
The dihydropyridine (DHP)-sensitive L-type Ca¥ channel
plays a central role in intracellular Ca¥ homeostasis. In
particular, this channel is essential in skeletal muscle
excitation—contraction coupling (Melzer et al. 1995). When
a muscle fibre is activated by a nerve impulse, an action
potential spreads throughout the surface and T-tubular
sarcolemma. The L-type Ca¥ channel á1-subunit senses
changes in membrane voltage. Conformational changes of
the channel associated with the movement of positively
charged segments of á1-subunits (S4 segments) couple
depolarization of the T-tubule and Ca¥ release (Schneider,
1994; Melzer et al. 1995). The L-type Ca¥ channel á1-
subunit is the main source of intramembrane current
together with the Na¤ and T-type Ca¥ channel in skeletal
muscle. The L-type Ca¥ channel by itself contributes more
than 60% of the total charge movement recorded in skeletal
myotube (Adams et al. 1990). This voltage-dependent non-
linear capacitive current is thought to be associated with the
voltage sensor function and is termed gating current or
charge movement (Schneider & Chandler, 1973). Because the
integral of charge movement is an indication of the number
of ion channels inserted in the membrane, the level of

channel expression is associated with the amplitude of the
charge movement recordings.

Insulin-like growth factor-1 (IGF_1) is a peptide structurally
related to proinsulin and has a primary role in promoting
skeletal muscle differentiation and growth in a relatively
slow time scale (Florini et al. 1996). IGF_1, as well as some
other growth factors, regulates the ion permeation function
of various ion channels. GrowthÏtrophic factor-mediated
potentiation of Ca¥ permeation through different ion
channels in clonal pituitary and neuroblastoma cell lines has
been reported (Meza et al. 1994; Selinfreund & Blair, 1994;
Delbono & Sonntag, 1996; Blair & Marshall, 1997). In skeletal
muscle, we have demonstrated that IGF_1 potentiates Ca¥
current through L-type Ca¥ channels in adult fibres
(Delbono et al. 1997), but not in muscles from ageing mice
(Renganathan et al. 1997c) probably due to IGF_1
resistance (Dardevet et al. 1994). Using a transgenic mouse
model overexpressing IGF_1 exclusively in skeletal muscle
(Coleman et al. 1995) we found increased levels of binding
sites for the dihydropyridine PN200_110 (Renganathan et
al. 1997b).
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1. We investigated whether insulin-like growth factor_1 (IGF_1), an endogenous potent activator
of skeletal muscle proliferation and differentiation, enhances L-type Ca¥ channel gene
expression resulting in increased functional voltage sensors in single skeletal muscle cells.

2. Charge movement and inward Ca¥ current were recorded in primary cultured rat myoballs
using the whole-cell configuration of the patch-clamp technique. Ca¥ current and maximum
charge movement (Qmax) were potentiated in cells treated with IGF_1 without significant
changes in their voltage dependence. Peak Ca¥ current in control and IGF_1-treated cells
was −7·8 ± 0·44 and −10·5 ± 0·37 pA pF¢, respectively (P < 0·01), whilst Qmax was
12·9 ± 0·4 and 22·0 ± 0·3 nC ìF¢, respectively (P < 0·01).

3. The number of L-type Ca¥ channels was found to increase in the same preparation. The
maximum binding capacity (Bmax) of the high-affinity radioligand [ÅH]PN200_110 in control
and IGF_1-treated cells was 1·21 ± 0·25 and 3·15 ± 0·5 pmol (mg protein)¢, respectively
(P < 0·01). No significant change in the dissociation constant for [ÅH]PN200_110 was found.

4. Antisense RNA amplification showed a significant increase in the level of mRNA encoding
the L-type Ca¥ channel á1-subunit in IGF_1-treated cells.

5. This study demonstrates that IGF_1 regulates charge movement and the level of L-type Ca¥
channel á1-subunits through activation of gene expression in skeletal muscle cells.
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In the present study we examined the influence of IGF_1 on
charge movement in cultured muscle cells. The role of IGF_1
in the biochemical expression of the L-type Ca¥ channel
á1_subunit was assessed by a high-affinity radioligand
binding assay in skeletal muscle cells. The influence of
IGF_1 on á1s gene expression was examined in myoballs by
combining patch clamp and single cell antisense RNA
amplification.

METHODS
Skeletal muscle primary culture

Sprague—Dawley newborn rats (days 1 and 2) were decapitated and
hindlimb muscles were dissected. Rats were housed in a pathogen-
free area at Wake Forest University School of Medicine (WFUSM).
Animal handling and procedures followed an approved protocol by
the Animal Care and Use Committee of WFUSM. Cell dissociation
and culture followed described procedures (Neville et al. 1997) with
some modifications. Briefly, hindlimb muscles from one to three
pups were dissected in sterile cold Hanks’ balanced salt solution
(HBSS; Ca¥, Mg¥ free). Minced tissue was incubated in HBSS
containing 0·25% trypsin at 37°C for 10 min and then triturated
with Pasteur pipettes of different tip sizes. Visible clumps were
separated from dispersed cells using a nylon mesh cell strainer
(Falcon no. 2360, Gibco). The collected flow-through was centrifuged
(200 g) for 5 min and the pellet was resuspended in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal calf serum
(FCS), 200 mÒ glutamine and 12·5 u ml¢ penicillin—streptomycin
(plating medium). Cells were plated on glass coverslips coated with
1% gelatin and incubated in 5% COµ. After 2 days, cells were
transferred into DMEM containing 2% horse serum (differentiation
medium). Human recombinant IGF_1 (RBI; 20 ng ml¢) was added
to the Petri dishes daily after the cells had been transferred to
differentiation medium. Four days after cell plating 10 ìÒ
cytosine-â-d-arabino-furanoside (AraC; Sigma) was added to the
cultured cells for 24 h. AraC was used to select against proliferating
cell types (i.e. fibroblasts) and generated a pure myotube culture
(Neville et al. 1997). Myotubes exhibited spontaneous contractions
after 2—3 days in differentiation medium. The experiments were
carried out 3 days after cell transfer to differentiation medium.

Charge movement and Ca¥ current recordings

Coverslips were mounted in a small flow-through Lucite chamber
positioned on a microscope stage. Cells were continuously perfused
with external solution (see below) using a push—pull syringe pump
(WPI, Saratoga, FL, USA). Spontaneously formed myoballs were
used for electrophysiological recordings. Plenty of myoballs for
experimentation were usually found after 2—3 days in differentiation
medium. Cells were voltage clamped in the whole-cell configuration
of the patch-clamp technique (Hamill et al. 1981) using an
Axopatch 200A amplifier (Axon Instruments). Micropipettes were
pulled from borosilicate glass (Boralex) using a Flaming Brown
micropipette puller (P97, Sutter Instrument Co.) to obtain electrode
resistances ranging from 2 to 4 MÙ. The composition of the internal
solution (pipette) was (mÒ): 140 caesium aspartate, 5 magnesium
aspartate, 10 CsµEGTA and 10 Hepes; pH was adjusted to 7·4 with
CsOH. The high concentration of Mg¥ in the pipette solution
helped to maintain the stability of the preparation for a longer time.
The external solution used for Ca¥ current recording contained
(mÒ): 145 TEA-Br, 10 CaClµ, 10 Hepes and 0·001 tetrodotoxin
(Beam & Knudson, 1988). Solution pH was adjusted to 7·4 with
CsOH. For charge movement recordings, Ca¥ current was blocked

with a solution containing (mÒ): 145 TEA-Br, 2 CaClµ, 0·5 Cd¥,
0·3 LaÅ¤, 10 Hepes and 0·001—0·003 tetrodotoxin (Adams et al.
1990).

Whole-cell currents were acquired and filtered at 5 kHz with
pCLAMP 6.04 software (Axon Instruments). A Digidata 1200
interface (Axon Instruments) was used for A—D conversion.
Membrane current during a voltage pulse, P, was initially corrected
by analog subtraction of linear components. The remaining linear
components were digitally subtracted on-line using hyperpolarizing
control pulses of one-quarter test pulse amplitude (−PÏ4 procedure)
(Bezanilla, 1985; Delbono, 1992). Four control pulses were applied
before the test pulse. Charge movements were evoked by 12·5 ms
depolarizing voltage steps from the holding potential (−80 mV) to
command potentials ranging from −70 to 70 mV. Intramembrane
charge movement was calculated as the integral of the current in
response to depolarizing pulses (charge on, Qon) and is expressed
per membrane capacitance (coulombs per farad). The complete
blockade of the inward Ca¥ current was verified by the Qon − Qoff
linear relationship. Membrane capacitance was calculated as the
integral of the transient current in response to a brief hyper-
polarizing pulse from −80 mV (holding potential) to −90 mV. The
mean of the membrane capacitance of the myoballs used for electro-
physiological experiments was 151 ± 21 and 140 ± 18 pF for
control and IGF_1-treated cells, respectively.

[ÅH]PN200_110 binding assay in muscle cells

Control and IGF_1-treated muscle cells were used for a
[ÅH]PN200_110 binding assay after 3 days of incubation in
differentiation medium or differentiation medium plus 20 ng ml¢
IGF_1. Protein concentration was determined by the Coomassie
protein assay with bovine serum albumin as the protein calibration
standard. PN200_110 receptor concentration was determined
using the radioligand [ÅH]PN200_110. Control and IGF_1-treated
cells (0·1 mg protein ml¢) were incubated with 0·05—5 nÒ
[ÅH]PN200_110 for 1 h at 23°C in 50 mÒ Tris-HCl pH 7·5, 10 ìÒ
Ca¥, 1 mÒ diisopropyl fluorophosphate (DIFP) and 5 ìÒ leupeptin.
Membrane bound [ÅH]PN200_110 was determined by filtration
through Whatman GFÏB filters using a Millipore unit (XX2702550,
Millipore Co., Bedford, MA, USA). Filters were rinsed three times
with 5 ml of ice-cold 200 mÒ choline chloride and 20 mÒ Tris-HCl,
pH 7·5. Non-specific [ÅH]PN200_110 binding was assessed in the
presence of 10 ìÒ unlabelled nifidepine (Sigma). The radioligand
concentrations used resulted in occupancy of > 95% of the high-
affinity binding sites (Anderson et al. 1994). Linear regression and
non-linear least square analysis were used to calculate non-specific
and total binding of the radioligand to the receptors. Specific
binding of [ÅH]PN200_110 at each concentration was calculated by
subtracting the non-specific binding from the total binding
obtained from the above analysis. The following equation was used
to fit the binding isotherm:

y = (xaÏ(x + b)) + xc, (1)

where y is bound [ÅH]PN200_110, x is free [ÅH]PN200_110, a is the
receptor number (maximum binding capacity, Bmax), b is the
dissociation constant (Kd) and c is the non-specific binding or the
low-affinity site. Data are also given in a graphical representation
of the Scatchard plot.

Single cell antisense RNA amplification

After current recording in the whole-cell configuration of the
patch-clamp technique, the cytoplasmic contents of the cell were
aspirated and processed for mRNA amplification according to
described procedures (Eberwine et al. 1992; Messi et al. 1997), as
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follows. The cell contents were incubated for 1 h at 42°C with avian
myeloblastosis virus (AMV) reverse transcriptase (RT) (Seikagaku,
Rockville, MD, USA) at a final concentration of 7 U ìl¢, plus
0·5 mÒ each dNTP (dATP, dCTP, dGTP and dTTP), 3 ng ìl¢ of
an oligodeoxynucleotide containing an oligo-dT region and the T7
RNA polymerase promoter (AAACGACGGCCAGTGAATTGT-
AATACGACTCACTATAGGCGC(T)24; Genosys, Woodlands, TX,
USA), 10² RT buffer (500 mÒ Tris pH 8·2, 1·2 Ò KCl, 100 mÒ
MgClµ and 0·5 mÒ sodium pyrophosphate), 10 mÒ dithiothreitol
(DTT) and 1·3 U ìl¢ RNasin (Promega, Madison, WI, USA). The
oligo-dT region primes the mRNA for subsequent cDNA synthesis.
Single-strand cDNA synthesis was followed by phenol—chloroform
extraction and ethanol precipitation. The precipitate was dissolved
in distilled water and heated at 95°C for 3 min. Second-strand
synthesis was accomplished using DNA hairpinning to produce a
primer for DNA synthesis. Specifically, first-strand DNA—RNA
hybrid, 5² second-strand buffer (500 mÒ Tris pH 7·4, 100 mÒ
KCl, 50 mÒ MgClµ, 25 mÒ DTT and 1·5 Ò (NHÚ)µSOÚ), 0·25 mÒ
each dNTP, 0·2 U ìl¢ Klenow fragment of DNA polymerase I and
0·2 U ìl¢ T4 DNA polymerase were combined and incubated at
14°C overnight. The DNA was next treated with 0·1 U ìl¢ S1
nuclease in S1 buffer (10²: 2 mÒ NaCl, 0·5 Ò sodium acetate
pH 4·5 and 10 mÒ ZnSOÚ) for 5 min at 37°C to eliminate the
hairpin formed in the second-strand synthesis reaction. After S1
nuclease treatment, the DNA was phenol—chloroform extracted,
ethanol precipitated, and resuspended in distilled water. The cDNA
was incubated at 37°C for 15 min in KFI buffer (10²: 200 mÒ Tris
pH 7·5, 100 mÒ MgClµ, 50 mÒ DTT and 50 mÒ NaCl) plus
0·25 mÒ dNTPs and 0·2 U ìl¢ Klenow. This incubation was
followed by phenol—chloroform extraction and ethanol precipitation
and the pellet was dissolved in 10 ìl of TE buffer (10 mÒ Tris,
1 mÒ EDTA, pH 8·2). The cDNA was drop dialysed using a
0·025 ìm pore filter (Millipore) against TE buffer for 4 h. This step
removes the free dNTPs remaining from the prior reactions. This
was followed by first round amplification using T7 RNA polymerase.
The antisense RNA was synthesized from the cDNA template via
an antisense oligonucleotide to the poly(A) RNA. For this RNA
amplification, 10² T7 RNA buffer (400 mÒ Tris pH 7·5, 7 mÒ
MgClµ, 100 mÒ NaCl and 20 mÒ spermidine), 0·05 mÒ each DTT,
0·125 mÒ ATP, GTP, UTP and CTP, 1·3 U ìl¢ RNasin and
1250 U ìl¢ T7 RNA polymerase (Epicentre Technology, Madison,
WI, USA) were added to the cDNA and incubated at 37°C for 4 h.
Antisense RNA products were converted to cDNA using random
primers and AMV reverse transcriptase in a second round of
amplification. Single-stranded cDNA was primed with the oligo-
dT—T7 RNA polymerase promoter oligonucleotide and another pool
of double-stranded cDNA prepared as a template for amplification.
In this amplification, radiolabelled CTP ([á-
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P]CTP) was
incorporated into the mRNA to generate a probe for hybridization
(Eberwine et al. 1992). The contents of control and IGF_1-treated
cells were labelled simultaneously with the same batch of [á-
ÅÂP]CTP .

The cDNA encoding the L-type Ca¥ channel á1-subunit (Tanabe et
al. 1987; Sanford et al. 1991) was subcloned into the transcription
competent vector pAGA2 (modified pGEM3) (Sanford et al. 1991;
Wei et al. 1991), which was linearized withHindIII. A fragment of
1037 bp corresponding to the á1-subunit domain I was obtained
with EcoRI digestion and used for hybridization onto nylon
membranes (see below). This fragment has a very low homology
with other clones expressed in skeletal muscle according to database
sequence analyses using the Wisconsin package software (Wisconsin,
Madison, WI, USA). The L-type Ca¥ channel á1s-subunit together
with a 448 bp fragment of the glyceraldehyde_3-phosphate

dehydrogenase (GAPDH) clone (Ambion Inc., Austin, TX, USA)
were run on a 1% agarose gel and transferred to Magnacharge
nylon membranes (MSI, Westborough, MA, USA). Membranes were
hybridized with the labelled probes in Church buffer (7% of 20%
SDS, 0·25 Ò NaHµPOÚ, 0·25 Ò NaµHPOÚ and 1 mÒ EDTA)
overnight at 52°C in a hybridization oven. A Betascope blot
analyser was used for beta-scanning of the membranes. Membranes
resulting from antisense RNAÏcDNA reverse Northern blots of
control and IGF_1-treated cells were exposed simultaneously to the
same X-ray film for 48 h and digitally scanned. The mean density
of pixels across the band width was integrated over the band height
using an optical scanner. For this analysis a Pdi imaging system
together with Quantity One 2.6 software (Huntington Station, NY,
USA) was used. The magnitude of hybridization to the 1037 bp
band was normalized to the signal recorded from the 448 bp band
corresponding to the GAPDH clone. Results are expressed as the
integral of the optical density (OD ² mm). The sequence of the
L_type Ca¥ channel á1s fragment was determined by DNA
sequencing performed on a Perkin Elmer (Norwark, CT, USA) ABI
Prism 377.

Data values are given as means ± s.e.m. with the number of
observations (n). Experimental groups were statistically analysed
using Student’s unpaired t test, and P < 0·05 was considered
significant.

RESULTS

IGF-1 potentiates skeletal muscle charge movement

Charge movement was recorded after blocking the inward
Ca¥ current with a solution containing a mixture of Cd¥
and LaÅ¤ (see Methods). The effects of IGF_1 on charge
movement were studied simultaneously in treated and
control cells at different days after cell transfer to
differentiation medium. Figure 1 illustrates charge movement
in both groups of cells in response to increasing depolarizing
voltage pulses. Myoballs were clamped at a holding potential
of −80 mV. Charge movement was evoked by 12·5 ms
depolarizing voltage steps to command potentials ranging
from −70 to 70 mV (Fig. 1A). Single traces of charge
movement in control cells and in cells incubated for 3 days
in 20 ng ml¢ IGF_1 are shown in Fig. 1B and C. Charge
movement became measurable at −70 to −60 mV and
saturated at 40 to 50 mV for control and test groups (see
below). Only traces from −40 to 40 mV with a 20 mV
interval are illustrated in Fig. 1. The IGF_1 concentration
used in this study is about fourfold the EC50 for DHP-
sensitive Ca¥ current potentiation in adult single skeletal
muscle fibres (EC50 = 5·6 ± 1·8 nÒ) (Delbono et al. 1997).
IGF_1 potentiated charge movement in the whole range of
potentials studied. These effects increased abruptly within
the first 24 h of incubation in the growth factor and declined
steeply after the interruption of IGF_1 administration (see
below).

IGF_1 potentiates charge movement without changing
the voltage distribution

IGF_1 did not significantly change the voltage distribution
for charge movement. Figure 2 shows the Qon—membrane
potential relationship for the range of potentials studied.
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Curves were fitted with a single Boltzmann equation of the
form:

Qon = QmaxÏ{1 + exp (−(V − V½Q)ÏK)}, (2)

where Qmax is the maximum charge that can be moved, V is
the test potential, V½Q is the potential at which half the
charge has moved and K is a slope factor. IGF_1
potentiated charge movement. The fractional potentiation
of charge movement elicited was 70 ± 5·1% at 50 mV. The
means of best-fit parameters describing the voltage
dependence of charge movement in control cells (n = 41)
were Qmax = 12·9 ± 0·4 nC ìF¢, V½Q = 18·5 ± 0·7 mV and

K = 14·0 ± 0·13. In IGF_1-treated cells (n = 52) the values
were Qmax = 22·0 ± 0·3 nC ìF¢ (P < 0·01), V½Q = 16·8 ±
0·8 mV (P > 0·5) and K = 13·3 ± 0·15 (P > 0·5).

The significant increase in Qmax without significant changes
in V½Q and K support the concept that IGF_1 increases the
number of charges in the membrane and does not alter the
voltage dependence of the channels.

Time course of IGF_1 potentiation of charge
movement

The time course of IGF_1 effects on charge movement is
represented in Fig. 3. To examine the onset and reversibility
of IGF_1 effects, cells were studied at 3, 6 and 12 h and then
daily until 6 days after the addition of IGF_1 to the culture
medium. At day 6, the administration of IGF_1 was
discontinued and the cells were studied until day 10.

A significant potentiation of charge movement was recorded
within the first 24 h of incubation in IGF_1. Charge
movement progressively increased up to day 3 to reach a
plateau until day 6. A steep decline in the potentiation of
charge movement was recorded 1 day after the suspension
of IGF_1 administration. Charge movement was not
significantly different from control from day 8 to day 10.
The onset and recovery of the effect described in Fig. 3 is
consistent with a modulatory action of IGF_1 on gene
expression of the channels involved in charge movement.

Lack of acute modulatory effects of IGF_1 on charge
movement

Because a significant increase in L-type Ca¥ channel
expression was recorded within the first day of incubation
in IGF_1 (Fig. 3), we investigated whether the growth factor
has an acute modulatory effect on charge movement as
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Figure 1. IGF_1 potentiates charge movement in
muscle cells

A, charge movement records in myoballs in response to 12 ms
pulses from a holding potential of −80 mV to the voltages
indicated. Single traces of charge movement in control
conditions (B) are compared with recordings obtained from
cells incubated for 3 days in 20 ng ml¢ IGF_1 (C). The
baseline is shown as a dashed line. The cells used for the
illustration exhibited similar linear capacitance: 128 and
123 pF for cells B8A08 and B8M20, respectively.

Figure 2. IGF_1-dependent potentiation of charge
movement

Charge movement—voltage relationship for control cells (0)
and cells incubated in 20 ng ml¢ IGF_1 (þ). IGF_1
potentiates charge movement elicited by the pulse protocol
illustrated in Fig. 1A. Experimental points were fitted to
eqn (2). For the means of best-fit parameters describing the
voltage dependence of charge movement, see text.



demonstrated before for the DHP-sensitive Ca¥ current
(Delbono et al. 1997). Figure 4 illustrates the lack of IGF_1
effects on charge movement. Figure 4A shows a compilation
of 100 charge movement records obtained in a myoball in
response to 12·5 ms pulses from a holding potential of
−80 mV to 20 mV with 10 s intervals. The first four
responses were recorded in control conditions. Between
pulses 4 and 5 the bathing solution was completely replaced
by a bathing solution containing 20 ng ml¢ IGF_1 and
maintained for the remaining pulses (top bar). Exposure to
the growth factor did not evoke upregulation of charge
movement. The lack of IGF_1 effect on the integral of
gating currents was compared with the spontaneous changes
in charge movement recorded in control cells (Fig. 4B).
Charge movement normalized to the mean of the first four
pulses at 15 min of incubation in IGF_1 or in control
solution (no IGF_1 added) was 0·81 ± 0·17 (n = 10) and
0·62 ± 0·15 (n = 14), respectively (P > 0·05). The progressive
decline in charge movement density was associated with a
decrease in cell capacitance. The ratio of cell capacitance at
the beginning (mean of the first 4 pulses) to that at the end
of the experiment (pulse 100) was 0·89 ± 0·16 and
0·84 ± 0·17 for control and IGF_1-treated cells, respectively
(P > 0·5). This suggests that cell detubulation may account
for the decline in the integral of charge movement.

IGF_1 potentiates Ca¥ current through L-type Ca¥
channels

We reported previously that acute exposure to IGF_1
enhances the amplitude of the inward Ca¥ current through
DHP-sensitive L-type Ca¥ channels without affecting the
voltage sensor in mature single mouse muscle fibre (Delbono

et al. 1997). These results suggest that IGF_1 facilitates
channel activation by exerting an acute modulatory effect
on the L-type Ca¥ channel structures involved in calcium
ion permeation, rather than via an effect on the voltage
sensor (Delbono et al. 1997). In the present work we tested
the hypothesis that the increase in charge movement is
associated with a significant increase in the amplitude of the
Ca¥ current. Ca¥ current was recorded in the whole-cell
configuration of the patch-clamp technique. Ca¥ currents
were evoked by 1·8 s depolarizing voltage steps to command
potentials ranging from −70 to 50 mV. Figure 5A and B
illustrates Ca¥ current traces recorded in control (Fig. 5A)
and in cells treated with IGF_1 for 3 days (Fig. 5B). Figure
5C shows the current—voltage relationship for the complete
voltage range (−70 to 80 mV). A total of 35 and 40 cells were
studied for control and IGF_1-treated groups, respectively.
A fast inactivating inward current that exhibited a
maximum amplitude between −70 and −60 mV (Beam &
Knudson, 1988) was recorded in control and IGF_1-treated
cells. The slow Ca¥ current was significantly potentiated at
positive potentials (10—50 mV) (Fig. 5A and B). In contrast
to observations in cells acutely treated with IGF_1 (Delbono
et al. 1997), no change in the Ca¥ current—voltage
relationship was observed in cells chronically treated with
the growth factor. Therefore, potentiation of the Ca¥
current density in cells chronically exposed to IGF_1 may
result from a net increase in the number of Ca¥ channels
(see below), in the fraction of channels that are available for
opening, or in the open probability of each channel. These
last two mechanisms mediate the IGF_1-dependent
regulation of Ca¥ channel function described in a previous
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Figure 3. Time course of IGF_1 effects on charge movement

Charge movement (Qmax) was recorded in cells incubated for 6 days in 20 ng ml¢ IGF_1 (black bars) and in
control cells (grey bars) studied at the same time of culture. The time of exposure to IGF_1 is shown on the
x-axis. The 10 s intervals between pulses are not shown. Myoballs were also studied for 4 days after the
interruption of IGF_1 administration. The number of cells studied for each group varied from 10 to 14.
Asterisks indicate statistically significant differences between the two groups (P < 0·05).



publication (Delbono et al. 1997). A group of experiments
was performed to determine whether cultured myoballs
respond to acute exposure to IGF_1 as demonstrated for
mature muscle fibres (Delbono et al. 1997). The ratio between
Ca¥ current amplitude after 30 min of incubation in
20 ng ml¢ IGF_1 and the control Ca¥ current amplitude
(before exposure to IGF_1) was 1·5 ± 0·17 (n = 14). Control
experiments showed a ratio between peak Ca¥ current
amplitude after external solution exchange (no IGF_1 added)
and peak Ca¥ current before solution exchange of
0·6 ± 0·08 (n = 15). These results show that IGF_1 not only
prevents the spontaneous decrease, it also significantly
potentiates the amplitude of Ca¥ flux through L-type Ca¥
channels in myoballs. We also examined the acute effects of
IGF_1 on Ca¥ current in myoballs incubated in 20 ng ml¢

IGF_1 for 3 days. The growth factor was removed from the
culture medium and 1 h later the myoballs were acutely
perfused with 20 ng ml¢ IGF_1. The ratio between Ca¥
current amplitude after 30 min of acute exposure to
20 ng ml¢ IGF_1 and the control Ca¥ current amplitude
(before acute exposure to IGF_1) was 1·4 ± 0·19 (n = 15).
Although this acute and chronic exposure to IGF_1 results
in Ca¥ current potentiation, the results are not significantly
different from those recorded in myoballs either acutely
exposed to IGF_1 or chronically incubated in the growth
factor.

To determine whether the potentiation of the slow Ca¥
current results from the insufficient reversal of the acute
effect of IGF_1 andÏor from a net increase in the number of
L-type Ca¥ channels, Ca¥ current density was studied in
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Figure 4. Lack of acute effects of IGF_1 on charge movement

A, continuous recording of charge movement in response to 12 ms depolarizations from a holding potential
of −80 mV to 20 mV with 10 s intervals (not shown; total recording time, 16 min). The bar above the
traces indicates the presence of 20 ng ml¢ IGF_1 in the bathing solution. B, time dependence of
normalized Qon in control (þ) and in cells exposed to 20 ng ml¢ IGF_1 (0). The arrow indicates the
beginning of the exposure to IGF_1. The first 4 traces in control conditions (A) were averaged and used for
normalization of the charge movement recorded after adding IGF_1.



myoballs after brief or prolonged exposure to IGF_1. The
Ca¥ current density was recorded 30—60 min after the
suspension of growth factor administration to myoballs
incubated for 30 min or 3 days in 20 ng ml¢ IGF_1. The
recordings were performed 30—60 min after growth factor
washout because this was the time at which the experiments
shown in Fig. 5 were done. The ratio between Ca¥ current
amplitude after 30 min or 3 days of exposure to IGF_1 and
the control Ca¥ current amplitude (before acute exposure to
IGF_1) was 1·03 ± 0·11 (n = 14) and 1·45 ± 0·12 (n = 15),
respectively. These results show that the slow current
density returns to control values after a brief incubation in
IGF_1; however, the significant potentiation persists when
the cells are incubated for 3 days.

IGF_1 increases the number of L-type Ca¥ channel
á1-subunits

The concentration of L-type Ca¥ channel á1-subunits and
their dissociation constant for the high-affinity radioligand
[ÅH]PN200_110 were determined in control muscle cells and

in myoballs treated with 20 ng ml¢ IGF_1 for 3 days (10
determinations in 3 different preparations). Control and
treated cells were examined simultaneously 6 days after
plating. The non-specific binding was quantified for both
groups. The non-specificÏspecific binding ratio for control
and IGF_1-treated cells was 0·28 ± 0·02 and 0·166 ± 0·01,
respectively. Figure 6 shows [ÅH]PN200_110 binding to
control (0) and IGF_1-treated cells (þ). The inset of Fig. 6
shows Scatchard analyses of ligand binding to the L-type
Ca¥ channel á1-subunit. [ÅH]PN200_110 Bmax and Kd values
were calculated from Scatchard analyses of the binding
assay for ten determinations in three different preparations.
[ÅH]PN200_110 Bmax values for control and IGF_1-treated
cells were 1·21 ± 0·25 and 3·15 ± 0·5 pmol (mg protein)¢,
respectively (P < 0·05). The difference in maximum
binding capacity cannot be explained by changes in the
dissociation constant of the receptor. The receptor Kd values
for control and IGF_1-treated cells were 3·36 ± 1·04 and
2·37 ± 0·88 nÒ, respectively (P > 0·05). The values
determined for the number of channels and the dissociation

IGF-1 and muscle L-type Ca¥ channelJ. Physiol. 516.2 337

Figure 5. IGF_1 potentiates slow Ca¥ current

Slow Ca¥ current was recorded in control (A) and IGF_1-treated (B) cells. Pulses of 1·8 s duration from a
holding potential of −80 mV to 10—50 mV were applied. The inward Ca¥ current—voltage relationship
(Im, membrane current; Vm, membrane voltage) from −70 to 80 mV for both groups of cells is depicted in C
(0, control; 1, IGF_1).



constant for [ÅH]PN200_110 in primary cultured muscle
cells are in agreement with studies done in transgenic
muscle fibres from adult mice overexpressing hIGF_1
(Renganathan et al. 1997b) (see below). These experiments
demonstrate that IGF_1 significantly potentiates the
number of L-type Ca¥ channel á1-subunits in muscle cells.

IGF_1 promotes L-type Ca¥ channel expression by
enhancing gene expression

To determine whether IGF_1 increases the number of L_type
Ca¥ channel á1-subunits via the activation of á1s gene
expression, we combined the whole-cell configuration of the
patch-clamp technique with an antisense RNA amplification
technique. The amplified mRNA from a group of control
and IGF_1-treated cells was labelled with [á-

32

P]CTP and
hybridized to a fragment of the glyceraldehyde_3-phosphate
dehydrogenase (GAPDH) cDNA and L-type Ca¥ channel
á1s cDNA that had been immobilized on nylon membranes.
Figure 7A shows the 448 bp GADPH and 1037 bp á1s
cDNA fragments on a 1% agarose gel. A 1 kb cDNA ladder
(1 kb DNA ladder, Promega) (Fig. 7Aa) together with
analysis of the restriction map were used to determine the
size of the á1s cDNA fragment. The magnitude of
hybridization was measured by digital scanning of
membranes exposed to X-ray films (see Methods). Figure 7

illustrates the magnitude of the hybridization to the 448
and 1037 bp bands for control (Fig. 7B and C) and IGF_1-
treated cells (Fig. 7D and E). We found that the level of
GAPDH mRNA did not change significantly in cells treated
with IGF_1 for 3 days (cells treated with IGF_1Ïnon-treated
cells = 0·98 ± 0·05; n = 15). Therefore, the signal at the
448 bp band, corresponding to the GAPDH clone, was used
for normalization of the signal recorded at the 1037 bp
L_type Ca¥ channel á1-subunit band. It is apparent that
the level of L-type Ca¥ channel á1s mRNA was higher in
cells treated with IGF_1 than in control. This observation
was confirmed in 12 control cells and 12 cells treated with
20 ng ml¢ IGF_1 for 3 days. The ratio of the IGF_1-treated
cells to control cells resulting from optical scanning of the
hybridization signal at the 1037 bp band was 2·01 ± 0·18.
Because the level of [ÅH]PN200_110 binding sites and
mRNA for the L-type Ca¥ channel á1-subunit were
undetectable in muscle cells cultured for 1—2 days in plating
medium (Kyselovic et al. 1994) these early cultures were
used as a negative control for hybridization tests. No
hybridization was detected in any of the ten cells studied at
this time of culture. These results support the concept that
IGF_1 increases the number of L-type Ca¥ channel á1-
subunits by enhancing á1s gene expression.

DISCUSSION

In this study we report that physiological concentrations of
IGF_1 enhance á1s gene expression, leading to an absolute
increase in the number of L-type Ca¥ channels and
potentiation of charge movement and Ca¥ current in
cultured rat skeletal muscle cells.

Charge movement and Ca¥ current in skeletal muscle
primary culture

Charge movement recorded in the present work shows some
similarities and discrepancies with the data recorded in
mouse myotubes. K values in rat myoballs were within the
range of values reported for mouse muscle cells, whereas
Qmax was twofold higher and V½Q was shifted about 10 mV
to more positive potentials (Adams et al. 1990; Garcia et al.
1994). Differences in the stimulation pulse protocol, animal
species and stage of cell development at the time of electro-
physiological recordings, and variations in the culture
technique such as culture medium, coating materials and
cell density, should be considered.

Qmax and K values were similar to those reported for adult
rat cut muscle fibres recorded in a double Vaseline gap
system (Lamb, 1986; Delbono, 1992; Delbono et al. 1997);
however, the V½Q value was less negative in the present
study. The voltage of the half-maximum value of charge
movement recorded with the Vaseline gap technique is more
negative than that recorded in mature muscle fibres using a
microelectrode voltage-clamp technique (Hollingworth et al.
1990) and in cultured myotubes studied with the whole-cell
configuration of the patch-clamp technique (Garcia et al.
1994). Although the stage of cell development and the Ca¥
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Figure 6. IGF_1 increases the number of
[ÅH]PN200_110 binding sites

Determination of the number of L-type Ca¥channels and the
dissociation constant for [ÅH]PN200_110 in primary cultured
muscle cells in the absence (control, 0) and presence of IGF_1
(IGF_1-treated cells, þ). Inset, Scatchard analysis of ligand
binding to the L-type Ca¥ channel á1-subunit.
[ÅH]PN200_110 Bmax andKd values were calculated from
Scatchard analyses of the binding assay for 10
determinations in 3 different preparations. IGF_1-treated
cells exhibit higher [ÅH]PN200_110 maximum binding
capacity than control without significant changes in the
dissociation constant of the receptor (see text).



concentration in the bathing solution account partially for
the difference in V½Q, differences inherent to the
methodology employed should be considered. A less
polarized membrane under the Vaseline seals may
contribute to the shift of the Q—V relationship in the voltage
axis (Chandler & Hui, 1990).

Ca¥ currents recorded here show a similar voltage
dependence to those reported for mouse (Beam & Knudson,
1988) and rat (Fleig & Penner, 1995) myotubes. The current
density was in the same range as values recorded in mouse
myotubes in response to increasing depolarizing voltage
steps (Beam & Knudson, 1988), and was twofold higher than
the values obtained in response to a ‘charge immobilizing’
protocol (Garcia et al. 1994).

IGF_1 potentiates charge movement and Ca¥ current
in skeletal muscle cells

IGF_1-evoked potentiation of charge movement was
associated with a significant increase in the number of DHP
receptors and an increase in the L-type Ca¥ current. Based
on these findings we postulate that IGF_1 enhances the
charge movement associated with L-type Ca¥ channels.
However, due to the multiple sources of the charge
movement, effects of IGF_1 on the number of Na¤ and T-
type Ca¥ channels, among others, cannot be ruled out. The
onset, persistence and decline of IGF_1 effects on charge
movement suggest that the number of functional channels
expressed in the sarcolemma increases in the presence of the
growth factor. This may happen by two basic mechanisms,
changes in protein turnover andÏor gene expression. High-
affinity binding assays together with antisense RNA
amplification studies support a gene-mediated process
triggered by IGF_1.

Potentiation of Ca¥ current in IGF_1-pretreated or control
myoballs acutely exposed to IGF_1 indicates that neonatal
muscle cells respond to the trophic factor in a similar way to
mature rat skeletal muscle fibres. The experiments of acute
exposure to IGF_1 in control and in cells pretreated with
IGF_1 show that cultured myoballs retain the ability to
respond to the growth factor.

To determine whether the potentiation of the Ca¥ current
results from insufficient reversal of the acute effect of IGF_1
andÏor a net increase in the number of L-type Ca¥
channels, the current density was measured in myoballs
exposed to the growth factor for brief or prolonged periods.
The complete return to control values in myoballs exposed
for 30 min to IGF_1 shows that the direct modulatory effect
of the growth factor on this channel is transient, reversible
and briefer than in adult mouse muscle fibres (Delbono et al.
1997). The persistence of the current potentiation in
myoballs incubated for longer periods, together with the
results of the radioligand binding assays, supports the
concept that a net increase in the number of channels
underlies the potentiation of the slow Ca¥ current shown in
Fig. 5.

Acute exposure to IGF_1 enhances Ca¥ current through
DHP-sensitive Ca¥ channels in mature skeletal muscle
fibres. This effect has been recorded for 30 min and has been
associated with a facilitation of current activation by shifting
the current—voltage relationship to more negative potentials
(Delbono et al. 1997). In the present work, a clear increase in
the number of DHP receptors expressed in the sarcolemma
was also associated with slow Ca¥ current potentiation;
however, no change in the voltage dependence of the current
activation was recorded. The increase in the number of
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Figure 7. IGF_1 enhances L-type Ca¥ channel á1-subunit mRNA levels in single muscle cells

A, 1% agarose gel showing DNA ladder (a), glyceraldehyde_3-phosphate dehydrogenase (GAPDH) cDNA
fragment (448 bp; b) and L-type Ca¥ channel á1s cDNA fragment (1037 bp; c). B—E, digital scanning of
X-ray films illustrating the magnitude of the hybridization to the 448 and 1037 bp bands for control (B and
C) and IGF_1-treated cells (D and E). Data were normalized to the hybridization signal at the GAPDH
band. It is apparent that the level of L-type Ca¥ channel á1s mRNA is higher in IGF_1-treated cells than
in control.



channels without changes in their pharmacological
properties for the high-affinity radioligand (PN200_110; see
below) supports the view that the new population of
channels was similar to that existing before IGF_1
treatment. Therefore, no changes in the current—voltage
relationship are expected. These results may indicate that
the activation of the tyrosine kinase—PKC cascade at the
beginning of the cell exposure to IGF_1 is balanced by
activation of phosphatases (LeRoith et al. 1995). Therefore,
cells chronically exposed to IGF_1 manifest primarily the
effect of the growth factor on gene expression. The
differential IGF_1-evoked potentiation of Bmax (260%), Ca¥
current (35%) and Qmax (70%) could be explained by the
fact that not all the L-type Ca¥ channels pharmacologically
detected function as voltage sensors and changes in unitary
conductance andÏor open probability may alter the
macroscopic current.

Whether IGF_1-dependent potentiation of charge movement
results in effective increases in SR Ca¥ release and more
forceful muscle contractions remains to be assessed. Changes
in cytosolic Ca¥ concentration in cultured mouse and rat
myotubes have been measured (Bakker et al. 1996).
Whether the new DHP receptors participate in the process
of sarcolemmal—sarcoplasmic reticulum Ca¥ release coupling
cannot be established at this moment. The fact that the
number of DHP-sensitive L-type Ca¥ channels decreases
with age (Renganathan et al. 1997a) suggests that the
administration of IGF_1 may ameliorate this deficit. Age-
related IGF_1 resistance is associated with decreases in the
level of circulating IGF_1 (Sonntag et al. 1992), and
therefore IGF_1 replacement can delay andÏor decrease the
age-related downregulation of this molecule at older ages
(Delbono et al. 1995).

Mechanisms of IGF_1 potentiation of charge
movement

This work demonstrates that IGF_1 is able to enhance
charge movement significantly within the first day of
exposure to the growth factor. In this study we also showed
that IGF_1 induces á1s gene expression. However, the
mechanism by which the trophic factor activates DNA
transcription remains unknown. It has been shown that
IGF_1 regulates the transcription of a number of genes
encoding proteins involved in growth and metabolism
(Florini & Magri, 1989). Immediate early genes such as c-fos
and c-jun associated with muscle cell proliferation are
activated by IGF_1 (Angel et al. 1988). These may be the
early events leading to binding of the products of fos and
jun protein dimerization to the DNA consensus sequence
known as the tetradecanoylphorbol acetate (TPA) response
element (Rosenzweig et al. 1994). Further studies on the
activation of sarcolemma—nucleus signalling activated by
IGF_1 might help to clarify the mechanism(s) by which this
growth factor mediates increases in L-type Ca¥ channel á1-
subunit expression.
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