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ABSTRACT The developmental expression of macro-
scopic Ca?*-activated K* currents (Ix[ca]) in chicken ciliary
ganglion (CG) neurons is dependent in part on trophic factors
released from preganglionic nerve terminals. Neuregulins are
expressed in the preganglionic neurons that innervate the
chicken CG and are therefore plausible candidates for this
activity. Application of 1 nM f31-neuregulin peptide for 12 hr
evokes a large (7- to 10-fold) increase in Ix[c,) in embryonic
day 9 CG neurons, even in the presence of a translational
inhibitor. A similar posttranslational effect is produced by
high concentrations (10 nM) of epidermal growth factor and
type « transforming growth factor but not by 10 nM «2-
neuregulin peptide or by neurotrophins at 40 ng-ml-1. g1-
neuregulin treatment for 12 hr also confers Ca** sensitivity
onto large-conductance (285 pS) K* channels observed in
inside—out patches. B-Neuregulins have no effect on voltage-
activated Ca?* currents of CG neurons. These data support
the hypothesis that B-neuregulins mediate the trophic effects
of preganglionic nerve terminals on the electrophysiological
differentiation of developing CG neurons.

The erbB family of receptors, also known as type 1 tyrosine kinase
receptors, mediate the actions of many growth and differentiation
factors. The erbB1 receptor can be activated by epidermal growth
factor (EGF), type « transforming growth factor (TGF«), and
several other factors (reviewed in refs. 1 and 2). The natural
ligands for erbB3 and erbB4 receptors include the neuregulins, a
large class of growth and differentiation factors expressed in
several neural and mesenchymal tissues (3-6). Neuregulins do
not bind to erbBl1 receptors. Instead, they bind to erbB3 and
erbB4 receptors, resulting in trans-activation of erbB2 (7-10) or
erbB1 receptors (11). Activation of erbB1 receptors can also
cause trans-activation of erbB2, but to date no ligands have been
found that can cause direct activation of erbB2 in the absence of
other receptor types.

Neuregulins regulate the development and differentiation of
neural and mesenchymal tissues (reviewed in ref. 12). Many
different neuregulin isoforms can be generated by alternative
splicing (6, 12-16). All known isoforms can be divided into two
distinct groups on the basis of differences in the structure of
the EGF-like domains present in all neuregulins, as well as
their biological activities (12, 16). Indeed, small fragments of
these proteins that contain the EGF-like domains along with
afew adjacent amino acid residues retain full biological activity
(12). The various B-neuregulins are the predominant isoforms
expressed in the nervous system (12, 14, 16). One of the most
extensively studied actions of neuregulins is the stimulation of
nicotinic acetylcholine receptor (AChR) expression at verte-
brate neuromuscular junctions (5, 17, 18). This effect is caused
by transcriptional activation of muscle subsynaptic nuclei
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(19-21), leading to the development and maintenance of a
high density of AChRs at the endplate region. Neuregulins also
stimulate the expression of voltage-activated Na* channels in
chicken myotubes (22), and may regulate neurogenesis in some
sensory and autonomic ganglia (23, 24). In addition, a subset
of B-neuregulins, known as glial growth factors, regulate the
proliferation and differentiation of developing and mature
glial cells and Schwann cells (6, 25, 26). In most neural systems
described to date, B-neuregulins are more potent and effica-
cious than a-neuregulins and produce effects that are not
mimicked by EGF or other erbBl1 ligands (12, 16). However,
some nonneuronal cells exhibit similar responses to neuregu-
lins and erbBl1 ligands (27).

Our previous studies have shown that the Ca?*-activated K™
current (Ixjca)) is one of the largest ionic currents expressed in
mature parasympathetic neurons of the chicken ciliary ganglion
(CG) (28, 29). The normal developmental expression of whole-
cell Ixjca in chicken autonomic neurons is dependent upon
cell-cell interactions. For example, CG neurons that develop in
vitro in the absence of other cell types fail to express a functional
whole-cell Ixcs although voltage-activated Ca?* currents are
expressed at normal levels (29, 30). Moreover, a macroscopic
Ik[caq) is not expressed at normal amplitude in CG neurons that
develop in situ in the absence of interactions with either target
tissues or preganglionic innervation, although voltage-activated
Ca?* currents are normal in both of those cases (31). The
inductive effect of the afferent innervation is not due to synaptic
activation of CG neurons as it persists when ganglionic transmis-
sion is blocked chronically in ovo (32). Therefore, the trophic
effects of preganglionic innervation on CG Ikjca) expression are
mediated by a preganglionic nerve terminal-derived factor not
directly related to cholinergic synaptic transmission per se.
B-Neuregulins represent a plausible candidate for this activity
because their transcripts are expressed in preganglionic Edinger—
Westphal neurons that innervate the chicken CG (33). Moreover,
B-neuregulins induce the rapid phosphorylation of erbB2 in
chicken CG neurons (33). The functional effects of neuregulins
and other erbB ligands in CG neurons are unknown. Therefore,
the purpose of the present study was to examine the effects of
erbB ligands on the functional expression of Ixjca) in chicken CG
neurons developing in vitro. The results support the hypothesis
that B-neuregulins regulate the expression of whole-cell Ixjc, in
developing CG neurons.

MATERIALS AND METHODS

Cell Isolation and Culture. Chicken CG neurons were
isolated at embryonic day 9 (E9) and cultured as described
previously in a medium containing 40 ng'ml~! recombinant rat
ciliary neurotrophic factor (CNTF) (29, 30, 34). Cells were
maintained in vitro for 12 hr in the presence or absence of erbB
ligands or other factors. In some early experiments, CG
neurons were cultured in the presence or absence of neuregu-

Abbreviations: CG, chicken ciliary ganglion; Ix[ca), Ca2*-activated K+
current; B-NEU, B-1 neuregulin peptide; o-NEU, a-2 neuregulin
peptide; TGFa, type a recombinant human transforming growth
factor; EGF, recombinant human epidermal growth factor; AChR,
acetylcholine receptor.
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lins for 4 days. Similar results were obtained with those
protocols. In some experiments, culture media contained 0.1
mgml~! of the translational inhibitor anisomycin, a concen-
tration that we have previously shown to inhibit more than 95%
of protein synthesis in E9 CG neurons in vitro (30).
Electrophysiology. Whole-cell recordings of Ixjc,) were made
using standard methods as described previously (28-32). Briefly,
25-ms depolarizing steps to 0 mV were applied from a holding
potential of —40 mV. Normal external saline contained 145 mM
NaCl/5.4 mM KCl/5.4 mM CaCl,/0.8 mM MgCl,/5 mM D-
glucose/13 mM Hepes/500 nM tetrodotoxin, pH 7.4. Nominally
Ca’*-free external salines were the same except that they con-
tained 5.8 mM MgCl, and no added CaCl,. Pipette solutions
contained 120 mM KCl/2 mM MgCl,/10 mM EGTA/5 mM
ATP/0.2 mM GTP/0.1 mM leupeptin, pH 7.4. For experiments
on voltage-activated Ca>* currents, KCl in the pipette saline was
replaced with CsCl. Currents were evoked in normal and Ca?*-
free salines, and the net Ca?>"-dependent currents were obtained
by digital subtraction. Currents were normalized for cell size by
computing soma surface area for each cell from its diameter as
measured with an ocular micrometer (29, 30, 35, 36). Data were
analyzed by one-way ANOVA when multiple comparisons were
made, followed by Bonferonni’s #-test when significant differences
were observed between groups. Student’s unpaired #-test was
used when each group had its own control. Throughout, P < 0.05
was regarded as significant. Single-channel analyses of Ik[c,) in
excised inside—out patches were performed as described previ-
ously (28, 37). Pipette salines contained 150 mM KCl/5 mM
Hepes/10 mM EGTA, pH 7.4. Bath salines that contained no free

A. Control
Control Control - Ca?*-free
Ca’*-free
B. B-Neuregulin 1 nM
Control Control - Ca?*-free
[ o
- YA
Ca®*-free

1nA |

12ms

)
©

0.1 mg/mi anisomycin

— <
Ng g 0.20. *
$ 2 (12)
E é 0.15.
> z
2 g 0.10
_g ©
© -
E 5 0.05. (11)
g £
5 =
(s} O 000
Con B-Neu  o-Neu  a-Neu Con B-Neu
1aM  10M 10nM 1M

Growth conditions Growth conditions

F1G. 1. B-Neuregulins stimulate whole-cell Ik[caj. CG neurons were
isolated at E9 and cultured for 12 hr in the absence (A4) or presence (B)
of 1 nM PB-neuregulin peptide. Whole-cell currents were evoked by
depolarizing steps to 0 mV from a holding potential of —40 mV in the
presence and absence of Ca’* as indicated (Leff), and net Ca’*-
dependent currents were obtained by digital subtraction (Right). (C)
Density of net Ca?*-dependent outward currents in CG neurons that
developed in the presence or absence of B-neuregulin or a-neuregulin
peptides as indicated. (D) The stimulatory effects of B-neuregulin peptide
persist in the presence of the translational inhibitor anisomycin. In this
and subsequent figures, the number of cells per group is indicated in
parentheses above each bar, error bars represent SEM, and asterisks
indicate significant (P < 0.05) difference from controls.
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Ca?" consisted of 75 mM NaCl/75 mM KCl/5 mM Hepes/5 mM
EGTA, pH 7.4. A second saline was the same except that 5 mM
CaCl, was added, resulting in a free Ca* concentration of
approximately 10 uM (28). Data were filtered at 5 kHz with a
four-pole Bessel filter and stored on magnetic videotape for later
off-line analysis using PCLAMP6.03 software. Data were digitized at
25 kHz and events were idealized using a half-threshold crossing
procedure that ignored transitions of less than 300 us duration.
Neuregulins and Other Trophic Factors. Recombinant neu-
regulin peptides were generously provided by G. D. Fischbach of
the Harvard Medical School (Boston). These consisted of a
Bl-neuregulin peptide (amino acids 177-246 of human pBl1-
neuregulin) and an a2-neuregulin peptide (consisting of amino
acids 19-241 of human o2-neuregulin). These neuregulin pep-
tides are biologically active in several systems (12). In a few
experiments we also examined a full-length recombinant chicken
B-neuregulin known as pro-ARIA (5). Recombinant human
TGFa was obtained from Calbiochem. Recombinant rat neuro-
trophins, recombinant rat CNTF, and recombinant human EGF
were obtained from BioSource International, Camarillo, CA.

RESULTS

CG neurons were isolated at E9 and cultured for 12 hr in the
presence and absence of 1 nM recombinant human B1-neuregulin
peptide (B-NEU). Control CG neurons usually expressed detect-
able macroscopic Ikjca) but this current was small, with a mean
current density of less than 0.02 mA-cm~2 (Fig. 1 A and C).
B-NEU treatment for 12 hr caused a robust (5- to 7-fold)
stimulation of whole-cell Ixjc,j compared with control neurons
(Fig. 1 B and C) but had no effect on the amplitude or density of
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F1G. 2. B-Neuregulin treatment has no effect on voltage-activated
Ca?™ currents of CG neurons. Cells were isolated at E9 and cultured for
12 hr in the absence (4) or presence (B) of 1 nM B-neuregulin peptide.
Recordings were made as described in Fig. 1 except that recording
pipettes contained CsCl. Currents were evoked in the presence and
absence of external Ca?* (Left), and net voltage-activated Ca®* currents
were then obtained by digital subtraction (Right). (C) Mean Ca?* current
density is not affected by B-neuregulin treatment.
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voltage-activated Ca®* currents observed with CsCl recording
pipettes (Fig. 2). Ixjca) density in B-NEU-treated E9 neurons is
comparable to that observed in acutely isolated E13 CG neurons
(29, 30). A similar effect was produced by exposure of CG
neurons for 12 hr to a full-length recombinant chicken B1-
neuregulin protein, but B-neuregulin treatment for 2 hr did not
result in significant stimulation of Ixjca) (data not shown). By
contrast, e2-neuregulin peptide (a-NEU) was ineffective even at
10 nM (Fig. 1C). The stimulatory effects of B-NEU were post-
translational (Fig. 1D), as they persisted in the presence of the
translational inhibitor anisomycin (0.1 mg:ml~'), a concentration
that we have previously shown to block more than 95% of protein
synthesis in E9 CG neurons (30). Therefore, the effects of
neuregulins are exerted on preexisting Ixjc,) channels.

Other erbB ligands could also stimulate whole-cell Ixjc,), but
only at relatively high concentrations (Fig. 34). For example,
12-hr application of 10 nM EGF or 10 nM TGFa caused a 5- to
7-fold stimulation of Ixjc.. However, these factors did not
produce significant stimulation of k[, at 1 nM (data not shown).
Aswith B-NEU, the stimulatory effects of 10 nM EGF and 10 nM
TGFa can be evoked in the continued presence of 0.1 mg/ml
anisomycin and therefore do not require synthesis of new Ixjca
channel proteins (Fig. 3B). Other factors tested, including four
different neurotrophins (nerve growth factor, recombinant rat
brain-derived neurotrophic factor, and recombinant rat neuro-
trophin-3 and 4), were inactive even at high concentrations (Fig.
3C).

The experiments described above indicate that erbB ligands
regulate macroscopic Ixjca) by posttranslational mechanisms, but
they do not indicate whether this effect is exerted directly on the
Ik[caj channels. For example, stimulation of Ixjca) could have been
produced by modulating the functional coupling of Ixjca) and
voltage-activated Ca?* channels (38) or even by altering the
binding or sequestration of intracellular free Ca?* (39). There-
fore, we examined the properties of single Ixjc,) channels in

0.20
Ng »
< 0.15 (11)
E
> *
@ 0.10 (19)
[
©
13
® 0.08
3 (11

0.00.

Control TGF-a EGF

Growth conditions

Current density (mA/cm?)

0.104
0.054 (9)
12
a2 gy 2 {(10)
0.00 Control NGF BDNF NT-3 NT-4

Growth Conditions

Proc. Natl. Acad. Sci. USA 94 (1997)

inside—out patches excised from E9 CG neurons grown for 12 hr
in the presence and absence of 1 nM B-NEU. If neuregulins were
acting primarily by altering Ca>* channel localization or intra-
cellular Ca?* handling then one would expect to see normal Ix[ca)
channels in excised inside—out patches from control E9 neurons
(because the Ca?* is provided in the bath saline). That was not
observed (Fig. 44). Instead, the majority of patches from control
neurons contained 285-pS K* channels that exhibited a moderate
level of activity at —60 mV, even in Ca?*-free salines. These
channels reversed very close to the calculated K* equilibrium
potential (Ex) (Fig. 44). The mean probability of channel
opening (P,) of the 285-pS K* channels observed at —60 mV in
Ca?"-free bath saline was 0.117 * .032 (mean + SEM, n = 7
patches). These channels occasionally exhibited a slight increase
in P, after application of a bath saline containing 10 uM free
Ca?* (P, = 0.158 = .055), but this was never as great as is seen
in acutely isolated E13 neurons (28). Very different behavior was
observed in E9 CG neurons cultured for 12 hr in the presence of
1 nM B-NEU (Fig. 4B). Patches excised from B-NEU-treated
cells were essentially quiescent at —60 mV in Ca?*-free bath
salines. Under those conditions the mean P, of large-conductance
K* channels was 0.012 = .007 (n = 8 patches). Upon exposure
to 10 uM Ca?* the majority of these patches exhibited a large
increase in the activity of a 285-pS K* channel (to a mean P, of
0.289 = .056). These unitary currents reversed at the calculated
Ex (Fig. 4B). In a few patches, these very large-conductance
channels were accompanied by 185 and 110 pS K* channels (not
shown). The percentage increase in P, evoked by 10 uM Ca?* and
the steady-state P, under those conditions were significantly (P <
0.05) greater in B-NEU-treated cells than in control cells. One
aspect of these results was surprising. The Ikjca channels in
acutely isolated E13 CG neurons typically have unitary conduc-
tances of 45, 110, and 185 pS, and we have never seen 285 pS Ik[ca
channels at E13 (28, 37). A more detailed description of the
biophysical and pharmacological properties of the 285-pS chan-
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Fic. 3. Effects of erbB1 ligands and neurotrophins on whole-cell Ik[ca). (4) Stimulatory effects of 12-hr treatment with 10 nM EGF and TGF«
on CG neurons isolated at E9. (B) The stimulatory effects of these factors persist in the continued presence of 0.1 mg/ml anisomycin. (C)
Application of neurotrophins (40 ng/ml) for 12 hr has no effect on whole-cell Ik[caj of chicken CG neurons.
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nels of E9 CG neurons will be the subject of another report. Here
we conclude only that B-neuregulin treatment results in profound
changes in the behavior of large-conductance Ikjca) channels.
Note also that developmental changes in the Ca?* dependence of
large-conductance K* channels have been reported in other
vertebrate neurons (40, 41).

DISCUSSION

In the present study, we have observed that B-neuregulins mod-
ulate the functional expression of Ikjc,) in chicken CG neurons
developing in vitro. Similar effects were produced by high con-
centrations of EGF and TGF«, but not by high concentrations of
o2-neuregulin peptide or neurotrophins. The developmental
expression of whole-cell Ixc,) in situ is dependent on inductive
interactions with other cell types, including target tissues in the
eye and the afferent preganglionic innervation (31). B-Neuregu-
lin transcripts are expressed in the preganglionic neurons that
innervate the chicken CG (33), and it is likely that developing CG
neurons are exposed to neuregulins secreted from preganglionic
nerve terminals. Moreover, the trophic effect of the preganglionic
innervation appears to be mediated by a secreted factor unrelated
to synaptic transmission per se (32). Therefore, it is reasonable to
hypothesize that B-neuregulins play a role in mediating the
trophic effect of preganglionic nerve terminals on the functional
expression of Ixjca). The results of the present study support this
hypothesis, but it should be noted that the normal developmental
expression of functional Ixjca) channels in vivo is a complex
process that also requires interactions with target-derived factors
(30, 31).

To our knowledge, this is the first report of an effect of
neuregulins on neuronal function mediated by posttransla-
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tional mechanisms. Previous studies have shown that neuregu-
lins cause transcriptional activation of target cells, such as
developing vertebrate myotubes (19, 20, 21). This suggests that
activation of erbB2 receptors causes a cascade of effects
specific for a given cell type. In this regard, we have noted that
B-NEU fails to stimulate Ixjc,) in developing chicken lumbar
sympathetic ganglion neurons, which express erbB2 receptors
that can be phosphorylated in response to B-neuregulins (33)
as well as an Ixjca) Wwhose expression is regulated by soluble
differentiation factors (36). Thus, neuregulins resemble the
neurotrophins in that they produce a number of cell type-
specific actions exerted over a wide range of time scales (42).

The physiological significance of the Ixjc,) stimulatory ac-
tivity of the erbBl1 ligands in CG neurons is not clear. High
concentrations were required, well above those required to see
physiologically significant effects in other systems. Neverthe-
less, this result is of interest because even high concentrations
of EGF are unable to stimulate AChR synthesis in myotubes.
We have recently reported that a soluble 40- to 60-kDa factor
expressed in the iris, one of the principal target tissues of the
CG, can stimulate whole-cell Ixjca) in CG neurons by post-
translational mechanisms (30). The 40- to 60-kDa fractions
obtained from the iris do not stimulate AChR expression in
cultured myotubes and do not contain immunochemically
detectable neuregulins (A. Goodearle and S.E.D., unpublished
observations). One possibility is that the target-derived factor
is an erbBl1 ligand or a related molecule. It is also possible that
the target-derived Ikcq) stimulatory factor is structurally un-
related to EGF but that it activates signaling pathways that
converge at some point with those activated by erbB ligands.
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Fic. 4. Effects of B-neuregulin on large-conductance K* channels in developing CG neurons. (A4) Inside—out patch recording from E9 neuron
cultured for 12 hr in the absence of trophic factor. Traces to the left show large-conductance K* channels in Ca?*-free saline (Upper Left) and
in saline with free Ca?* buffered to approximately 10 uM (Lower Left). Membrane potential is —60 mV. Note that gating of large-conductance
channels is essentially independent of free Ca?* concentration. These large-conductance channels reverse close to the calculated Ex (+17 mV)
and have a unitary slope conductance of 285 pS (Right). (B) Inside—out patch from E9 CG neuron cultured for 12 hr with 1 nM B-neuregulin peptide.
Patch is quiescent in Ca?*-free saline (Upper Left), but large-conductance channels exhibit high level of activity in the presence of saline containing
10 uM free Ca?* (Lower Left). Membrane potential is —60 mV. These large-conductance channels reverse close to calculated Ex and have a unitary

slope conductance of 285 pS (Right).
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The mechanism of B-neuregulin modulation of Ixjc, in CG
neurons is unknown. However, it should be noted that the
response to neuregulins in CG neurons is relatively slow for a
posttranslational event, requiring several hours to see a significant
stimulation of Ixca). This suggests that several enzymatic steps
precede modification of the channels. The nature of the modifi-
cation of Ixc,) channels is also unknown, but may entail direct
phosphorylation or dephosphorylation of the channel molecules
or closely associated subunits. There is a large literature indicat-
ing that phosphorylation can increase (43) or decrease (43, 44)
the activity of large-conductance Ixjca) channels and that protein
kinases and phosphatases are closely associated with Ik[c,) chan-
nels in neuronal membranes (45). The present data indicate that
B-neuregulins induce modifications of preexisting Ikjca) channels
consistent with the observed changes in the macroscopic currents.
However, they do not exclude that B-neuregulins may also exert
subtle effects on Ca®* binding, sequestration, or availability to
activate Ixjca) channels. The unitary conductance of Ixjca) chan-
nels observed in E9 neurons is greater than that observed in E13
cells. This raises the possibility of a developmental change in the
subunit composition of Ixca) channels on CG neurons, possibly
programmed internally. Large-conductance Ixjc.) channels are
encoded at a single locus known as slowpoke (slo), but this gene
can be expressed in many different variants as a result of
alternative splicing (46, 47) and alternative promoter utilization
(48). We have previously shown that multiple slo transcripts are
expressed in chicken CG neurons (30), but we know nothing
about the subunit stoichiometry of the functional channels or how
this might change during embryonic development.

In summary, we have shown that whole-cell Ix|c,) in devel-
oping parasympathetic neurons can be stimulated by B-neu-
regulins and by high concentrations of structurally related
erbB ligands. This effect is exerted on preexisting Ixjca]
channels, which may not be identical to those found at later
developmental stages.

This paper is dedicated to the memory of our colleague, Dr. R.
Bruce Masterton. We are grateful to Dr. Gerald Fischbach of the
Harvard Medical School for supplying neuregulin peptides. Addition-
ally, we are grateful to Michelle Reiser for expert technical assistance
and to Drs. Ken Rosen and Andrew Goodearle for helpful discussions.
This paper was supported by National Institutes of Health Grant
NS-32748 (S.E.D.) and a Graduate Student Fellowship from the
American Heart Association (P.S.).
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