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Direct Contact between Sympathetic Neurons and Rat Cardiac Myocytes In Vitro
Increases Expression of Functional Calcium Channels
Shunichi Ogawa, Joey V. Bamett, Luyi Sen, Jonas B. Galper, Thomas W. Smith, and James D. Marsh
Department of Medicine, Brigham and Women's Hospital and Harvard Medical School, Boston, Massachusetts 02115

Abstract

To test the hypothesis that direct contact between sympathetic
neurons and myocytes regulates expression and function of car-
diac Ca channels, we prepared cultures of neonatal rat ventricu-
lar myocytes with and without sympathetic ganglia. Contractile
properties of myocytes were assessed by an optical-video sys-
tem. Contractility-pCa curves showed a 60%greater increase in
contractility for innervated myocytes compared with control
cells at 63 mM[Cab (n = 8, P < 0.05). Cells grown in medium
conditioned by growth of ganglia and myocytes were indistin-
guishable physiologically from control cells. [Bay K 86441-
contractility curves revealed a 60±10% enhancement of the con-
tractility response at 106 Mfor innervated cells compared with
control cells. The increased response to Bay K 8644 was not
blocked by a- or ,-adrenergic antagonists. Moreover, increased
efficacy of Bay K 8644 was maintained for at least 24 h after
denervation produced by removal of ganglia from the culture.
Dihydropyridine binding sites were assessed with the L chan-
nel-specific radioligand 3[HJPN200-110. PN200-110 binding
sites were increased by innervation (51±5 to 108±20 fmol/mg
protein, P< 0.01), with no change in KD. Peak current-voltage
curves were determined by whole-cell voltage clamp techniques
for myocytes contacted by a neuron, control myocytes, and
myocytes grown in conditioned medium. Current density of L-
type Ca channels was significantly higher in innervated myo-
cytes (10.5±0.4 pA/pF, n = 5) than in control myocytes
(5.9±03 pA/pF, n = 8, P < 0.01) or myocytes grown in condi-
tioned medium (6.2±0.2 pA/pF, n = 10, P< 0.01). Thus, physi-
cal contact between a sympathetic neuron and previously unin-
nervated neonatal rat ventricular myocytes increases expres-
sion of functional L-type calcium channels as judged by
contractile responses to Cao and Bay K 8644, as well as by
electrophysiological and radioligand binding properties. (J.
Clin. Invest. 1992.89:1085-1093.) Key words: cardiomyocyte
cell culture * dihydropyridine * ion channel

Introduction

Cardiac L-type calcium channels play a crucial role in excita-
tion-contraction coupling. Modulation of L-type calcium
channel expression may influence the inotropic state of the
heart. However, little is known about molecular and cellular
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mechanisms that regulate the abundance of calcium channels.
The L-type calcium channel is a heteromeric protein with a1,
a2, f, y, and 5 subunits (1). The a, subunit is believed to pro-
vide the pore for Ca2' entry and contains the binding site for
dihydropyridine calcium channel antagonists and agonists. Re-
cently, Barnett et al. (2) developed a method for the study of the
effect of co-culture of ciliary ganglia and embryonic chick heart
cells on the parasympathetic response of the heart. To gain an
enhanced understanding of fundamental mechanisms that reg-
ulate the number of cardiac calcium channels present on a
myocyte, we adapted this method to test the hypotheses that
the presence of sympathetic neurons increases abundance of
L-type calcium channels in myocytes in vitro, and that an in-
crease in calcium channel number is physiologically impor-
tant.

It is clear that the function of existing calcium channels can
be modulated by neurotransmitters and hormones (3). Agonist
binding to f3-adrenergic receptors leads to phosphorylation of
calcium channels and an increase in calcium channel current
(3, 4). However, the effect of the process of sympathetic inner-
vation on the expression of the L-type calcium channel al sub-
unit gene product is unknown. Several lines of evidence suggest
that cation channel expression might be altered by innervation.
For example, Marsh and Allen (5) found that during ontogeny
of the avian heart, shortly after ingrowth of sympathetic nerves,
there was a marked increase in number of dihydropyridine
(DHP)1 binding sites. Offord and Catterall (6) found that elec-
trical activity and cyclic AMPcan regulate mRNA-encoding
sodium channel a subunits in muscle cells.

The in vitro model system for co-culture of sympathetic
ganglia and ventricular myocytes used in this study permitted
selection of the cell type under study and examination of the
role of cell contact and denervation in regulation of calcium
channel expression. Our findings demonstrate that direct con-
tact with myocytes by sympathetic neurons does lead to an
increase in expression of functional L-type calcium channels.

Methods

Culture of neonatal rat ventricular myocytes. Neonatal rats (1 d old)
were deeply anesthetized with ether and killed by decapitation. Hearts
were removed, trimmed of cormective tissue, and minced into frag-
ments of 3 mm3. Myocytes were dissociated by cyclic trypsinization
(0.25% trypsin solution) in Hanks' balanced salt solution. After centrif-
ugation at 800 g for 5 min, cells were suspended in Dulbecco's modi-
fied essential medium containing 7% fetal calf serum (FCS) and antibi-
otics (gentamicin, streptomycin, penicillin) and were preplated (1
X 106 cells/ml, 50-mm culture dishes) for 60 min in a humidified 5%
C0J95%air atmosphere at 370C. Cells were plated at 1 X 106 cells/ml

1. Abbreviations used in this paper: DHP, dihydropyridine; I-V,
current-voltage.
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in 35-mm culture dishes on 12-mm circular coverslips in the same
culture medium. Cell cultures were maintained in a humidified 5%
C0J95% air atmosphere (370C).

Co-culture of neonatal rat supracervical sympathetic ganglia with
ventricular myocytes. Cultures were prepared by a modification of the
method of Atkins and Marvin (7) and by a modification of the method
of Barnett and Galper (2). After sacrifice of l-d-old neonatal rats, su-
pracervical sympathetic ganglia were removed aseptically and placed in
culture dishes that contained Hanks' salt solution. The ganglia were
dissected free from associated tissue and cut into 1-mm3 fragments.
The ganglia were plated on 12-mm circular, collagen-coated (type I,
from adult rat tail tendons) coverslips in 35-mm culture dishes. Gan-
glia were incubated with a small volume of culture medium in a humidi-
fied 5%C0J95% air atmosphere at 370C for 2-3 h during which time
the ganglia attached to the substrate. At this time freshly dissociated rat
ventricular myocytes (1 X 106 cells/ml) were added to the culture dishes
containing ganglia. Myocyte-ganglion co-cultures were incubated as
above.

Assessment of neuroeffector transmission. Neuroeffector transmis-
sion of sympathetic neurons was assessed physiologically by direct elec-
trode stimulation of ganglia with axons terminating on ventricular
myocytes. A platinum electrode was placed directly on a ganglion and
short unipolar pulses (3-4 Hz, 3 ms in duration) were delivered. Myo-
cytes were continuously superfused with Hepes-buffered solution con-
taining (mM): Hepes, 5.0; CaCl2, 0.9; KCI, 4.0; NaCl, 140; MgCl2, 0.5.
The frequency of contractions of the myocytes contacted by axons was
recorded by an optical video system as previously described in detail
(8), and a signal indicating electrical stimulation was recorded concur-
rently.

Measurement of contractile responsiveness of myocytes. Contractile
responses to Ca2' and (±)Bay K 8644 were measured after 3 or 4 d in
culture. The cells were electrically stimulated (2.5 Hz), and were stabi-
lized for at least 15 min before exposure to graded, increasing concen-
trations of Ca2" (0.3, 0.6, 0.9, 1.8, 3.6, 5.4, 6.3 mM), or (±)Bay K 8644
(10-9 to 10-6 M). For each cell, contractile response to Bay K 8644 was
assessed in Hepes buffer containing the ECOconcentration of Ca2".
Maximal amplitude of contraction was measured for each cell using the
EC1oo concentration of Ca2'. Medium was superfused at 1.0 ml/min.
The analog voltage output from the video motion detector was filtered
at 6 Hz and was calibrated to indicate actual microns of motion. Am-
plitude and velocity of contraction was recorded on a strip chart re-
corder. Contractility measurements were made on only one cell per
coverslip. Changes in amplitude and velocity of cell motion were used
to quantitate the effects of interventions on cell contractile properties.
The methods used have been established and extensively validated in
this laboratory (8, 9). While amplitude and velocity of contraction of
single myocytes are recorded as surrogates for actual force of contrac-
tion, amplitude and velocity of contraction for isotonic contraction of
lightly loaded muscle closely tracks developed force (8, 10), and there-
fore serve as useful indices of a cell inotropic state.

PN200-110 binding assay. Ligand binding experiments using
[3H](+)-PN200- 1 10 were conducted on membranes prepared from ven-
tricular myocytes or myocytes grown in co-culture with ganglia after 3
d of growth. For myocytes grown in co-culture, ganglia were removed
aseptically by microscopic dissection after 3 d of growth; 8 h later dener-
vated cells were studied. Before ligand binding experiments, culture
medium was aspirated, and cells were washed twice in buffer A [con-
taining (mM): Tris, 20; EDTA-Na, 2.0; EGTA, 0.1; sucrose, 250 (pH
7.0)], and scraped from culture dishes into buffer A. The cells were
frozen and thawed twice followed by 12 strokes ofDounce homogeniza-
tion using a tight-fitting pestle. The crude homogenate was centrifuged
at 19,000 g for 40 min and the resulting membranes were resuspended
in Hepes buffer containing the EC5o concentration of Ca2", identical to
the buffer for contractility experiments. The entire preparation was at
4°C. 400 ,d of membrane suspension was added to glass tubes contain-
ing graded concentrations of (3HJ(+)-PN200-110 (50-1,500 pM) with
or without 50 Ml of IO-' Munlabeled (+)-PN200-1 10 to define nonspe-
cific binding. Protein concentration was 0.15-0.8 mg/ml. Incubation

was at 370C for 30 min (5). Binding was terminated by vacuum filtra-
tion using a cell harvester (Brandel Co., Gaithersburg, MD). Filters
(GF/B, Whatman, Inc., Clifton, NJ) were dried under high vacuum
and were placed in scintillation counting vials for assessment of bound
[3H](+-PN200-1 10.

Equilibrium binding data were analyzed using the interactive non-
linear least-squares method of Munson and Rodbard (a modification
of the LIGAND program) with a MicroVax computer (Digital Equip-
ment Corp., Maynard, MA) as described (1 1). This program utilizes
initial estimates for agonist and antagonist KDvalues, maximumbind-
ing (B.), and nonspecific binding for each ligand to solve a series of
linear equations that completely describe an equilibrium binding iso-
therm.

Each point was assayed in triplicate, and each individual binding
curve was replicated at least four times. All equilibrium dissociation
constants are expressed as the mean±SEM.

Whole-cell patch-clamp. Calcium currents were obtained using the
whole cell patch clamp technique. Currents were recorded with an Ax-
opatch-IC patch clamp amplifier (Axon Instruments, Inc., Foster City,
CA; cutoff frequency I KHz) and analyzed on an IBM-AT computer
using the pciAmp program. Standard procedures were used for the
patch clamp recordings and isolation of calcium channel currents.
Whole cell recordings were obtained with the external solution con-
taining (mM): 20 Ba acetate; 135 tetraethyl ammonium aspartate; 10
Hepes; 30 MMtetrodotoxin; pH 7.5. The internal solution contained
135 Cs aspartate; 10 EGTA; 10 Hepes; 4 ATP; 5 MgCl2; pH 7.5. The
average cell capacitance was 53± 10 pF in innerverted cells and 49±13
pF in control cells. Resting membrane potential was typically -75 mV
and no consistent difference was noted between noninnervated and
innervated myocytes. Series resistance compensation was 0.55 Mgout
of a total pipette resistance of 0.65 Mg. Stimulation frequency was 0.2
Hz. For recording of L-type calcium channel currents the holding po-
tential was -50 mVto inactivate T-type channels. All recordings were
obtained at 220C. After patch break the unfiltered transient in response
to a pulse from -80 to -75 mVwas recorded and integrated to obtain
cell capacitance.

Materials. The (+)enantiomer of [3H]PN200-1 1O was obtained
from NewEngland Nuclear, Boston, MA. (±)Bay K 8644 was a gift of
Miles Laboratories, West Haven, CT. The unlabeled (+)enantiomer of
PN200-1 10 was a gift from Sandoz Ltd., Basel, Switzerland. Proprano-
lol and phentolamine were from Sigma Chemical Company, St. Louis,
MO. Dihydropyridines were dissolved in 70% ethanol at a concentra-
tion of lo-' M, protected from light, stored a maximum of 3 wk, and
subsequently diluted in buffer before use. Control experiments con-
firmed that the low final ethanol concentration by itself had no measur-
able effect.

Statistical analysis. Contractility and current-voltage curves were
compared by analysis of variance (ANOVA). Binding parameters were

compared by unpaired t test. Data are expressed throughout as
means±SEM. AP value of < 0.05 was chosen to indicate a statistically
significant difference.

Results

Myocyte innervation in vitro. After 3 d of growth, neonatal rat
ventricular myocytes developed a stellate configuration and
spontaneously contracted at 103±1 contractions/min (n = 60).
Whensympathetic ganglia were co-cultured with the myocytes
for the initial 72 h in culture, axons were readily apparent (Fig.
1, a and b). Individual axons made direct contact with 20-50%
of myocytes in each culture (Fig. 1 c). Directly innervated
myocytes contracted at 125±4 contractions/min (n = 55, P
< 0.001). For some experiments, ganglia were removed and
axons permitted to degenerate. 8 h after ganglia removal, most
axons appeared to degenerate; a few remained visible in the
cultures (Fig. 1 d). By 24 h after removal of ganglia, virtually all
axons had disappeared (Fig. 1 e). Thus, innervation and dener-
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vation could be accomplished in vitro by this co-culture ap-
proach.

To determine whether true functional innervation could
occur between the ganglia and myocytes, a microelectrode was
placed adjacent to a ganglion and the motion of an innervated
myocyte was tracked. A ganglion was stimulated and as can be
seen in Fig. 2, stimulation of a ganglion produced an increased
frequency of contraction of the innervated cell, with 1:1 cou-
pling. Ganglion-myocyte coupling could be maintained for at
least 5 min. If stimulation was stopped for 5 min then restarted,
ganglion-myocyte coupling again was evident. If stimulation
was stopped and the cells superfused with 1 uMpropranolol for

Figure 1. Morphology of myocytes, myocytes cultured with sympa-
thetic ganglia, and denervated myocytes. (a) Neonatal rat ventricular
myocytes grown in serum-containing medium for 72 h. (b) Myocytes
grown in the presence of sympathetic ganglia. At the lower left a gan-
glion is seen. The fine linear processes are axons. Cells and ganglia
have been in culture for 72 h. All photomicrographs were with a
phase-contrast microscope (IM, Carl Zeiss, Inc., Thornwood, NY),
X 100 for a and b. (c) Contact of a myocyte by an axon. Arborization
of axon and multiple points of contact by the axon on a myocyte are
evident. The highly refractile, rounded elements are cell debris in the
culture medium. X320. (d) Samecell and axon as c, 8 h after removal
of the ganglion. Most axons had completely disappeared by this time.
The axon in the center of the field appears to be degenerating and
has abnormal morphology. (e) Samemyocytes as in c and d, 24 h after
removal of ganglia. It is evident that the axon has entirely degenerated
at this point.

5 min, ganglion-myocyte coupling was abolished in each of
seven experiments. However, in the presence of propranolol,
even though ganglion stimulation could not produce myocyte
contractions, if myocytes were directly stimulated by an elec-
trode placed close to the cell, a contractile response could be
easily produced. Thus, it appears likely that there is a stimula-
tory neurotransmitter (presumably norepinephrine) being re-
leased from the axon with physiological response by the myo-
cyte.

Response to [Ca2+]0 and calcium channel effectors. The con-
tractile responses of three types of myocyte preparations were
studied. The first preparation consisted of ventricular myo-
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Figure 2. Contractile response of a myocyte to stimulation of a sym-

pathetic ganglion. A sympathetic ganglion was stimulated and con-

tractile amplitude of a myocyte contacted by an axon was recorded.
The ganglion was stimulated at 3.5 Hz, 2-ms pulse, 5 V, 370C, Stim-
ulus record (top tracing) and amplitude of contraction of myocyte
(lower tracing) are shown. Control indicates response in control
physiological buffer. Stimulation and response continued for 5 mi,
then the stimulator was turned off for 5 min. Whenstimulation was

restarted after 5 min of rest, myocyte contraction immediately re-

sumed in an identical fashion (not shown). The stimulation was
halted and the monolayer was superfused with 1 jIM propranolol for
5 min, then stimulation was restarted (panel labeled PropranoloO.
Under these conditions, contractile response was abolished.

cytes cultured for 72 h in the absence of sympathetic ganglia
(control cells). The second preparation consisted of myocytes
cultured for 72 h in the presence of sympathetic ganglia. Specifi-
cally, cells that were in contact with the axons were studied
(innervated myocytes). The third preparation constituted myo-

cytes on culture dishes where ganglia and myocytes were grown
in co-culture. However, the third type of myocyte did not have
direct physical contact with an axon. In this way, the environ-
ment was identical to that of the directly innervated myocytes,
save for direct neuronal contact. These myocytes were there-
fore considered to be grown in medium "conditioned" by
growth of ganglia.

The pCa-contractile amplitude relationship was deter-
mined for control myocytes, innervated myocytes, and myo-

cytes grown in conditioned medium (Fig. 3). Myocytes directly
innervated showed a significantly greater increase in amplitude
of contraction in response to increasing [Ca2+]0 than did con-

trol myocytes or myocytes grown in conditioned medium.
With the contractile response in 0.9 mM[Ca2`]0 taken as con-

trol, innervated myocytes increased their amplitude of contrac-
tion to 200% of control in response to increasing [Ca2+]0,
whereas control myocytes increased their amplitude of contrac-
tion to only 140% of control.

There are many potential aspects of excitation-contraction
coupling wherein innervation might lead to modulation of the
pCa-contractile response relationship. As an approach to de-
termining whether calcium channel function might contribute
to the altered response to [Ca2+]0, the contractile response to
the DHPcalcium channel agonist Bay K8644 was determined.
Myocytes innervated by sympathetic neurons had a markedly
increased response to graded concentrations of Bay K 8644
compared to control myocytes or to myocytes grown in condi-
tioned medium but lacking direct contact by an axon (Fig. 4 a).
Whenthe [Bay K 8644]-contractile response relationship was

replotted with normalization to 100% response of each myo-

cyte, curves for the three types of preparations were superim-
posable (Fig. 4 b), indicating no change in the EC50 for BAYK
8644. These data indicate that sympathetic innervation in-
creases the contractile response to a calcium channel agonist,
possibly due to an increase in L channel calcium current.

In the foregoing studies, myocytes were stimulated to con-

tract by a platinum wire electrode placed close to the myocyte
of interest. With this technique there is a possibility that the
electrical stimulation of the myocyte could cause norepineph-
rine release from the nerve terminals near the myocytes, en-
hancing the contractile responses. To examine this possibility,
the response to Bay K 8644 and to elevated [Ca2+]0 were exam-

ined in the presence of propranolol (10-6 M) to block fl-adren-
ergic receptors or in the presence of phentolamine (10-6 M) to
block a-adrenergic receptors. As can be seen in Fig. 5, a and b,
a and ft blockade did not diminish the contractile response to
Bay K 8644, making incidental norepinephrine release un-

likely as a mechanism for the enhanced response to Bay K
8644. The response to [Ca2+]0 in the presence of a and A
blockers was also unaffected (data not shown).

The findings described above indicate that sympathetic in-
nervation produced one or more alterations in directly inner-
vated myocytes such that their response to [Ca2eJ0 and to a
DHPcalcium channel agonist was augmented. Among possi-
ble changes produced by innervation are alterations in number
or gating of L-type calcium channels, alterations in contractile
protein isoforms, or alterations in ion pumps or exchangers
such as the Na-Ca exchanger, the sarcoplasmic reticulum cal-
cium ATPase, or the sarcolemmal calcium ATPase. To deter-
mine if the effect of innervation on Ca channel function per-

sisted after denervation, the ganglia where removed by micro-
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Figure 3. pCa-contractile response relationships. Myocytes were di-
rectly stimulated to contract and amplitude of contraction was re-
corded in response to graded [Ca2+]0. 100% amplitude of contraction
was defined as that present in 0.9 mM[Ca2+]O. (o) Contractile re-

sponse of control myocytes (n = 8); (C) contractile response of inner-
vated myocytes (n = 8); (v) contractile response of myocytes grown
in conditioned medium (n = 8). Analysis of variance revealed that
the curve for the innervated myocytes differed significantly from that
of control myocytes (P < 0.05). The curve for myocytes grown in
conditioned medium was indistinguishable from the curve for control
myocytes. Error bars indicate standard errors of the mean. Where
error bars are omitted, the error bar is smaller than the symbol. The
EC5o for control myocytes was 0.55±0.05 mMand was 0.92±0.01
mMfor innervated myocytes (P < 0.01).
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Figure 4. [Bay K 86441-contractile response relationship. The con-
tractile response to Bay K 8644 was studied in the myocyte prepara-
tions. Each preparation was studied in its EC5 concentration of
[Ca2]0. Ordinate: amplitude of contraction. Control buffer contained
no added Bay K 8644. (a) The contractile response to Bay K 8644
for innervated myocytes was significantly greater than that for control
myocytes. ANOVArevealed an overall difference between the curves
(P < 0.05). There is no difference in contractile response between
control myocytes and myocytes grown in conditioned medium. The
high-[Ca2+]0 response was the contractile response of each preparation
to its EC10o calcium concentration (n = 10 for each experiment). (.)
Innervated myocytes; (o) control myocytes; (v) myocytes grown in
conditioned medium. (b) Data in Fig. 4a replotted with 100% defined
as the maximum response for each myocyte. The curves are-statisti-
cally indistinguishable, indicating no change in sensitivity to Bay K
8644.

dissection and 8 and 24 h later cells were tested for Ca channel
function. 8 h after ganglia removal, most axons were no longer
visible, and those that were visible appeared to be degenerating
(Fig. 1 d). Whenstudied 8 h after removal of ganglia, myocytes
that had previously been innervated maintained their robust
contractile response to Bay K 8644 and to [Ca2+]0 (Fig. 6 a).

Cells were maintained in culture for up to 24 h after dener-
vation. Contractile responses of previously innervated myo-
cytes was again assessed (Fig. 6 b). The contractile response to
Bay K 8644 remained augmented and indistinguishable from
myocytes that had not undergone denervation. Thus, the fac-
tor(s) that account for the enhanced contractile response to
extracellular calcium and to a calcium channel agonist subse-

quent to innervation appear to turn over slowly and to remain
functionally unchanged for at least 24 h after denervation. In-
nervation may be producing irreversible commitment of the
cell to an altered phenotype that is more highly differentiated.
Longer-term observations after sympathetic denervation will
be necessary to resolve this possibility.

DHPbinding sites. To determine whether sympathetic in-
nervation alters the number of L-type calcium channels as de-
termined by DHPbinding, equilibrium binding experiments
were performed with the DHP antagonist ligand 3H(+)-
PN200-1 10. Assays were performed on membranes from con-
trol myocytes and from myocytes co-cultured with ganglia for
72 h followed by denervation for 8 h. Denervation was per-
formed before the assay to ensure that DHPbinding sites on
neurons were not being detected (Fig. 7). PN200- 110 bound to
membranes with a single affinity state and with acceptably low
nonspecific binding (nonspecific binding was < 25% of total at
the KD); binding was saturable. Computer analysis of equilib-
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Figure 5. Effect of a and d blockade on contractile responses to Bay K
8644. (a) Contractile response to Bay K 8644 in the presence of 106
Mpropranolol is plotted. Drug was supeffused 5 min before the ex-
periment. For comparison, cells from the same culture not exposed
to propranolol also had their contractile response measured under
control conditions and in response to 10-6 MBay K 8644 and to the
EC1oo concentration of calcium. Propranolol did not alter the con-
tractile response of innervated myocytes. (a) Presence of propranolol
(n = 5); (-) absence of propranolol (n = 4). (b) The protocol was the
same as in a, except that the a-adrenergic blocker phentolamine was
present. The a blockade did not alter the response to Bay K 8644 for
innervated myocytes. (a) Presence of phentolamine (n = 4); (.) ab-
sence of phentolamine (n = 4).
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Figure 6. Effect of denervation on contractile responses to Bay K
8644. (a) 8 h after denervation, the contractile response to Bay K 8644
was determined and compared to that of myocytes that had not un-

dergone denervation. (o) Denervated myocytes (n = 4); (.) innervated
myocytes (n = 4). (b) Contractile response to Bay K 8644 24 h after
denervation. (0) Denervated myocytes (n = 6) (e) innervated myo-

cytes (n = 6). Denervation did not alter the contractile response to
Bay K 8644 either at 8 or 24 h.

rium binding isotherms indicated that a single affinity state for
the DHPantagonist was present. Goodness-of-fit of binding
data to a two-site model was compared to fit to a one-site
model. In no case did the two-site model offer a better fit than
the single-site model (F test, P > 0.05). When computer-der-
ived binding parameters for control myocytes and innervated
myocytes were compared, no difference in KDwas found, but a

significant difference in the number of DHPbinding sites was

evident (Table I). Control membranes had 51±5 fmol/mg pro-
tein PN200-110 binding sites whereas membranes from inner-
vated myocytes had 108±20 fmol/mg protein binding sites (P
< 0.01). Thus, concordant with the increased physiologic re-

sponse to a calcium channel agonist, there was a twofold in-
crease in the number of DHPbinding sites on innervated myo-
cytes compared with control cells.

Whole-cell voltage clamp data. Control myocytes and myo-
cytes in direct contact with a sympathetic neuron were studied
in the whole cell voltage clamp configuration. The L-type
channel current carried by Ba2+ at -50 mVholding potential
with -40 to +50-mV test potentials was recorded. Current
density-voltage (I- V) curves were determined for control myo-

cytes, innervated myocytes and myocytes grown in condi-
tioned medium. Calcium currents were measured as peak in-
ward current in response to zero current. As an index of current
density, we used cell current divided by cell capacitance (pi-
coamperes per picofarad) to correct for variance in cell size.
Care was taken to study single myocytes that were not in con-
tact with other myocytes. Compared to control myocytes, in-
nervated myocytes showed a significantly greater peak current
density (Fig. 8). The peak of the I-V curve was shifted slightly,
from 0 mVfor control myocytes to -10 mVfor innervated
myocytes. The I- V curve for myocytes grown in conditioned
medium was indistinguishable from that for control myocytes.
The current density of L-type calcium channels is summarized
in Fig. 8 c. Onaverage, the current density at Vm= -10 mVfor
innervated myocytes was 10.5±0.4 pA/pF, whereas for control
myocytes it was 4.5±0.4 pA/pF (P < 0.01). Inactivation of
L-type calcium currents was investigated (Fig. 9). There was a
significant difference in voltage for half-inactivation of current
from innervated and control myocytes (P < 0.01). Cells grown
in conditioned medium were indistinguishable from noninner-
vated cells. Thus, at a given holding potential the innervated
myocytes had more calcium channels available for activation.

Discussion

The principal finding of this study is that physical contact be-
tween a sympathetic neuron and ventricular myocytes in vitro
produced increased expression of functional L-type calcium
channels. This direct physical contact by a sympathetic nerve
axon (physical innervation) appears to be essential; cells grown
in medium conditioned by growth of myocytes and sympa-
thetic ganglia did not demonstrate increased expression of L-
type calcium channels.

There are three lines of evidence to support the conclusion
that innervation increased L-type calcium channel expression.
First, innervated myocytes showed a markedly increased con-
tractile response to [Ca2+]0. While this effect is consistent with
increased calcium channel expression and an increase in cal-
cium channel-dependent calcium flux leading to greater re-
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0550 100 15
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Figure 7. [3H](+)-PN200-1 10 binding. Computer-derived Scatchard
plot of [3H](+)-PN200-l 10 binding to cell membranes for represen-
tative experiments. [Bound ligand] is indicated on the abscissa and
bound/free is indicated on the ordinate. (.) Membranes from inner-
vated myocytes (KD = 124 pM, B, = 69 fmol/mg protein); (o)
membranes from control myocytes (KD = 156 pM, B., = 157 fmol/
mgprotein).
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Table I. [3H](+)PN200-JIO Binding Parameters

n KD B

pM fmol/mg protein

Control myocytes 8 138.9±15.9 51.2±5.4
Innervated myocytes* 5 145.0±12.7 108.0±20.1$

* Innervated myocytes underwent denervation 8 h before ligand
binding experiments.
* P < 0.01 compared to control myocytes.

lease of calcium from the sarcoplasmic reticulum, other mecha-
nisms in innervated myocytes are also possible. Indeed, there is
no reason to suspect that innervation would alter calcium
channel abundance or function without other effects on the
cell. Therefore, a more specific probe of L-type calcium chan-
nel function was utilized, the DHPcalcium channel agonist
Bay K 8644. This ligand specifically interacts with the L-type
calcium channel, favors a more prolonged open state of the
channel, and increases the inward calcium current (12). Inner-
vated myocytes demonstrated a markedly increased maximal
contractile response to this specific calcium channel agonist,
with no change in sensitivity. These findings support the view
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that L-type calcium channel abundance increased after inner-
vation with no structural change in the ligand-binding domain
of the a, subunit that might affect ligand affinity. Wedid not
observe a change in sensitivity to Bay K 8644 in innervated
cells. With an effector-response system as complex as ligand
binding to a channel altering excitation-contraction coupling,
it is not possible to predict a priori how concentration-effect
curves may shift (13). Moreover, it is distinctly possible that
more than one component of the excitation-contraction cou-
pling pathway is altered by innervation.

Second, to test more directly the hypothesis that innerva-
tion produced an increase in expression of L-type calcium
channels, ligand binding studies were conducted. Membranes
from myocytes grown in the presence of ganglia showed a two-
fold increase in DHPbinding sites compared to controls. There
was no change in KD for dihydropyridine binding consistent
with no change in EC50 for BAYK 8644 contractile response.
Quantitation of the increase in DHPbinding sites is subject to
certain limitations. First, axons made direct contact with only
20-50% of the cells in a culture plate. Thus, if direct contact
was necessary to produce an increase in calcium channel a,
subunit expression, the directly contacted cells might have a
much greater increase in DHPbinding site number than that
determined by assaying the entire population of cells. Typi-
cally, each innervated myocyte appears to be coupled physi-
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Figure 8. I- V relationship of L-type calcium channels. (a) Current tracing for representative control and innervated myocytes. Membrane po-
tential was stepped from holding potential of -50 mVto indicated step potential. Duration of step not to scale. Panel 1 shows current tracings
for a control myocyte; panel 2 for an innervated myocyte. (b) The I-V curve for control myocytes is shown in open circles (n = 8), and for in-
nervated myocytes in filled circles (n = 5). Myocytes were selected for study that were not in contact with other myocytes. (c) Peak current
density of L-type calcium channels. The peak current density for innervated myocytes is shown in the closed bar, for control myocytes in the
hatched bar, and for myocytes grown in conditioned medium in the cross-hatched bar. The n values are as in b. The current density was signifi-
cantly greater for innervated myocytes than for control myocytes (P < 0.01).
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Figure 9. Inactivation of L-type calcium current. Inactivation of L-
type calcium current was studied for noninnervated cells (o) and in-
nervated cells (X) by measuring Ca2+-activated current at +20 mV
from various holding potentials. The Ca2` current was normalized
to peak current elicited from a holding potential of -80 mV. The re-
sults were plotted against holding potential and fitted to the Boltz-
mann equation. At a given membrane potential, more L-type calcium
channels were available for activation in control than in innervated
myocytes. For innervated myocytes, current was half inactivated at
-31.2±2.1 mV, compared with -23.7±0.9 mV(P < 0.01) for nonin-
nervated myocytes.

cally and electrically with two to three adjacent myocytes. If the
factor(s) that lead to increased calcium channel expression
cross gap junctions, it is possible that not only the directly
contacted myocyte but closely coupled myocytes as well might
demonstrate an increase in calcium channel expression. Thus,
it is likely that the twofold increase in DHPbinding sites ob-
served is a minimal estimate for the increase in DHPreceptors
on a cell that is directly innervated. Weconsider it unlikely that
ligand binding studies were confounded by the presence of L-
type calcium channels on residual neural elements. Cultures
underwent removal of ganglia 8 h before to preparation of
membranes. By 8 hours, axons were almost entirely absent or
degenerated.

The third line of evidence supporting the postulate that
direct innervation increases L-type calcium channel expression
is derived from the whole-cell voltage clamp recordings. For
these experiments, only single myocytes that were not contact-
ing other cells save for the sympathetic nerve axon were stud-
ied. Calcium channel current density was clearly increased in
the single, innervated myocytes. That I-V curves were being
recorded from L-type calcium channels was confirmed by typi-
cal voltage dependence and sensitivity to Bay K 8644 (12).
There was a small shift to the left of the voltage for peak inward
current for innervated cells. The biological importance of this
shift and the underlying mechanism remain to be determined.
It is possible that innervation may alter either sarcoplasmic
reticulum function or [Ca2+]i, either of which Cohen and Le-
derer (14) have shown can alter Ic~.

Taken together, these three sets of experiments demon-
strate that direct sympathetic innervation increases expression
of functional L-type calcium channels. Evidence is now con-
vincing that the DHPreceptor domain is within the a1I subunit
of the L-type calcium channel (15), so that ligand binding stud-

ies with a DHPligand and patch clamp studies provide comple-
mentary data on the same structures.

The model system for the in vitro innervation experiments
deserves comment (2, 7, 16). Ventricular myocytes were cul-
tured from l-d postnatal rat hearts. Although autonomic neu-
rons are present in the rat heart during embryonic cardiac or-
ganogenesis, functional innervation does not develop until
after birth (17). Functional adrenergic transmission in the rat
heart can be detected consistently 1 d after birth, but develop-
ment of mature adrenergic innervation is further delayed until
21 d after gestation (17). Thus, the studies reported here were
conducted on myocytes that had at most a brief exposure to
sympathetic neurotransmitters in vivo.

A possible confounding factor for in vitro innervation stud-
ies is that upon prolonged tissue culture, rat sympathetic neu-
rons are known to develop the ability to synthesize and accu-
mulate acetylcholine and lose their ability to synthesize norepi-
nephrine (18). However, it takes 2-4 wk in vitro for the
transition from sympathetic to parasympathetic properties to
occur. Our studies were conducted at 72-96 h in vitro, making
this effect unlikely. Moreover, we were able to demonstrate
(Fig. 2) that stimulation of ganglia produced an increase in
frequency of contraction that is a typical sympathetic neuro-
transmitter response.

While it is evident that co-culture of sympathetic ganglia
with myocytes produces physical association (Fig. 1), with a
concomitant change in spontaneous beating rate and an in-
crease in calcium channel expression and function, we cannot
be absolutely certain in this in vitro system functional sympa-
thetic neuroeffector transmission has been achieved. Clearly
neuron-myocyte contact produces important changes in the
myocyte. The responsible effector(s) are being sought.

A distinct advantage of the neuron-myocyte co-culture sys-
tem is that the response of specific myocytes could be deter-
mined after innervation or denervation. In the intact ventricle,
myocytes comprise a numerical minority of cells, so that ligand
binding studies or physiologic studies reflect the responses of
neural, vascular, and connective tissue elements as well as ven-
tricular myocytes. In vitro sympathetic innervation models
have been reported by several laboratories (7, 16, 19). A particu-
lar advantage of our approach using relatively large ganglia
rather than finely minced neural tissue in culture is that it per-
mits the examination of denervation in vitro by allowing re-
moval or degradation of virtually all neural tissue (2).

An additional important finding of this study is that after
denervation for at least 24 h, an increase in functional L-type
calcium channels can still be found. Although the available
data do not permit conclusions regarding the mechanisms by
which the sustained increase in calcium channel number oc-
curs, possibilities include innervation increasing transcription
rates for genes for one or more of the five subunits of the L-type
calcium channel.

Sympathetic innervation of myocytes produced alterations
in contractile properties that are not readily explained by an
increase in number of L-type calcium channels alone. Innerva-
tion was associated with a small but definite decline in contrac-
tile sensitivity to [Ca2+]0. One possible explanation is that in-
nervation alters the expression of several genes in a pattern
similar to that which occurs during maturation. Wepreviously
reported (5) that in the developing chick heart there is a de-
crease in contractile sensitivity to [Ca2+J0, and other changes in
structures modulating calcium homeostasis have been reported
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with innervation and/or development (8, 20-22). Thus, inner-
vation-induced events analogous to those occurring during
normal maturation of neonatal myocytes is a unifying hypoth-
esis that might explain many of these observations (23, 24).

It is of note that myocytes grown in conditioned medium
did not demonstrate increased numbers of functional calcium
channels. Direct contact by a sympathetic neuron appears to be
required for this effect. This observation suggests that the tro-
phic influence of the neural element is confined to the cell(s) in
contact with it, or that the factor(s) released by the sympathetic
nerve does not diffuse beyond the synaptic cleft into the culture
medium in concentrations sufficient to produce a trophic ef-
fect on other myocytes. What signal might be produced by
direct contact with the sympathetic nerve to produce increased
expression of L-type calcium channels? Neurotransmitter(s)
that induce differentiation (22, 25-27) or that might alter G-
protein expression (2, 19, 28) are strong candidates. Given the
alterations in contractile properties of innervated myocytes, it
is unlikely that the signal produced by innervation only alters
L-type calcium channel expression; rather it is more likely that
the signaling process has a broader effect on the cells' genetic
program. The dependence of Ca channel induction on very
close association or direct contact between nerve and muscle
suggests a paracrine mechanism of growth factor induction or
interaction of membrane-bound components of the muscle
and nerve (29, 30). There was a 21%difference in spontaneous
rate of contraction of control and directly innervated myo-
cytes. This might produce a change in rate of deformation of
the cell membrane or in cytosolic ion concentrations that could
conceivably contribute to alteration in abundance of calcium
channels as well. Additional studies will be necessary to discern
the effect of beating rate alone on expression of functional ion
channels.

In conclusion, sympathetic innervation in vitro of previ-
ously uninnervated neonatal rat ventricular myocytes pro-
duces an increase in expression of functional L-type calcium
channels as judged by ligand binding and electrophysiological
and contractile response criteria. Subsequent denervation does
not reduce calcium channel number to control levels for at
least 24 h. The experimental findings, taken together, are con-
sistent with the hypothesis that sympathetic innervation in-
duces changes in cultured neonatal rat ventricular myocytes
analogous to those that occur during normal maturation.
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