at the University of California, San 
Francisco, with help from H. Gordon and support from 2.W.Hall. 

T 317 43K PROTEIN INTERACTS WITH THE ALPHA AND/OR 
BETA SUBUNIT(S) OF THE NICOTINIC ACETYLCHOLINE 

RECEPTOR, Paula B. Scotland and Stanley C. Froehner. 
Department of Biochemistry, Dartmouth Medical School, 
Hanover, NH 03755-3844. 

The nicotinic acetylcholine receptor (nAChR) is highly 
concentrated at the neuromuscular junction. A cytoplasmic 
protein of Mr 43,000 (the 43K protein, or 43K) is also localized to 
this region, and is thought to interact with, and cluster, the 
receptor. Involvement of 43K protein in nAChR clustering has 
been demonstrated by coexpression studies. Injection of mRNA 
encoding the receptor subunits (a, p, y, 6) into Xenopus laevis 
oocytes results in diffusely distributed surface receptors whereas 
coinjection with 43K mRNA results in clustering of the receptors. 
These receptor clusters also contain the 43K protein. Therefore, 
the 43K protein probably interacts directly with the receptor to 
cause clustering (Froehner et. al., (1990) Neuron 5. 403-410). To 
determine which part of the receptor is essential for 43K-induced 
receptor clustering, experiments were performed using nAChR 
with altered subunit composition. Oocytes injected with a, 0, 6 
and 43K mRNA, but not y mRNA, still exhibited clustering of the 
receptors. Likewise, injection with u, p, y and 43K mRNA, but not 
6 mRNA, also resulted in clustered receptors. While these results 
demonstrate that both y and S in the same receptor complex are 
not necessary, it remains possible that either y or 6 are required. 
Because it was not possible to express receptors that contained 
only a and p subunits we used a chimeric subunit called EP 
(kindly provided by Xiao-Mei Yu and Zach Hall). ~p contains the 
extracellular region of the E subunit and the intracellular and 
transmembrane regions of the p subunit. Expression of a, P, EP 
and 43K mRNA still results in clustering of the nAChRs. These 
data demonstrate that only the a or p subunit may be necessary 
for 43K-induced receptor clustering. 
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T 318 THE EXPRESSION OF ACHR GENES AT SYNAPTIC 
SITES ON REGENERATED MUSCLE FIBRES IN THE 

ABSENCE OF THE NERVE, C.R. Slater' and H.R. Brennei. + 

Division of Neurobiology, University of Newcastle upon Tyne NE2 
4HH, U.K., Department of Physiology, University of Basel, 
Vesalgasse 1, CH-4051, Switzerland. 

Innervation of mammalian skeletal muscle fibres induces a 
local change in the pattern of expression of the genes for the 
nicotinic acetylcholine receptor (AChR) in the underlying 
myonuclei. This results in a switch in the subunit composition of 
the AChRs from %pya to a.&a (1) and in the gating and 
conductance properties of the ionic channels associated with 
them (2). In addition, the expression of a-, p- and &subunits at 
the neuromuscular synapse, but not elsewhere, becomes 
resistant to the down-regulating effects of muscle activity (3). The 
nature of the neurally derived signals that control the synapse- 
specific expression of AChR genes is not known. Here we show 
that when adult rat soleus muscle fibres are destroyed by 
injection of the venom of the Australian tiger snake (4) and are 
then allowed to regenerate in the absence of innervation, but 
within pre-existing basal lamina sheaths, 8- and a-subunit mRNAs 
are again expressed in an activity resistant manner in the region 
of the original synaptic sites. Furthermore, AChR channels with 
brief open times, characteristic of those containing the &-subunit, 
accumulate at these same sites. Thus, factors which are capable 
of inducing the synapse-specific expression of AChR genes 
survive at synaptic sites in spite of degeneration of the nerve and 
the original muscle cells. 
References 
1 Mishina et a/. Nature 321, 406-41 1 (1 986). 
2 Sakmann, B. 8 Brenner, H.R. Nature 276, 401-402 (1978). 
3 Goldman. D.. Brenner. H R. 8 Heinemann. S. Neuron I ,  329- 

, I  

333 (1988). 
4. Slater. C.R. 8 Allen. E.G. J. Phvsiol. (Paris) 80, 238-246 
(1985). 

T 320 A CONTINUOUS BASEMENT HEMBRAHE WITH SPECIFIC 

ANEURALLY CULTURED HUMAN SWLETAL MUSCLE CELLS 
Toin v.  Xuuuevelt, A d  Benders, Jacques  Veerkamp 
Unive r s i ty  of Nijmegen, Dept. Biochemistry,  P.O. 
B o x  9101, 6500 HB Nijmegen, The Netherlands.  

Human s k e l e t a l  muscle cells are completely 
encompassed by a basement membrane (BM) ,  which is  
s p e c i a l i s e d  a t  t h e  site of neuromuscular j u n c t i o n s  
( the synap t i c  BM) . BM-components w e r e  s t u d i e d  on 
human s k e l e t a l  muscle cells i n  v ivo  and i n  v i t r o  
by immunofluorescence and e l e c t r o n  microscopy. I n  
v ivo ,  muscle cells a r e  surrounded by a cont inuous  
l a y e r  of heparan s u l f a t e  pro teoglycans  (HSPGs), 
l aminin ,  t ype  I V  co l l agen  and f i b r o n e c t i n .  HSPGs 
a r e  d i s t i n c t i v e l y  concent ra ted  a t  t h e  s y n a p t i c  BM 
and so are molecules r e a c t i n g  w i t h  i s o l e c t i n  8 4  
f r o m  V i c i a  v i l l o s a .  

Myotubes c u l t u r e d  on a combination of t h e  serum 
s u b s t i t u t e  U l t r o s e r  G and b r a i n  e x t r a c t  show a 
cont inuous  l a y e r  of H S P G s ,  l aminin  and type  I V  
co l lagen .  A t  sites of a c e t y l c h o l i n e  r e c e p t o r  
c l u s t e r s ,  HSPGS and l e c t i n - p o s i t i v e  molecules a r e  
d i s t i n c t i v e l y  concent ra ted ,  resembling t h e  i n  v ivo  
s i t u a t i o n .  I n  c o n t r a s t ,  myotubes c u l t u r e d  on 
serum-containing m e d i a  a r e  n o t  enshea ted  by a 
cont inuous  l a y e r  of BM components, no r  do they  
show ace ty l cho l ine  r ecep to r ,  HSPG, or l e c t i n  
c l u s t e r i n g .  E lec t ron  microscopy r e v e a l s  t h a t  
myotubes c u l t e r e d  on Ul t rose r /b ra in  e x t r a c t  a r e  
surrounded by a cont inuous  BM c o n s i s t i n g  of a 
lamina luc ida ,  a lamina densa and a lamina 
f i b r o r e t i c u l a r i s .  Proteoglycans are p r e s e n t  on t h e  
e x t e r n a l  s i t e  of t h e  lamina densa,  and a s s o c i a t e d  
i n  a r e g u l a r  fash ion  v i t h  co l l agen  f i b r i l s .  

I n  conclus ion ,  BM a s s o c i a t e d  w i t h  myotubes 
c u l t u r e d  on U l t r o s e r  G/brain e x t r a c t  resemble i n  
many ways t h e  i n  v ivo  s i t u a t i o n ,  i nc lud ing  
s y n a p t i c  s p e c i a l i z a t i o n s .  The c u l t u r e s  of myotubes 
may s e r v e  as a model system f o r  s t u d i e s  on t h e  
s t r u c t u r e  and func t ion  of human muscular 
( synap t i c )  BM. 

SYNAPTIC ELEMENTS I S  ASSOCIATED WITH 

T 319 DIFFUSION-TRAPPING OF ACETYLCHOLINE 
RECEPTORS A NUMERICAL MODEL. 

Jes Stollberg and Herman Gordon. Bek6sy Laboratory of 
Neurobiology, University of Hawaii at Manoa; Department 
of Anatomy, University of Arizona, Tucson. 

The early aggregation of acetylcholine receptors at the 
developing neuromuscular junction proceeds in good 
measure by the lateral migration of receptors. Several lines 
of evidence are consistent with the aggregation taking place 
by way of a diffusion-trap - a region into which receptors 
diffuse freely ,but within which diffusion is hindered. 

While the diffusion-trap model is intuitively 
appealing, there has been little quantitative analysis of the 
model to determine whether such a mechanism could 
account for the observed rate and geometry of receptor 
aggregation. Here we present several such analyses based on 
numerical modeling of the diffusion-trapping process. Trap 
efficiency as well as realistic cell geometries, receptor 
densities, and diffusion constants are incorporated into the 
model so that we can present information concerning the 
density of receptors in and adjacent to the trap as a function 
of real (physiological) time. 

Of particular interest is a study based on a trap region 
of 7 x 2 pm on a 300 krn long, 10 pm diameter cylinder. 
Results show that with only a 5% trap efficiency (5% of 
receptors in the trap are bound per second) receptors 
accumulate to more than 100 times their initial density in 4 
hours. Receptor density immediately adjacent to the trap 
region is depressed to approximately 20% of the initial 
density. These results are similar to the observed formation 
of isolated receptor aggregates on the surface of cultured 
myotubes. Our findings support the view that receptor 
aggregation on cultured and embryonic myotubes proceeds 
by way of a diffusion-trap mechanism. 

T 321 PKC-PHOSPHORYLATED RC3 PROTEIN 
INCREASES CALCIUM LEVELS IN XENOPUS OOCYTES. 
Joseph B. Watson, Randy W. Cohen and Jody E. Margulies. 
Mental Retardation Research Center and Department of 
Psychiatry and Biobehavioral Sciences, UCLA, Los hgeles ,  
CA 90024. RC3 is a forebrain-specific postsynaptic protein 
first identified as a cDNA clone of a rat cortex-enriched 
mRNA by subtractive hybridization [Watson et  a1 (1990) 
J Neurosci Res 26:397-4081. RC3 resembles GAP-43, a 
presynaptic axonal protein, in a small domain of amino 
acid sequence containing a serine residue phosphorylated 
by protein kinase C (PKC) and a calmodulin-binding site. 
It would seem that a small domain has been conserved 
throughout evolution to provide a common site of 
interaction with PKC and calmodulin in either presynaptic 
or postsynaptic terminals. To assess the function of RC3 in 
PKC-mediated signal transduction pathways, assays of RC3 
heterologously expressed in Xenopus oocytes were 
performed using the two electrode voltage-clamp 
technique. Phorbol ester activation of endogenous oocyte 
PKC produced large calcium-activated C1- currents (2 500 
nA) in oocytes injected with wild type RC3 cRNA and not 
in control oocytes injected with mutant RC3 cRNA (glycine 
substituted for PKC-serine) or in oocytes injected with 
water. Experiments are underway to test whether PKC- 
phosphorylated RC3 modulates either IP3- or calcium- 
sensitive intracellular calcium stores. RC3's ability to 
amplify calcium levels may be relevant to its postsynaptic 
function and may have important implications for synaptic 
plasticity during development and molecular cascades that 
underlie memory storage. 
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T322 REGULATION OF AChR y A N D  E S U B U N I T  
GENE TRANSCRIPTION.  V. Witzemann. Pvl. 

Numberzer.  I .  Diirr. W. Kues.  and M. Koenen. Abteilung 
%e I I p h y s i o I o g  I e . M ax - PI a n  c k - I iist i t u t fur m ed  i z i  n i sch e 
ForschunS. Jahnstr. 20. 6900 Heidelberg. FRG 

T h e  five subuni ts .  CL, f i .  ;‘. b and E, o f  the nicot inic  
acetylcholine receptor ( A C h R )  are  regulated differently 
du r ing  deve lopmen t  and  synaptogenesis .  In  o rde r  to 
idenlify regulatory D N A  sequences which are  involved in 
gene transcription w e  have isolated and  characterized 5’- 
flanking sequences of the y and E subunit  genes that confer 
muscle-specific expression upon transient transfection of 
piimary cultures of ral muscle cells. Although these cells 
may hace an incomplete differentialion program lacking 
especial ly  tactors  i equ i r ed  for the synapse-specif ic  
expression of AChR subunits i n  normal innervated muscle 
they are  suitable 10 analyse regulatory signals involved in 
the  muscle-specif ic  expression o f  the A C h R  genes .  
M!o~enic tactors such as MyoD. myogenin and M R F 4  as 
putative transcription activating factors are  probably not 
involved in  synapse-specific events  but may be l inked to 
signall ing pathways arising from the electrical activity of 
the muscle which is known to regulate the biosynthesis of 
the extrasynaptic AChRs .  T h e  results demonstrate  that 
diffetent mechanisms are  involved in the regulation of of 
the muscle-specific expression of AChR y and E subunit  
eenes. 

T 324 CHARACTERIZATION OF A SYNAPSE SPECIFIC 
PHOSPHOPROTEIN WHICH IS A SUBSTRATE FOR 

NEURONAL CALPAIN: II. cDNA CLONING AND SEQUENCE 
ANALYSIS, Shibin Zhou, Rui Sousa, Nancy Hrinya Tannery. 
and Eileen M. Lafer, Department of Biological Sciences, 
University of Pittsburgh, Pittsburgh, PA 15260. 

This paper reports the cloning of the cDNA sequence for 
the F1-20 protein, a novel neuronal specific, developmentally 
regulated, synapse specific protein. The complete protein 
sequence has been deduced from this cDNA sequence and the 
C-terminal portion of the deduced amino acid sequence of the 
F1-20 protein was found to share homology with sequences from 
rabbit calpastatin (calpain protease inhibitor). Here we 
demonstrate that the Fl-20 protein is a substrate for neuronal 
calpain. as well as being heterogeneously phosphorylated. 
Protein phosphorylation is involved in signal transduction in 
many systems including the nervous system and is affected by 
changes in calcium concentration either directly, through the 
action of calcium dependent kinases, or indirectly through 
complex signal transduction cascades. The phosphorylation and 
calpain sensitivity of Fl -20 may therefore provide mechanisms 
through which its activity is regulated by changing calcium 
concentrations. 

Utilizing RNase protection analyses as well as PCR. the 
F1-20 mRNA is found to undergo alternative splicing with the 
consequent removal of a potential casein kinase I I  
phosphorylation site. 

This work was supported by NIH grant R01 NS29051 to Eileen 
M. Lafer, and by a March of Dimes Basal OConnor Starting 
Scholar Award to Eileen M. Lafer. 

T 323 THE CYTOPLASMIC LOOPS OF THE 6 AND c 
SUBUNITS O F  THE MOUSE MUSCLE 

ACETYLCHOLINE RECEPTOR ARE NOT REQUIRED 
FOR CLUSTER FORMATION IN COS CELLS 
TRANSIENTLY EXPRESSING THE RECEPTOR AND THE 
43 kD PROTEIN. Xiao Mei Yu and Zach W. Hall, Department 
of Physiology, University of California, San Francisco, CA 94143. 
To investigate mechanisms of formation of acetylcholine receptor 
clusters, we have transiently expressed subunits of the adult form 
of the mouse muscle nicotinic acetylcholine receptor (AChR) and 
the 43 kD protein in COS cells. In COS cells transfected only 
with cDNA for the four receptor subunits (Q. p ,  c and 6 ) ,  the 
AChR is diffusely distributed on the surface of the cells. When 
the 43 kD protein is also expressed in COS cells, small clusters of 
the AChR appear on their surface. We have made chimeric 
subunits to determine which cytoplasmic domains are required for 
cluster formation. When the c or 6 subunit cDNAs are replaced 
by cDNAs encoding subunits in which the N- and C-terminal 
regions come from the c or 6 subunits, respectively, and the 
intervening portion from the P subunit, a toxin-binding complex is 
expressed on the surface whose size and toxin-binding 
characteristics resemble those of the AChR. When co-expressed 
with the 43 kD protein, these complexes appear in clusters on the 
cell surface. We conclude that the cytoplasmic domains of  
neither the 6 or 6 subunits are required for cluster formation. 
(We thank Paula Scotland and Stan Froehner for generously 
providing advice and mouse muscle 43 kD cDNA; this work was 
supported by grants from the NIH and the Muscular Dystrophy 
Association). 
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Lntr Abstracts 
ANCHORAGE OF ACFPYLCHOLINE RECEPrORS AND 
EXTRACELLULAR GLYCOPROTEINS BY A SPECTRIN 

SKELETON. R . J .  B l o c h ,  G . M .  Dmytrenko* and  D . W .  
Pumpl in** ,  Depa r tmen t s  of P h y s i o l o g y ,  Neuro logy* ,  
and  Anatomy**, U n i v e r s i t y  o f  Maryland  Schoo l  of 
Med ic ine ,  B a l t i m o r e ,  ND 21201. 

The c l u s t e r s  o f  a c e t y l c h o l i n e  r e c e p t o r s  (AChR) 
of c u l t u r e d  r a t  myo tubes  c o n t a i n  e q u a l  amounts  of  
AChK a n d  t h e  43kD a n d  58kD r e c e p t o r - a s s o c l a t e d  
p r o t e i n s ,  a n d  4-7 f o l d  more R - s p e c t r i n .  S e l e c t i v e  
e x t r a c t i o n s  s u g g e s t  t h a t  t h e s e  p r o t e i n s  are removed 
f rom t h e  membrane i n  t h e  f o l l o w i n g  o r d e r  ( f r o m  
easiest  t o  m o s t  d i f f i c u l t ) :  R - s p e c t r i n  > 58kD > 
43kD > AChR. U l t r a s t r u c t u r a l  s t u d i e s  show t h a t  0- 
s p e c t r i n  is p a r t  of a n  e x t e n s i v e  ne twork  o f  v e r y  
t h i n  f i l a m e n t s  a p p l i e d  t o  t h e  i n t r a c e l l u l a r  f a c e  of  
t h e  membrane, a s s o c i a t e d  w i t h  a r e g u l a r  a r r a y  o f  
AChR i n  t h e  membrane i t s e l f .  These  r e s u l t s  are 
c o n s i s t e n t  w i t h  a model f o r  AChR c l u s t e r s  i n  whlch  
r e c e p t o r s  are  bound t o  a s p e c t r i n - r i c h  ne twork  by 
two i n t e r m e d i a r y  p r o t e i n s ,  43kD and  58kD. 

Components of t h e  e x t r a c e l l u l a r  m a t r i x  (ECM), 
i n c l u d i n g  f i b r o n e c t i n ,  l a m i n i n ,  h e p a r a n  s u l f a t e  
o r o t e o g l y c a n .  and  t y p e  I V  c o l l a g e n ,  c o d i s t r i b u t e  
w i t h  AChR i n  c l u s t e r s .  T r e a t m e n t  of i s o l a t e d  AChR 
c l u s t e r s  w i t h  i n s o l u b l e  c h y m o t r y p s l n  removes 6- 
s p e c t r i n  and  58kD a n d  s i m u l t a n e o u s l y  r e d i s t r l b u t e s  
AChR a n d  ECW, e v e n  t h o u a h  I n s o l u b l e  c h y m o t r y p s i n  
d o e s  n o t  g a i n  d i r e c t  access t o  ECM a t  c l u s t e r s .  
T h i s  s u g g e s t s  t h a t  ECM a c c u m u l a t e s  by v i r t u e  o f  its 
a b i l i t y  t o  a n c h o r ,  p re sumab ly  by a t r ansmembrane  
p r o t e i n ,  t o  a s t r u c t u r e  o n  t h e  c y t o p l a s m i c  f a c e  of 
c l u s t e r  membrane. W e  p r o p o s e  t h a t  t h i s  s t r u c t u r e  
is t h e  same s p e c t r i n - r i c h  membrane s k e l e t o n  t h a t  
a n c h o r s  AChR. 

T h e s e  r e s u l t s ,  c o n s i s t e n t  w i t h  l i n k a g e  amonge 
AChR, ECM and  t h e  membrane s k e l e t o n ,  c a n  e x p l a i n  
t h e  common f i n d i n g  t h a t  AChR c l u s t e r s  are a l w a y s  
a s s o c i a t e d  w i t h  b o t h  a submembrane d e n s i t y  a n d  
e l a b o r a t i o n s  o f  ECM. They a l so  h e l p  t o  e x p l a i n  t h e  
a b i l i t i e s  of a g r i n ,  A R I A ,  a n d  p h y s i c a l  c o n t a c t  t o  
i n d u c e  AChR c l u s t e r i n g .  

MEPP CLASSES AND SUBUNIT COMPOSITIONS ARE 
DYNAMICALLY FORMED AT MOMENT OF RELEASE AT 

THE TORPEW NEUROMUSCULAR AND ELECTROCYE JUNCTIONS 
M E Kriebel and G Fox Dept Physiology.. SUNY Health So 
Cli ,Syracuse, N Y and M P.1 Goettxngen. F R.G. 
There are two classes 01 miniature endplate potentials (MEPPs) 
In the frog. mouse, skale and TorDedQ junctions based on 
amplitude distributions The larger class forms a bell-shaped 
distribulion (bell-MEPPs) and this class was first described by 
Fat! and Katz (J Phystol. 1952) The second class has a mode 
117th - 1/101h thar 01 bell-MEPPs and 11 is skewed. Giant 
MEPPs belong to the skew-class (Kriebel el al 1976. J.  
Physiol ) Amplitude dislribullons of MEPPs show that bolh 
classes are composed of subunlts. The two classes have very 
ddlerent pharmacological and phystological properlies. Because 
there are rapid changes in class percentages as well as size. and 
there are interdependencies belween evenls. we have proposed 
that MEPP size is determined al the moment 01 release by a 
dynamical process with kmelics sirni13r to those that form water 
drops from a faucet (Kriebel, el al, 1990. Brain Res Rev ) In 
the Igj~& eleclrocyte terminal. we have shown that synaptic 
vescle membrane IS no1 incorporaled inlo the nerve lerminal 
wilh evoked release, thal changes in vesicle classes occur long 
afler b o t h  evoked and elevated rates 01 sponlaneous release. lhat 
MEPP size can vary 10 fold w!th the generalion of only 100 
MEPPs. and lliat there $5 a periodc property of the sponlaneous 
process of release. These findings suggest that the release 
process is very labile an the electric organ compared to 
eye muscle and frog and mouse preparafrons. IQCEX!Q 
electrocyte~ have 3 to 5 Classes of vesicles based on diameter 
whereas muscle fibers have only one CIPSS. Yet. MEPP size and 
class struclure are similar in muscle and eleclrocyte. We have 
found that vesicle classes are evenly dislributed and there is no 
correlation between vesicles and transmitter release. We 
propose that there IS a dynamic release process in the membrane 
thal meters the release of transmitter In subunit amounts lrom a 
presynaptic store and it has two functional states. One stale 
generates bell-MEPPs and the second state generates skew- 
MEPPs. Thus.  the ratlo of skew-to-bell-MEPPs is changeable. 
both classes are composed of the same subunits but the two stales 
have dilferent pharmacological properties. Supported by NIH 
NS25683. 

oCONOTOXIN-SENSl7FJE CALCIUM CHANNELS 

CORD SYNAPSE. W. Gruner, L.R Silva and  K. Dunlap, Dept. of 
Physiology, Tufts Univ., 136 Harrison Ave., Boston, MA 02111. 

In order to examine Ca2* channels that mediate transmitter 
release, we have studied synapses between single sensory 
afferent (DRG) neurons and spinal neurons grown together in 
primary culture Dorsal root ganglia and  spinal cords were 
dissected from chick embryos, dissociated, and plated onto dishes 
containing small collagen "islands" (Segal and Furshpan 1990, I; 
Neurophvs. 64:1390). Dual recordings from DRG-spinal cell pairs 
(R,,=0.5-3 GR) were made using whole cell patch damp 

TRIGGER EPSPs AT THE SENSORY NEURON-SPINAL 

techniques. 
DRG action potentials evoked short-latencv EPSPs in 

spinal neurons. EPSPs had amplitudes up  to 20 mV and were 
rapidly and  reversibly blocked by the glutamate receptor 
antagonist CNQX (1 pV). o-conotoxin (o-CgTX; I @I), which 
blocks N-type Ca" channels in chick DRG neurons (Cox and 
Dunlap 1992, J Neurosci. In Press), irreversibly blocked EPSPs in 
spinal neurons. wCgTX did not alter spinal neuron responses to 
focally applied L-glutamate. DRG action potentiais were 
narrowed by wCgTX but no change in input resistance or resting 
membrane potential was observed. 

DRG A h  
SP d 

These experiments provide direct evidence that N-type 
Ca2+ channels mediate transmitter release by DRG neurons. 
Paired recording experiments are in progress to examine how 
modulation of presynaptic N-type Ca2+ channels alters the spinal 
neuron EPSP. 
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