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ABSTRACT Two factors secreted from the nerve termi-
nal, agrin and neuregulin, have been postulated to induce
localization of the acetylcholine receptors (AChRs) to the
subsynaptic membrane in skeletal muscle fibers. The princi-
pal function ascribed to neuregulin is induction of AChR
subunit gene expression and to agrin is the aggregation of
AChRs. Here we report that when myoblasts engineered to
secrete an agrin fragment were placed into the nerve-free
region of denervated rodent muscle, the host muscle fibers
expressed AChR «-subunit gene transcripts, characteristic of
the neuromuscular synapse in adult muscle. Transcripts were
colocalized with agrin deposits and AChR clusters that were
resistant to electrical muscle activity. More directly, single
innervated muscle fibers injected intracellularly with agrin
expression plasmids in their extrasynaptic region developed a
functional ectopic postsynaptic membrane with clusters of
adult-type AChR channels and acetylcholinesterase and ac-
cumulation of myonuclei. The results demonstrate that agrin
is the principal neural signal that induces the formation of the
subsynaptic apparatus in the muscle fiber and controls lo-
cally, either indirectly or directly, the transcription of AChR
subunit genes and the aggregation of AChRs.

Innervation of skeletal muscle fibers induces the redistribution
of preexisting fetal acetylcholine receptors (AChRs), com-
posed of a2bgd subunits, to the subsynaptic muscle membrane.
Clustering of fetal AChRs is followed by the nerve-induced
expression of the AChR «-subunit gene selectively in myonu-
clei underlying the synapse (1), leading to the expression of
adult-subtype AChRs with a composition of a2b«d in the
synaptic membrane (2). The signaling molecules from the
nerve are thought to be agrin for AChR clustering and
AChR-inducing activity (ARIA) for induction of AChR gene
expression. Agrin, upon release from the nerve terminals,
binds stably to the synaptic portion of the muscle fiber’s basal
lamina (BL; ref. 3). Agrin is encoded by a single gene from
which several isoforms arise by alternative mRNA splicing,
each differing in their AChR-clustering activities (4, 5).
The local synthesis of new AChRs at the synapse is induced

by a BL-bound factor that activates transcription of AChR
subunit genes in the myofiber nuclei at the synapse (6, 7). This
induction is thought to be mediated by ARIA. ARIA, origi-
nally isolated from chicken brain (8), is synthesized by motor
neurons (9), is present in synaptic BL (10, 11), and increases
the level of AChR «-subunit mRNA (12) in cultured mouse
myotubes by activating gene transcription (13). It is encoded by
a gene (9), rat and human homologs of which encode Neu
differentiation factor and heregulin, respectively (14, 15), as

well as glial growth factor (GGF; ref. 16), each arising by
alternative mRNA splicing. The products derived from this
gene have collectively been named neuregulins (NRGs). Mus-
cle cells express several members of the epidermal growth
factor receptor family, ErbB-2, ErbB-3, and ErbB-4, that are
localized at the synapse and are tyrosine-phosphorylated upon
NRG binding (9, 17–19). Based on these findings, ARIAy
NRG has been proposed to be the nerve-supplied factor
stimulating the switch in synaptic AChR composition from the
fetal a2bgd type to the adult a2b«d type (9, 12).
Recently, we found that recombinant agrin, deposited by

transfected cells onto substrate, induces the expression of
AChR «-subunit in aneural cultured muscle cells via transcrip-
tional activation in the absence of nerve-supplied NRGs (20).
Consistent with this, transcriptional specialization of subsyn-
aptic nuclei was not observed in mice in which the genes
encoding agrin (21) or MuSK, a putative receptor for agrin,
had been deleted (22). In both cases, however, presynaptic
nerve terminals failed to develop. Thus, the absence of sub-
synaptic specializations in these animals could be due to the
failure of undifferentiated nerve endings to secrete molecules
mediating nerve-evoked postsynaptic differentiation.
We show that agrin alone, in the absence of nerve terminals

and of nerve-derived NRGs, is able to induce the formation of
a functional postsynaptic-like membrane in the extrasynaptic
region of denervated and innervated muscle fibers in vivo.
Agrin-induced ectopic expression of the AChR «-subunit gene
and adult-type AChR channels (containing an « subunit) were
used as an indicator for formation of an endplate-like mem-
brane in a previously synapse-free fiber segment. Some of
these results have appeared in abstract form (23).

MATERIALS AND METHODS

Cell Transfection, Injection of Cells and Plasmids into
Muscle, and Electrophysiology. Rat L6 myoblasts and mouse
C2C12 myoblasts were transfected by using the calcium phos-
phate method with 18 mg of plasmids pCBA-1 and 2 mg of
pMCNeo at a final total concentration of 3 mg of DNA per ml
(24). Stably transfected, agrin-secreting clones were selected
with G418 and ELISA (25). Male Sprague–Dawley rats (100–
200 g) or Swiss White mice (40–50 g) were anesthetized with
isoflurane or nembutal (1 mlykg of body weight). Soleus
muscles were denervated bilaterally by cutting the soleus
nerve. Three to 4 days (d) after denervation, 8000–12,000
stably transfected cells or control cells, suspended in 10 ml of
PBS, were injected via a 34-gauge needle into the proximal
endplate-free region of the soleus muscle, or sham injections
were made. Starting on the day before cell injection, animals

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked ‘‘advertisement’’ in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

Copyright q 1997 by THE NATIONAL ACADEMY OF SCIENCES OF THE USA
0027-8424y97y942654-6$2.00y0
PNAS is available online at http:yywww.pnas.org.

Abbreviations: ACh, acetylcholine; AChR, ACh receptor; ARIA,
AChR-inducing activity; AChE, acetylcholinesterase; BL, basal lam-
ina; NRG, neuregulin; d, day(s); GFP, green fluorescent protein.
‡To whom reprint requests should be addressed. e-mail:
brenner@ubaclu.unibas.ch.

2654



were force-fed daily with cyclosporine at 150 mgykg of body
weight dissolved in olive oil. Muscles were excised 4–5 d after
cell injection and divided into endplate-free and endplate-
containing segments for transcript analysis. Some muscles
were stimulated in vivo electrically with 100-Hz trains, 1 s in
duration, once every 100 s, via implanted electrodes for 4–6 d,
beginning 3–4 d after intramuscular injection of cells (26). In
the intracellular injection experiments, the expression plas-
mids for agrin were injected into single muscle fibers via
fine-tipped glass pipettes. Intracellular penetration of pipettes
was monitored by recording resting membrane potentials of
260 to270 mV. The cDNAs encoding full-length agrin7A4B8
(27) and green fluorescent protein (GFP) cloned into pcDNA1
or pRK expression vectors were dissolved at 200 ngyml in 150
mM KCl containing Fast Green FCF (Sigma; 25 mgyml),
back-filled into the pipette, and then pressure-ejected into the
proximal endplate-free region (5–10 mm away from the end-
plate region) of single fibers of exposed soleus. Brief pressure
pulses (1–2 bar; 1 bar 5 100 kPa) were applied to the end of
the injection pipette and injection was monitored visually by
the injected dye. Animals were anesthesized as described
above.
Electrophysiological characterization of AChR channel

properties by fluctuation analysis of ACh-evoked membrane
currents at endplates and at agrin-induced ectopic AChR
clusters was done as described (6).
In Situ and Northern Blot Hybridizations. Frozen cross-

sections 12–16 mm thick were prepared. In situ hybridization
used 35S-labeled cRNA specific for rat AChR «- and d-subunit
mRNAs and autoradiography for detection (1). Fiber diame-
ters were measured while viewing sections in Nomarski inter-
ference-contrast optics.
Total RNA was extracted from synaptic or extrasynaptic

segments of soleus muscle, resolved in a 1.4% formaldehyde
agarose gel, and transferred to nylonmembrane. Northern blot
hybridization analysis was done with a digoxygenin-labeled
cRNA rat muscle AChR « probe (20). Densitometric data were
normalized to levels of actin mRNA.
Staining. Agrin deposits were stained with an anti-chicken

agrin polyclonal antiserum, AChRs were stained with rhoda-
mine labeled a-bungarotoxin, AChR « subunit was stained
with mAb 168 (28). Acetylcholinesterase (AChE) activity was
visualized histochemically (29), and nuclei were stained with
bisbenzimide.

RESULTS

Agrin Delivered by Transfected Myoblasts to Rat Muscle
Fibers Induces Ectopic Expression of AChR «-Subunit Gene.
We examined whether agrin induces AChR expression in
muscle fibers in vivo. Myoblasts of the L6 and C2C12 cell lines
stably transfected to secrete the CBA-1 fragment (20) of
chicken agrinA4B19 were injected into the proximal endplate-
free region of denervated rat or mouse soleus muscles, re-
spectively. Five to 6 d after the injection, the level of «-subunit
mRNA in extrasynaptic rat muscle segments containing either
of two agrin-secreting L6 cell clones was 2.0 6 0.2 and 3.8 6
0.8 times higher (Fig. 1), than in contralateral control muscle
segments injected with control L6 cells (mean 6 SEM, four to
six pairs of muscles were analyzed for each clone). The
difference was statistically significant (P , 0.05, Student’s t
test).
The ratio of transcript levels in extrasynaptic test and control

muscle segments was similar to that of synaptic and extrasyn-
aptic segments in uninjected muscles, which averaged 3.86 0.7
(P , 0.01). Similarly, a 2.7 6 0.5 times increase in AChR
«-subunit RNA was found in extrasynaptic segments of mouse
soleus muscles injected with stably transfected C2C12 cells
compared with control muscles (P , 0.05). In contrast,
transcript levels in muscles injected with control cells or

sham-injected with saline were not different from one another
(P . 0.4; data not shown). Transcript levels in myotube
cultures derived from the transfected clones were only slightly
(1.2 6 0.1 times, n 5 3) higher than those derived from
untransfected control L6 and C2C12 cell cultures. Hence, agrin
delivered by myoblasts induced ectopic expression of the
«-subunit gene in adult muscle.
One characteristic property of nerve-induced synapse-

specific AChR expression is its resistance to electrical impulse
activity in the muscle fiber even after section of the motor
nerve (30). In contrast, extrasynaptic AChR expression in
denervated muscle is down-regulated by exogenous electrical
stimulation. We examined cross-sections of denervated muscle
injected with agrin secreting cells for colocalization of chicken
agrin, ectopic AChR clusters, and AChR «-subunit mRNA
accumulations in denervated and subsequently electrically
stimulated muscle. Injected muscles were electrically stimu-
lated for 4–6 d with a stimulation pattern that is sufficient to
abolish extrasynaptic AChRs in denervated muscle (26).
In cross-sections of stimulated muscle previously injected

with agrin-secreting L6 cells, but not in control muscles,
staining with rhodamine-labeled a-bungarotoxin showed
AChR clusters in extrasynaptic fiber segments. This labeling
occurred around and within the injection site, which could be
identified by its characteristic content of small cell profiles,
most likely representing L6 myoblasts or newly formed myo-
tubes. Clusters of AChRs were observed both on small and
large cell profiles, the latter of which had diameters similar to
that of host muscle fibers outside the injection region. These
large fibers located at the periphery of the injection region had
been electrically stimulated, since they did not contain dif-
fusely distributed AChRs in the surface membrane, unlike the
small cells and the fibers from contralateral denervated but

FIG. 1. CBA-1 fragment of agrin A4B19 delivered by stably
transfected rat L6 myoblasts injected into the nerve-free region (es) of
denervated soleus muscle increases the level of AChR «-subunit
transcripts as observed in Northern blot hybridization. Test muscles
were injected with stably transfected cells (L6-agrin); contralateral
control muscles were injected with the same number of nontransfected
L6 cells. Bar diagrams indicate levels of transcripts (mean6 SEM; n5
4 to 6) upon injection of agrin-secreting cells of one positive L6 clone
(es, L6-agrin), relative to those injected with control L6 cells (es,
L6-control); bars marked s give data for the muscle segments that
contained synapses. Injection of another transfected clone of L6 cells
and of transfected C2C12 cells into mouse soleus muscle gave similar
results. Injection of L6 control cells or sham injection with saline into
an endplate-free region did not affect AChR «-subunit mRNA levels
compared with noninjected muscles (data not shown). Levels of
actin-specific mRNA are shown for control.

Neurobiology: Jones et al. Proc. Natl. Acad. Sci. USA 94 (1997) 2655



nonstimulated muscle. Staining with anti-chicken agrin anti-
bodies showed agrin expressed in the small cells (Fig. 2A Left).
Some of the agrin-immunoreactive cells were colocalized with
focal deposits of agrin and with AChR clusters on the surface
of apposed large muscle fibers (Fig. 2A Right). Forty-one
AChR clusters in three injected muscles were examined for
colocalization with agrin, and at 37 fibers (90%) agrin deposits
were resolved.
AChR clusters (Fig. 2B Left) were colocalized, in 43 of 47

sites examined, with focal accumulations of AChR «-subunit
gene transcripts (Fig. 2B Right, arrowheads). These ectopic
«-subunit gene transcripts were expressed by electrically stim-
ulated fibers of the host muscle since histograms of diameters
of cells expressing «-subunit mRNA in the injection region and
of host muscle fibers outside the injection region showed that
the majority of fibers (88 of 95 examined) with ectopic
«-subunit mRNA accumulations had diameters (35.5 6 0.7
mm) similar to fibers of the host muscle (37.2 6 0.8 mm). The
smallest profiles expressing transcripts, representing injected
agrin-secreting cells, were only a small minority of all «-sub-
unit-mRNA-positive cells (5 of 95; diameter, 15.8 6 1.4 mm).
The possibility that AChR transcripts were expressed by fibers
regenerating from damaged muscle, which express AChR
«-subunit mRNA constitutively (6, 31), seems unlikely for the
following reasons. (i) Unlike in the present experiments,
extrasynaptic expression of «-subunit mRNA in regenerating
fibers is abolished by electrical muscle activity (6). (ii) In 65 of
67 fiber profiles expressing «-subunit mRNA, nuclei were
located at their periphery rather than in the center, which

would have indicated the presence of regenerating fibers (6).
Silver grain density at L6 cell-induced ectopic sites did not
obviously differ from that at the original endplates of muscle
processed in parallel (Fig. 2C), suggesting that the level of
AChR «-subunit gene expression at the ectopic sites was not
significantly different from that at the original synapses.
Thus, these observations suggest that the «-subunit-specific

transcripts were induced by the agrin secreted from the L6 cells
injected into themuscle and that the secreted agrin presumably
was bound to extracellular matrix of the host muscle fibers.
Ectopic Injection of Agrin Expression Plasmids into Inner-

vated Muscle Fibers Induces Postsynaptic-Like Membranes.
In the experiments described above, the induction of ectopic
AChR clusters and «-subunit gene transcript accumulations
could have been influenced by cosecretion with agrin of an
unidentified factor specific for the myoblasts injected into the
host muscle. Furthermore, most ectopic AChR clusters were
induced on fibers located deep inside the muscle, thus pre-
venting analysis of their functional properties. We circum-
vented these problems by intracellular injection of an expres-
sion plasmid for full-length chicken agrin cAgrin7A4B8 (27)
into extrasynaptic regions of individual, normally innervated
fibers of the adult rat soleus. Innervated fibers were used in
these experiments to test the resistance of agrin-induced
ectopic postsynaptic structures to the physiological pattern of
muscle activity and to see whether the effects of agrin de-
pended on the innervation state. Coinjection of a GFP ex-
pression plasmid allowed identification of injected fibers days
to weeks later. Five days after intracellular injection, about

FIG. 2. CBA-1 AgrinA4B19 delivered by injected L6 cells induces ectopic AChR clusters and colocalized accumulations of AChR «-subunit
mRNA in denervated but electrically stimulated rat soleus muscle. (A) Colocalization of agrin (Left) and AChR cluster (Right) in the endplate-free
region of denervated and 5-d stimulated muscle. Shown are an agrin-positive cell and apposed agrin deposit (Left) that follows the outline of an
adjacent fiber of the host muscle. (B) Colocalization of activity-resistant ectopic AChR clusters (Left) and «-subunit mRNA accumulation (Right,
arrowheads) in endplate-free region of denervated and 5-d stimulated muscle. (C) Original endplates of denervated muscle processed in parallel
to that in B. Note that densities of silver grains at original endplates are comparable to those at ectopic sites (as shown in B). [Bar 5 70 mm (A)
and 100 mm (B and C).]
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20% of the injected fibers were GFP-positive and showed
dense deposits of agrin at the site of the injection. Agrin
immunoreactivity was observed along several fiber diameters
and agrin was also deposited on fibers adjacent to the injected
one. Clusters of AChRs were present in these fibers and were
colocalized with deposits of agrin on the surface of the muscle.
In contrast, AChR clusters were not observed in fibers injected
with GFP expression plasmid alone. Agrin-injected sites ana-
lyzed 12–16 d after injection shared a number of structural and
functional properties with the subsynaptic membrane of nor-
mal neuromuscular synapses. (i) AChR clusters were colocal-
ized with agrin deposits both in the injected and neighboring
fibers (Fig. 3A). These clusters were resistant to muscle
activity, since the injected fibers were innervated. (ii) Clus-
tered myonuclei (Fig. 3B) and AChE activity (Fig. 3C) were
colocalized with the agrin-induced AChR clusters. (iii) In situ
hybridization of fiber profiles showed ectopic accumulation of
AChR «-subunit (Fig. 4) and d-subunit (data not shown) gene
transcripts that were colocalized with the agrin-induced AChR
clusters. These agrin-induced «-subunit transcripts were trans-
lated into AChR « subunit as indicated by the staining with a
specific antibody (Fig. 5; mAB168; ref. 28). Agrin-induced
AChR clusters and AChR gene transcript accumulations were
stable for at least 28–32 d after intracellular injection of the
agrin expression plasmid.
AChRs in Ectopic Postsynaptic-LikeMembrane Have Func-

tional Properties Similar to Those in Normal Endplates.

AChRs in injected fibers expressing agrin ectopically were
analyzed functionally by mapping the acetylcholine (ACh)
sensitivity. Injected sites showed focal high sensitivity to
iontophoretically applied ACh. Fibers responded with brisk
depolarization, which was not seen in membrane segments a
few tens of microns removed from the sensitive sites (Fig. 6A).
These ectopic, ACh-sensitive sites were agrin-induced, since
they were colocalized with AChE activity as indicated by
staining subsequent to physiological characterization. Fluctu-
ation analysis of ACh-induced currents indicated that the
apparent open time of AChR channels induced by the agrin
expression plasmid injection was short, as in normal endplates.
The autocorrelation function of ACh-induced currents was
characterized by a decay time constant (t) of 1.63 6 0.06 ms
(mean6 SEM; n5 8, at270 mV, 18–198C; Fig. 6B). This time
constant is similar to that measured at the endplates analyzed
in the same muscles (t 5 1.73 6 0.10 ms, n 5 5), and it is 3–5
times shorter than that measured at neonatal muscle endplates
before the gy«-subunit switch in endplate channel properties
has occurred (32).

DISCUSSION

The main result of the experiments reported is that agrin, a BL
factor deposited by the motor nerve terminal, can induce the
formation of an ectopic ‘‘synapse-like’’ muscle membrane with
mature functional properties, as observed in normal synapses.
This formation occurs in vivo in the extrasynaptic fiber seg-

FIG. 3. Agrin7A4B8 ectopically expressed by rat soleus fibers upon
intracellular injection of agrin expression plasmids induced formation
of ectopic ‘‘postsynaptic-like’’ membrane. (A and C) Taken at 14–16
d. (B) Taken at 28 d after plasmid injection from fibers that were
innervated at their neuromuscular synapses. (A) Confocal micro-
graphs show deposits of agrin (Left) around injected fiber and colo-
calized AChR clusters (Right). (B) Colocalization of agrin-induced
ectopic AChR clusters (Left) and accumulation of myonuclei (Right).
(C) Colocalization of agrin-induced ectopic AChR clusters (Left) and
ectopic AChE (Right); cross-section is shown. (Bar 5 100 mm.)

FIG. 4. Colocalization of agrin-induced AChR cluster and «-sub-
unit mRNA at ectopic sites of innervated muscle fibers. (A) Cross-
section through surface fibers of innervated soleus, 32 d after intra-
cellular injection of agrin expression plasmid (Agrin7A4B8) into
extrasynaptic region of single muscle fibers. Agrin expressed by muscle
fiber induced ectopic AChR clusters. (B) Same section as shown in A
after hybridization with 35S-labeled cRNA probe specific for AChR
«-subunit mRNA and autoradiography. Note colocalization of silver
grains (arrowheads) with AChR clusters. (Bar 5 70 mm.)
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ments in the absence of motor nerve terminals. Like nerve-
induced end-plates, the agrin-induced ectopic postsynaptic-
like site showed myonuclei accumulation, focal AChE activity,
and adult-type AChR channels (32) that contain an « subunit
(2). Unlike extrasynaptic AChRs in denervated muscle, the
agrin-induced AChR clusters in extrasynaptic muscle regions
are resistant to electrical muscle stimulation or normal muscle
activity. The induction of «-subunit gene transcript accumu-
lation indicates that the ectopic clusters of adult AChRs do not
merely reflect accumulations of preexisting AChRs that are
present at low density even in innervated soleus muscle (33).
Thus, these observations imply that the motor nerve terminal
may control functional subsynaptic specialization in the muscle
fiber via the release of a single signaling molecule, agrin. The
release from the terminal of another factor, ARIAyNRG, does
not appear to be a requirement. However, the results do not
exclude participation of ARIAyNRG further downstream in
the agrin-induced signal cascade. If ARIAyNRG is required,
it must be present in the surface of nonneuronal cells. Indeed,
ARIAyNRG-like immunoreactivity is present in muscle cells
(34). Furthermore, cultured muscle cells can express ARIAy
NRG-like biological activity that induces the phosphorylation
of ErbB-2 in primary myotubes as do NRGs (T.M. and H.R.B.,
unpublished results). Therefore, agrin in the absence of nerve
terminals could induce ARIAyNRG-dependent AChR gene
expression by concentrating or locally presenting muscle-
derived ARIAyNRG or another factor with ARIA-like activ-
ity in the myofiber surface from where it could activate AChR
expression in the myofiber by an autocrine mechanism. Sup-
porting this view, autocrine control of proliferation via secre-
tion of NRG and activation of ErbB-2 has been observed
recently in neoplastic fibroblasts (35).
Participation of muscle-derived ARIAyNRG-like activity in

synaptic AChR expression would reconcile differences in the
developmental expression patterns of AChR «-subunit mRNA
and of ARIAyNRG and ErbB-3 at neuromuscular synapses.
During the formation of the neuromuscular synapse, the
continued supply of neural factor can be interrupted by
denervation at birth (postnatal day 0; P0) without affecting the
normal development of AChR «-subunit gene expression for
at least up to P8 (1), demonstrating that the neural signal in the
basal lamina is already fully developed at P0. In rat hind limb
muscles, clusters of AChRs at developing neuromuscular

synapses, indicative for agrin action, begin to form as early as
embryonic day 16 (E16), «-subunit mRNA can be resolved at
E18 (36), and agrin immunoreactivity can be resolved perina-
tally (37). On the other hand, NRG-like immunoreactivity and
ErbB-3, although present at P0, become concentrated at
synapses only 1–2 weeks after birth and continue to increase in
the following weeks (18, 34). Thus, the localization of ARIAy
NRG activity and its receptors at the synapse appears to lag
about 10 d behind the expression of the neural factor that is
adequate for full stimulation of adult-type AChR expression.
This apparent discrepancy in the time course of expression in
developing synapses would be resolved if ARIAyNRG in the
synaptic BL was derived from muscle under the control of a
neural factor such as agrin.
Although our observations are consistent with synaptic

AChR gene expression induced by agrin via muscle-derived
ARIAyNRG, one cannot exclude, at present, a different more

FIG. 5. AChR « subunit in ectopic sites. (Upper) Agrin-induced
ectopic AChR cluster in innervated soleus fiber as visualized by
rhodamine-labeled a-bungarotoxin. (Lower) This AChR cluster con-
tains AChR « subunit stained with mAb 168. (Bar 5 70 mm.)

FIG. 6. Adult-type AChR channels in ectopic postsynaptic-like
membrane. (A) Application of short pulses of ACh (upper trace) at
ectopic site of innervated fiber produces rapid membrane depolariza-
tion (trace a). No response was detected at a site 100 mm away (trace
b). Membrane potential was 262 mV. Calibration bars (see B)
represent 5 nA, 2 mV, and 10 ms. (B) Functional properties of ectopic
AChR channels. Upper trace shows membrane current evoked by
prolonged application of ACh (bar above trace) at same sensitive site
as shown in A. The fiber was voltage-clamped locally to 270 mV.
Lower trace shows ac-coupled current record as in upper trace to
illustrate increase in membrane current fluctuations during ACh
application. Calibration bars represent 20 nA, 2.5 nA, and 10 s. (Lower)
Autocorrelation function of ACh-induced current fluctuations shown
above. Data points represent value of autocorrelation function f(T)
for different time intervals, T. Exponential function f(T) 5
s2zexp(2Tyt) is fitted to data points where s2 represents the total
variance and t represents the decay time constant. The decay of the
autocorrelation function is described by a single exponential with t 5
1.5 ms (marked by arrow; 270 mV, 188C), indicating short AChR
channel open bursts as measured for AChRs in normal adult neuro-
muscular junctions.
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direct pathway via a cognate agrin receptor that is independent
of ARIAyNRG. Involvement of MuSK (22, 38) in agrin-
induced expression of AChRs is not supported, however, since
only isoforms of agrin that cluster AChRs also cause phos-
phorylation and activation of MuSK. In contrast, the ability of
substrate-bound agrin isoforms to activate AChR gene expres-
sion is independent of their AChR-clustering activity (20).
To understand agrin-controlled AChR subunit gene expres-

sion, it will be important to elucidate, whether ARIAyNRG
secretion andyor localization of such factors to the synaptic BL
is affected by BL-bound agrin. This could explain our previous
finding in muscle cultures that the induction of AChR gene
expression by agrin depends on its binding to the extracellular
matrix (20).
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S. & Brenner, H. R. (1996) Proc. Natl. Acad. Sci. USA 93,
5985–5990.

21. Gautam, M., Noakes, P. G., Moscoso, L., Rupp, F., Scheller,
R. H., Merlie, J. P. & Sanes, J. R. (1996) Cell 85, 525–535.

22. DeChiara, T. M., Bowen, D. C., Valenzuela, D. M., Simmons,
M. V., Poueymirou, W. T., Thomas, S., Kinetz, E., Compton,
D. L., Rojas, E., Park, J. S., Smith, C., DiStefano, P. S., Glass,
D. J., Burden, S. J. & Yancopoulos, G. D. (1996) Cell 85, 501–
512.

23. Brenner, H. R. (1996) Eur. J. Neurosci. Suppl. 9, 3 (abstr.).
24. Chen, C. & Okayama, H. (1987) Mol. Cell. Biol. 7, 2745–2752.
25. Gesemann, M., Denzer, A. J. & Ruegg, M. A. (1995) J. Cell Biol.

128, 625–636.
26. Lømo, T. & Westgaard, R. H. (1975) J. Physiol. (London) 252,

603–626.
27. Denzer, A. J., Gesemann, M., Schumacher, B. & Ruegg, M. A.

(1995) J. Cell Biol. 131, 1547–1560.
28. Nelson, S., Shelton, D. G., Lei, S., Lindstrom, J. M., Conto-

Tronconi, B. (1992) J. Neuroimmunol. 36, 13–27.
29. Koelle, G. B. & Friedenwald, J. S. (1949) Proc. Soc. Exp. Biol.

Med. 70, 617–622.
30. Witzemann, V., Brenner, H. R. & Sakmann, B. (1991) J. Cell Biol.

114, 125–141.
31. Goldman, D., Carlson, B. M. & Staple, J. (1991) Neuron 7,

649–658.
32. Sakmann, B. & Brenner, H. R. (1978) Nature (London) 276,

401–402.
33. Miledi, R. & Zelena, J. (1966) Nature (London) 210, 855–866.
34. Moscoso, L. M., Chu, G. C., Gautam, M., Noakes, P. G., Merlie,

J. P. & Sanes, J. R. (1995) Dev. Biol. 172, 158–169.
35. Avila, M. A., Velasco, J. A., Cho, C., Lupu, R., Wen, D. &

Notario, V. (1995) Oncogene 10, 963–971.
36. Brenner, H. R., Rotzler, S., Kues, W., Witzemann, V. & Sak-

mann, B. (1994) Dev. Biol. 165, 527–536.
37. Hoch, W., Ferns, M., Campanelli, J. T., Hall, Z. W. & Scheller,

R. H. (1993) Neuron 11, 479–490.
38. Glass, D. J., Bowen, D. C., Stitt, T. N., Radziejewewski, C.,

Bruno, J., Ryan, T. E., Gies, D. R., Shah, S., Mattsson, K.,
Burden, S. J., DiStefano, P. S., Valenzuela, D. M., DeChiara,
T. M. & Yancopoulos, G. D. (1996) Cell 85, 1–20.

Neurobiology: Jones et al. Proc. Natl. Acad. Sci. USA 94 (1997) 2659


