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Neurons have the potential to form thousands of distinct neu-
ronal nicotinic receptors from the eight a and three b subunits
that currently are known. In an effort to determine how much of
this potential complexity is realized among individual neurons,
we examined the nicotinic pharmacological and biophysical
properties and receptor subunit mRNA expression patterns in
individual neurons cultured from rat epicardial ganglia. Analysis
of the whole-cell pharmacology of these neurons showed a
diversity of responses to the agonists acetylcholine, nicotine,
cytisine, and 1,1-dimethyl-4-phenylpiperazinium, suggesting
that a heterogeneous population of nicotinic receptor classes,
or subtypes, is expressed by individual neurons. Single-
channel analysis demonstrated three distinct conductances
(18, 24, and 31 pS), with patches from different neurons con-
taining different combinations of these channel classes. We
used single-cell RT-PCR to examine nicotinic acetylcholine

receptor (nAChR) subunit mRNA expression by individual neu-
rons. Although mRNAs encoding all eight neuronal nAChR
subunits for which we probed (a2–a5, a7, b2–b4) were present
in multicellular cultures, we found that individual epicardial
neurons express distinct subsets of these nAChR subunit
mRNAs. These results suggest that individual epicardial neu-
rons express distinct arrays of nAChR subunits and that these
subunits may assemble into functional receptors with distinct
and variable subunit composition. This variable receptor sub-
unit expression provides an explanation for the diversity of
pharmacological and single-channel responses we have ob-
served in individual neurons.
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The neuronal nicotinic acetylcholine receptor (nAChR) subunit
gene family currently consists of eleven members: a2–a9 and
b2–b4 (Sargent, 1993; Elgoyhen et al., 1994). Neuronal nAChRs
are thought to have an architecture similar to that of muscle
nAChRs: a pentameric assembly of subunits surrounding an ion
pore. The existence of eleven subunits suggests that a neuron
could express nAChRs with a variety of subunits and could ex-
press multiple distinct nAChR classes that differ in subunit com-
position. Insight into receptor composition can be attained by
examining those subunit combinations that form functional recep-
tors in exogenous expression systems and by identifying which
combinations actually are expressed by neurons.
Expression studies using Xenopus oocytes suggest that func-

tional neuronal nAChRs can be formed by pairwise combinations
of one kind of a and one kind of b subunit (Boulter et al., 1987;
Wada et al., 1988; Duvoisin et al., 1989) in a stoichiometry of two
a and three b (Anand et al., 1991; Cooper et al., 1991) or, in some

cases, as homomeric assemblies (Schoepfer et al., 1990; Séguéla et
al., 1993; Elgoyhen et al., 1994). Complex subunit combinations
are also possible, because receptors containing more than one
distinct a or b subunit have been shown to form in oocytes
(Colquhoun et al., 1993; Ramirez-Latorre et al., 1996). Both a
and b subunits make contributions to the pharmacological and
biophysical properties of these receptors, giving each distinct
subunit combination unique characteristics (Wada et al., 1988;
Duvoisin et al., 1989; Papke et al., 1989; Luetje et al., 1990; Luetje
and Patrick, 1991; Papke and Heinemann, 1991).
Immunoprecipitation experiments have identified a nAChR in

rat brain composed of a4 and b2 subunits, as well as a nAChR in
chick ciliary ganglion containing the a3, a5, and b4 subunits
(Flores et al., 1991; Vernallis et al., 1993). Pharmacological anal-
ysis suggests that the b2 and b4 subunits may coassemble into the
same receptor in rat sympathetic neurons (Mandelzys et al.,
1995), and a preliminary report suggests formation of neuronal
nAChRs of even more complex composition (Forsayeth et al.,
1995). Electrophysiological studies have shown that individual
neurons can express several distinct nAChR conductance classes
(Mathie et al., 1991; Adams and Nutter, 1992; Moss and Role,
1993). This expression of multiple nAChR classes by individual
neurons is a complicating factor in attempts to use oocyte expres-
sion data to identify nAChR subunit composition in neurons
(Covernton et al., 1994).
We now show that the whole-cell nicotinic agonist pharmacol-

ogy of intracardiac parasympathetic neurons varies dramatically
among individual neurons, and we provide evidence of single-
channel behavior suggesting a heterogeneous population of
nAChRs on these neurons. Then, using RT-PCR analysis, we
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demonstrate that, although cultures of these neurons express a
wide array of neuronal nAChR subunit mRNAs, individual neu-
rons express distinct subsets of these mRNAs. Taken together,
these results suggest that individual intracardiac neurons express
distinct combinations of several different nAChR subtypes.

MATERIALS AND METHODS
Materials. Collagenase was purchased from Worthington Biomedical
(Freehold, NJ). DMEM (containing 10 mM glucose) was obtained from
Life Technologies (Grand Island, NY). Fetal calf serum, penicillin/strep-
tomycin, laminin, Na4BAPTA, HEPES-NaOH, acetylcholine (ACh), cy-
tisine, 1,1-dimethyl-4-phenylpiperazinium (DMPP), and nicotine were
obtained from Sigma (St. Louis, MO). dNTPs, RNAsin ribonuclease
inhibitor, and Maloney murine leukemia virus (MMLV) reverse tran-
scriptase were purchased from Promega (Madison, WI). Random hex-
amers and S-400 micro spin columns were obtained from Pharmacia
Biotech (Piscataway, NJ). All restriction endonucleases were obtained
from New England Biolabs (Beverly, MA). PCR primers were synthe-
sized in an on-site facility at the University of Miami.
Cell culture. Neurons from rat atria were isolated and cultured as

previously described (Fieber and Adams, 1991). Atria were dissected
from neonatal (2–7 d postpartum) rats and incubated in Krebs solution
containing 1 mg/ml collagenase for 1 hr at 378C. Intracardiac ganglia were
dissected from the atria and transferred to a sterile culture dish contain-
ing culture medium [DMEM with 10 mM glucose, 10% (v/v) fetal calf
serum, 100 U/ml penicillin, and 0.1 mg/ml streptomycin], triturated with
a fire-polished Pasteur pipette, and then plated onto 18 mm glass cover-
slips coated with laminin. The dissociated cells were incubated at 378C
under a 95% air/5% CO2 atmosphere. Experiments were performed on
cells maintained in tissue culture for 36–72 hr. At the time of experi-
ments, the glass coverslip was transferred to a low volume (0.5 ml)
recording chamber and viewed at 4003 magnification with an inverted,
phase-contrast microscope.
Recording conditions. Agonist-induced responses were measured under

voltage clamp in isolated neurons with standard patch-clamp techniques
(Hamill et al., 1981). Patch pipettes were pulled from borosilicate glass
and had tip resistances of 2–5 MV. Membrane currents were recorded
with a List EPC-7 patch-clamp amplifier, filtered at 10 kHz (23 dB) with
a low-pass Bessel filter (4-pole, Ithaco 4302, Ithaca, NY), and stored on
videotape using an A/D recorder adapter (PCM-1; Medical Systems,
NY). Whole-cell currents were monitored with a chart recorder, and
individual current traces were recorded on disk with the Axotape pro-
gram (Axon Instruments, Foster City, CA) for subsequent analysis. Peak
current amplitude elicited by each agonist was measured by cursor with
the Axotape program.
The extracellular physiological salt solution (PSS) for voltage-clamp

experiments consisted of (in mM): 140 NaCl, 1 CaCl2, 7.7 glucose, and 10
histidine, pH 7.2. The intracellular pipette solution for whole-cell and

excised outside-out patch recordings contained (in mM): 130 NaCl, 2
Na2ATP, 5 Na4BAPTA, and 10 HEPES-NaOH, pH 7.2. Agonist-
mediated whole-cell responses were evoked by brief (10 msec, 15 psi)
focal application of ACh, cytisine, DMPP, and nicotine dissolved in PSS
at concentrations of 100 mM via a pressure ejection device through an
extracellular pipette located 50 mm from the neuronal soma. Each agonist
was applied 2–5 times in random order, and responses to ACh were
compared at the start and end of each experiment to ensure the stability
of the recording conditions. So that receptor desensitization could be
minimized, a delay of ;1 min separated individual pulses of agonist
application, and recordings were made during continuous perfusion of
the recording chamber (;2 ml/min) with PSS.
The outside-out patch configuration was used to record unitary cur-

rents to verify the ACh dependence of the single-channel currents. Patch
pipettes were pulled from thick-walled borosilicate glass and had tip
resistances of 8–15 MV. To decrease noise at high bandwidth, we coated
patch electrodes with dental wax. ACh-evoked unitary currents were
filtered at 3 kHz (4-pole low-pass Bessel filter) and sampled at 15 kHz
(Tecmar Labmaster DMA interface) with a threshold detection device
(AI2020A event detector, Axon Instruments) for analysis on a PC 80486
computer using pCLAMP programs (Axon Instruments). The bath con-
tained 1 mM AChCl dissolved in PSS. All numerical data, except where
noted, are presented as the mean 6 SEM, with the number of experi-
ments in parentheses.
Cytoplasm harvest of individual neurons. The cellular contents of indi-

vidual neurons were obtained by applying suction on a patch pipette in
the whole-cell recording configuration. The pipettes were filled with
sterile intracellular pipette solution. The contents of the pipette (4–6 ml)
were expelled into a microfuge tube, quickly frozen on dry ice, and stored
at 2808C for up to 48 hr. Negative controls were obtained by aspirating
extracellular solution near the location of the harvested neuron into a
separate pipette. This control was carried through all subsequent reac-
tions to exclude the possibility of false positives caused by contamination
with cytoplasm from nearby cells or by contamination with nAChR
subunit cDNAs used routinely in the laboratory.
Reverse transcription. Total RNA present in the isolated neuronal

cytoplasm was reverse-transcribed in a 20 ml reaction (1 mM each dNTP,
100 pmol of random hexamers, 20 U of ribonuclease inhibitor, and 40 U
of MMLV reverse transcriptase) for 1 hr at 378C. Total RNA from rat
brain or whole dishes of dissociated cardiac neurons were isolated by
using the protocol of Chomczynski and Sacchi (1987). A “template
minus” negative control was initiated at the beginning of the RNA
isolation.
PCR primers and controls. A set of degenerate primers was designed to

amplify each nAChR subunit cDNA (Table 1). One primer pair annealed
to a2, a3, and a4; one primer pair annealed to b2 and b4; one primer pair
annealed to a5 and b3; the a7 subunit required a specific primer pair.
Degenerate primers were used to reduce the number of PCR reactions
into which we would divide the reverse-transcribed cytoplasm from a

Table 1. PCR primer sequences

Subunit Range Primer sequence Enzyme Fragments

a2 665–1215 FWD GACATCGTCCTCTACAACAAYGCDGAT BspD1 348 125 78
REV AGCGGGATGACCAGCGAGGTGGAMGG

a3 490–1040 Ava1 279 272
a4 379–929 Aat2 420 131

b2 534–1075 FWD GACGTCGTGCTATACAACAATGCYGAYGG Nhe1 474 49
REV AGCGGTACGTCGAGGGAGGTGGGAGG

b4 402–943 Afl2 327 214

a5 336–1058 FWD ACGACGAATGTCTGGYTGAAGCAGG Sal1 383 340
REV GGCAAAGACAGTCACCATAATGGATAGGG

b3 280–810 FWD ACGACGAATGTCTGGYTGAAGCAGG Nco1 236 219 75

REV GACCGTGAGAAAAGACAACCCCAGG

a7 338–813 FWD GGAGTGAAGAATGTTCGTTTTCCAGATGG Hae2 398 78
REV AGCAAGAATACCAGCAGAGCCAGGG

Shown are the sequences of PCR primers used in this study, the sequence range of the PCR products, the restriction enzymes used, and the size of the resulting restriction
fragments. The a2, a3, and a4 products share a degenerate set of primers, as do the b2 and b4 products. The a5 and b3 products share a degenerate forward primer but
have specific reverse primers. Digestion fragments used to identify particular products are underlined.
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single neuron. The use of PCR as an analysis tool, especially with the use
of degenerate primers, required us to address several concerns. First, the
possibility of contamination by nAChR subunit cDNAs used routinely in
the laboratory was ruled out by inclusion of a template minus negative
control in every experiment (as described above). Second, the possibility
that we had amplified genomic DNA was obviated by the fact that the
primers were designed so that an intron–exon boundary was located
either within a primer sequence or between the two primers. Third, the
possibility of false positives caused by primers annealing to untargeted
cDNA was ruled out by our use of a restriction digestion identification
strategy (see below). Fourth, because we were using a degenerate set of
primer pairs, the concern of potential “primer bias” had to be addressed
and is discussed in Results. Fifth, the potential for variability in our
amplification protocol had to be considered. This did not seem to be a
problem for identification of a3 mRNA, because every neuron was
positive for a3 (Table 2). However, for other subunits, such as a7, only a
subset of the neurons presented in Table 2 was found to be positive.
The possibility that this result might be attributable to variability in our

amplification protocol is addressed in the following control experiment.
Reverse-transcribed neuronal cytoplasms were each divided into five
aliquots. One aliquot was amplified with the a2/3/4 primer set as a
positive control to rule out failure caused by RNA degradation. The other
four aliquots were each amplified with the a7 primer set. Of the neurons
positive for the a2/3/4 product, two neurons were negative for a7 in all
four aliquots, whereas one neuron was positive for a7 in all four aliquots.
This control experiment suggests that a negative result in the amplifica-
tion reaction for some subunit mRNAs in some neurons is not attribut-
able to variability in the amplification protocol but is a reflection of the
subunit mRNA expression pattern of that neuron.
Polymerase chain reaction. The RT reaction was divided into aliquots,

one for each primer pair, and taken to the first-round PCR by addition of
103 PCR buffer, 1 mM dNTPs, 2.5 mM MgCl2, 10 pmol of each primer,
1.25 U8 Taq polymerase, and dH2O to a final volume of 50 ml. PCR was
performed using a Perkin-Elmer TC-1 (Norwalk, CT). The cycling pa-
rameters were five cycles of 948 for 1 min, 558 for 2 min, ramp to 728 in
51 sec, and 728 for 1.5 min, followed by 35 cycles of 948 for 1 min, 658 for
2 min, and 728 for 1.5 min. Excess primers and primer dimers were
removed with S-400 micro spin columns. Then a second round of PCR
was performed with the same set of primers and reagents at the same
concentrations as in the first round. The cycling parameters for the
second round were 35 cycles of 948 for 1 min, 658 for 2 min, and 728 for
1.5 min. These second-round products were gel-purified. In some exper-
iments, the a5 and b3 products were amplified separately.
Restriction digestion. To identify which subunit sequences are present in

the second-round PCR products, we developed a restriction digestion
strategy such that the PCR product for each subunit could be cleaved by
a restriction endonuclease with a cleavage site unique to that product and
yield at least one uniquely sized fragment (Table 1). Digestion of the a2
(BspD1), a3 (AvaI), and a4 (Aat2) products would yield fragments
uniquely identifying a2 (348 bp), a3 (272 and 279 bp), and a4 (420 bp).
Digestion of the b2 (NheI) and b4 (Afl2) products would yield fragments
uniquely identifying b2 (474 bp) and b4 (327 and 214 bp). The a5 (SalI)
and b3 (NcoI) products were digested separately, yielding uniquely iden-
tifying fragments for a5 (340 and 383 bp) and b3 (219 and 236 bp). The
a7 (HaeII) product digested to yield uniquely identifying fragments of 78
and 398 bp. The following factors—that the primers were designed
specifically for neuronal nAChR subunit cDNAs, that enzymes were used
that cleave at sites unique to each product, and that uniquely sized
fragments were produced—render the possibility of false positives caused
by primers annealing to cDNAs other than those encoding neuronal
nAChR subunits as extremely unlikely.

RESULTS
Parasympathetic intracardiac neurons display diverse
whole-cell agonist pharmacologies
To determine whether these neurons express a heterogeneous
population of nicotinic receptors, we used the four agonists that
were used in exogenous expression experiments (Luetje and
Patrick, 1991). The rank order of potency, determined from the
peak current amplitude in response to application of 100 mM
concentrations of ACh, cytisine, nicotine, and DMPP, varied from
cell to cell. Whole-cell current responses of two different neurons
to agonist applications are shown in Figure 1A. The cell repre-

sented in the top traces responded in the order cytisine $ ACh .
nicotine . DMPP, whereas the cell in the bottom traces had a
rank order potency of ACh . DMPP . cytisine . nicotine. The
whole-cell current amplitude evoked by cytisine, nicotine, and
DMPP relative to that elicited by ACh is shown for 11 cells in
Figure 1B. The neurons in Figure 1B are plotted in the order of
decreasing responsiveness to cytisine, with cell 1 having the largest
response and cell 11 the smallest response, relative to ACh. As we
show, some of the cells shared the same pharmacological profile
(i.e., cells 4 and 7 and cells 10 and 11). Each of the other neurons
displayed a unique profile.
Our results in parasympathetic neurons differ from those ob-

tained in oocyte expression experiments. The pharmacological
profiles (agonist rank order of potency) of these neurons do not
match the profiles of nicotinic receptors expressed in oocytes. In
addition, these neurons display a greater number of rank orders of
potency than have been observed in oocyte expression studies.
There are several possible explanations for these differences.
First, each individual neuron may express a distinct nAChR com-
posed of a combination of subunits not previously characterized in
exogenous expression studies. If this were true, then we would
expect to see one receptor class in each neuron, with subunit
expression varying from neuron to neuron. Second, each individ-
ual neuron may express the same combination of several different
nAChRs, with differences in whole-cell pharmacology being at-
tributable to individual neurons expressing different proportions
of the same set of receptors. If this were true, then we would
expect to see the same several receptor classes in each neuron,
with subunit expression being the same in each neuron. Third,
each individual neuron may express a different subset of a number
of different nAChR classes, with differences in whole-cell phar-
macology being attributable to the presence of different receptors.
If this were true, we would expect to see different combinations of
receptor classes in each neuron, with subunit expression varying
from neuron to neuron. Fourth, these neurons may be expressing
receptors containing subunits that have not yet been cloned.
Investigation of this possibility is beyond the scope of this work.
These possibilities are, of course, not mutually exclusive. How-
ever, by using biophysical techniques in excised outside-out
patches and by examining the subunit mRNA expression patterns
in individual neurons with RT-PCR, we have attempted to deter-
mine which of the first three possibilities most accurately de-
scribes the situation in these neurons.

Multiple nAChR channel classes are expressed by
parasympathetic intracardiac neurons
We observed three distinct single-channel conductances in excised
patches from rat intrinsic cardiac neurons. ACh-activated unitary
currents were recorded from outside-out patches in response to
application of 1 mM ACh. Current amplitudes obtained at a
holding potential of 290 mV ranged from 0.9–4.2 pA, corre-
sponding to single-channel conductances of 10.0–46.6 pS. This
range of conductances is much larger than would be expected for
a single-channel class, consistent with the nicotinic receptors in
these neurons being a population of heterogeneous channels.
ACh-activated single-channel currents exhibited more than one

discrete amplitude level in all patches examined (n 5 24). Single-
channel currents recorded from three excised membrane patches
(290 mV) and the amplitude histograms obtained from the cor-
responding experimental records are shown in Figure 2A,B.
Channel openings of at least two distinct amplitude levels are
evident in the patch shown in Figure 2Ai. These amplitude com-
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ponents correspond to mean single-channel conductances of
13.3 6 1.1 pS for the small and 22.2 6 3.3 pS for the large
openings (Fig. 2Bi). The patch represented in Figure 2Aii also
contained two distinct conductance levels, with means of 24.4 6
2.2 and 34.4 6 3.3 pS (Fig. 2Bii). Three distinct amplitude classes
are observed in the patch shown in Figure 2Aiii, with conduc-
tances of 17.7 6 2.2 pS for the small amplitude events, 24.4 6 1.1
pS for the medium-sized events, and 30.0 6 2.2 pS for the large
amplitude events (Fig. 2Biii).
ACh-activated single-channel currents recorded from an ex-

cised outside-out patch at membrane potentials ranging from290
mV to 160 mV are shown in Figure 3A. In this patch, three
distinct current amplitude levels were observed and were most
evident at the most negative or positive holding potentials. Chan-
nel openings were classified according to unitary current ampli-
tude, and the single-channel current–voltage (i–V) relation ob-
tained from 16 different excised patches is shown in Figure 3B.

Three distinct levels of single-channel current amplitudes were
observed, with linear i–V relations and reversal potentials near 0
mV in symmetric Na1 solutions. The i–V relations for the three
current levels were fit by linear regression and gave slope conduc-
tances of 18 pS for the small current amplitude, 24 pS for the
medium-sized current, and 31 pS for the large current amplitude.
Linear single-channel i–V relationships have been observed pre-
viously for the nAChRs in these neurons (Fieber and Adams,
1991; Adams and Nutter, 1992), as well as in rat sympathetic
neurons (Mathie et al., 1991), whereas whole-cell nAChR i–V
curves can exhibit marked rectification (Mathie et al., 1990). We
observed the small and medium conductances in 37.5% of patches
(9 of 24), the medium and large in 25% of patches (6 of 24), and
the small, medium, and large conductances in 37.5% of patches (9
of 24). Occasionally, larger amplitude openings were seen. The
mean conductance of this channel, determined from 89 events in
10 different patches, was 39 6 2.6 pS. These results suggest that

Figure 1. Whole-cell currents in rat para-
sympathetic neurons evoked by nicotinic
agonists. A, Whole-cell current responses
evoked by 10 msec focal applications of 100
mM concentrations of ACh, cytisine, nicotine,
and DMPP in two different cells. Rank order
of potency was determined by the peak cur-
rent amplitude evoked by each agonist. One
cell responded with a rank order of agonist
potency of cytisine $ ACh . nicotine .
DMPP (top current records), whereas the
second cell responded in the order ACh .
DMPP. cytisine. nicotine (bottom current
records). Holding potential, 290 mV. B,
Rank order of potency to nicotinic agonists
in 11 parasympathetic intracardiac neurons.
Current amplitude evoked by cytisine ( filled
bars), nicotine (hatched bars), and DMPP
(shaded bars) is plotted relative to ACh. Cur-
rent records shown in A correspond to cell 1
(top records) and cell 11 (bottom records).
Cells are plotted in the order of decreasing
response to cytisine.
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these neurons express multiple nAChR classes and that individual
neurons may express different combinations of receptors.

Cultures of parasympathetic intracardiac neurons
express a wide array of neuronal nAChR
subunit mRNAs
Data presented in Figures 1–3 suggest that these neurons express
several distinct classes of nAChR. To generate this pharmacolog-
ical and biophysical diversity, these neurons may be expressing a
large number of distinct nAChR subunits. To examine this pos-
sibility, we probed for nAChR subunit mRNA expression in
cultures of parasympathetic intracardiac neurons by using RT-
PCR, followed by restriction digestion (Lambolez et al., 1992).
PCR primers were designed to amplify products from neuronal
nAChR subunit mRNAs encoding a2, a3, a4, a5, a7, b2, b3, and
b4 (see Table 1). The homology between subunit cDNA se-

quences allowed design of three degenerate primer sets: one each
for the a2/3/4 subunits, the b2/4 subunits, and the a5/b3 subunits.
The a7 primers were designed as a specific pair without degen-
eracy because of the minimal homology between this subunit and
the others. The forward primers were placed at the 59 end of the
coding region, near the sequence encoding the cysteine loop. The
reverse primers were placed within sequence-encoding transmem-
brane domains I and II. Use of PCR in these experiments raises
several concerns that must be addressed: (1) the potential for false
positives caused by contamination with cytoplasm from nearby
cells or with nAChR subunit-encoding cDNAs used routinely in
the laboratory, (2) genomic contamination, (3) primers annealing
to untargeted cDNAs, (4) the potential that the degenerate
primer pairs used to detect a2/3/4, b2/4, or a5/b3 might be biased
in favor of one subunit cDNA over others, or (5) potential

Figure 2. Interpatch variability of single-channel conductance levels activated by ACh. A, Unitary currents evoked by ACh in three separate outside-out
membrane patches held at 290 mV. Patches exhibited either the small and medium conductance (i, 9 of 24 patches), the medium and large conductance
(ii, 6 of 24 patches), or all three conductance levels (iii, 9 of 24 patches). Conductance levels are designated by the dashed lines, and the closed states of
the channels are indicated. Currents were filtered at 3 kHz. B, Amplitude histograms of the experimental records from which the data shown in A were
taken. The current amplitude distributions are fit by Gaussian curves with mean 6 SD (relative area) of (i) 21.2 6 0.1 pA (37 6 3%) and 22.0 6 0.3
pA (63 6 4%), (ii) 22.2 6 0.2 pA (13 6 4%) and 23.1 6 0.3 pA (87 6 4%), and (iii) 21.6 6 0.2 pA (36 6 3%), 22.2 6 0.1 pA (14 6 3%), and 22.7 6
0.2 pA (50 6 4%).
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variability in our amplification protocol. These concerns were
controlled for or ruled out, as described in Materials and
Methods.
The primer bias issue is an important one and deserves atten-

tion here. We designed the degenerate primers by manipulating
the primer sequence so that amplification of one subunit would
not out-compete amplification of other subunits. Potential bias by
degenerate primer pairs was tested directly by subjecting mixtures
of cDNA templates encoding the target subunits to our PCR and
restriction digestion protocol, followed by densitometric determi-
nation of the ratio of digested PCR products. A b2/b4 template
ratio of 1.0 (100 fg of each) yielded a PCR product ratio of 0.99.
b2/b4 template ratios of 0.1 and 10.0 yielded PCR product ratios
of 0.27 and 4.12, respectively. The PCR product ratios are the
mean of duplicate determinations, with individual values varying
,15% from the mean. These results demonstrate that the b2/b4

primer set amplifies the b2 and b4 products without significant
bias, although large differences between b2 and b4 products in
our experiments may be underestimated. We performed a similar
experiment for the a2/a3/a4 primer set. A template ratio of 1:1:1
(100 fg each) yielded a product ratio of 1.0:0.96:1.10. It should be
noted that these bias control experiments are not directly compa-
rable to the single-cell amplifications, which contain several or-
ders of magnitude less starting material. Our control experiments
do, however, allow us to rule out any gross bias in our primer sets.
As a test of our primers and the restriction digest strategy, we

reverse-transcribed total RNA isolated from adult rat brain. We
then subjected this cDNA to our PCR and digestion protocol (Fig.
4). The a2/3/4 product (A, lane 2) digested to fragments diagnostic
for a2 (348 bp), a3 (272 and 279 bp), and a4 (420 bp) (B, lane 2).
The b2/4 product (A, lane 3) digested to fragments diagnostic for
b2 (474 bp) and b4 (214 and 327 bp) (B, lane 3). In this experi-

Figure 3. Single-channel currents evoked by
exogenous ACh in rat cultured parasympa-
thetic neurons. A, Unitary ACh-activated cur-
rents obtained in an excised outside-out mem-
brane patch at the membrane potentials
indicated. The closed states of the channels (c)
are indicated. Three distinct levels are evident
in this patch (indicated by the dashed lines in
the bottom trace), corresponding to slope con-
ductances of 27.4, 21.8, and 16.6 pS. B, Cur-
rent–voltage (i–V ) relations for single-channel
currents activated by ACh. Each point repre-
sents the mean 6 SEM from 16 excised
outside-out patches obtained from different
cells, with 65–628 openings per patch at each
membrane potential. The data are fit by linear
regression and give slope conductances of 18
pS (triangles), 24 pS (squares), and 31 pS (cir-
cles). Current records were filtered at 3 kHz
and digitized at 67 msec /point (15 kHz).
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ment, the a5 and b3 products were amplified separately, using the
degenerate forward primer and specific reverse primer for each.
The a5 product (A, lane 4) digested to fragments diagnostic for a5
(340 and 383 bp) (B, lane 4). The b3 product (A, lane 5) digested
to fragments diagnostic for b3 (219 and 236 bp) (B, lane 5). The
a7 product (A, lane 6) digested to a fragment diagnostic for a7
(398 bp) (B, lane 6). No products were amplified in the negative
control (A, lane 7).
Next we examined the expression of neuronal nAChR subunit

mRNAs by a dish of cultured parasympathetic intracardiac neu-
rons. At 3 d after dissociation, this culture contained ;100 neu-
rons as well as a number of other cell types (e.g., cardiac myocytes,
Schwann cells, and fibroblasts). Total RNA extracted from this
sample was reverse-transcribed and subjected to our PCR and
digestion protocol (Fig. 5). We found that RNA encoding each of

the subunits for which we probed (a2, a3, a4, a5, a7, b2, b3, and
b4) was expressed by this dish of cultured neurons. There are
several possible explanations for this result. First, each neuron
may be expressing the same wide array of subunit mRNAs, a
result that would be consistent with the idea that each neuron
expresses the same receptor classes, but the proportions of each
class vary from neuron to neuron. Second, different neurons may
be expressing different combinations of subunit mRNAs, which
would be consistent with the hypothesis that individual neurons
may assemble different combinations of receptor classes. Third,
the neurons may be expressing only a subset of the observed
subunit mRNAs, with the rest being expressed by other cell types
on the dish. To distinguish among these possibilities, we used the
RT-PCR and digestion strategy to examine the expression of
subunit mRNAs by individual neurons.

Figure 4. RT-PCR identification of mRNA encoding a2, a3, a4, a5, a7, b2, b3, and b4 in rat brain RNA. A, Second-round PCR products. Lane 1, 100
bp standards; lanes 2–6 are the PCR products amplified with the a2/3/4, b2/4, a5, b3, and a7 primers, respectively. In this experiment, a5 and b3 were
amplified separately. Lane 7 is the negative control. B, Restriction digestion of PCR products. Lanes 1, 7, 100 bp standards; lanes 2–6 contain digested
second-round PCR products for a2/3/4, b2/4, a5, b3, and a7 primers, respectively. Fragments identifying each subunit are labeled to the left of each lane.
For enzymes used and exact fragment sizes, see Table 2. For clarity in presentation, we have removed the undigested sample routinely run next to each
digested product.

Figure 5. Neuronal nicotinic receptor subunit mRNAs encoding a2, a3, a4, a5, a7, b2, b3, and b4 are expressed by cultures of intracardiac
parasympathetic neurons. A, Second-round PCR products. Lane 1, 100 bp standards; lanes 2–5 are the PCR products obtained by using the a2/3/4, b2/4,
a5/b3, and a7 primers, respectively. In this experiment, a5 and b3 products were amplified in the same reaction (lane 4 ). Lanes 6 and 7 are blank. Lane
8 is the negative control. B, Restriction digestion of PCR products. Lanes 1, 7, 100 bp standards; lanes 2–6 contain the digested fragments for the a2/3/4,
b2/4, a5, b3, and a7 products, respectively. Note that the a5 and b3 products, although amplified in the same reaction, are digested separately because
of different buffer requirements. Fragments identifying each subunit are labeled to the left of each lane. For enzymes used and exact fragment sizes, see
Table 1. For clarity in presentation, we have removed the undigested sample routinely run next to each digested product.
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Individual parasympathetic intracardiac neurons differ
in their neuronal nAChR subunit mRNA
expression patterns
To examine the subunit mRNA expression patterns of individual
neurons, we isolated the cytosolic contents of each neuron by
aspiration with a patch pipette in the whole-cell configuration.
Then the contents of each neuron were subjected to a reverse
transcription reaction, followed by our PCR and restriction digest
protocol. The results for several neurons are shown in Figure 6.
Results obtained for these and additional neurons are presented
in Table 2.
The nAChR subunit mRNA expression patterns among indi-

vidual neurons are diverse. Neuron A (Fig. 6A) expresses mRNA
encoding a2, a3, a4, a7, and b2. Neuron B (Fig. 6B) expresses
mRNA encoding a3, a5, and b4. Neuron C (Fig. 6C) expresses
mRNA encoding a3, a5, a7, and b2. Neuron D (Fig. 6D) ex-
presses a3, a4, b3, and b4. Neuron E (Fig. 6E) expresses a3, a5,
and b2. Neurons C and D were dissected from the same rat and
cultured on the same dish, demonstrating that the differences in
mRNA expression are not attributable to differences in culture
conditions or “inter-rat” variability. Similarly, three neurons iso-
lated from another heart, cultured together in the same dish and
probed for b2 and b4 mRNA expression, also were found to differ
(data not shown). Although the nAChR subunit mRNA expres-
sion patterns of individual neurons are quite diverse, all neurons
were similar in two respects. First, all of the neurons express
mRNA encoding the a3 subunit, consistent with numerous obser-
vations of the expression of this subunit in peripheral neurons
(Boyd et al., 1988; Listerud et al., 1991; Rust et al., 1994). Second,
all of the neurons express mRNA encoding either or both the b2
or b4 subunits. Thus, expression of a3 and b2 and/or b4 may be
ubiquitous in intrinsic cardiac neurons. The expression patterns
for the other subunit mRNAs were diverse, varying from neuron
to neuron. Each of the subunit mRNAs shown to be present in
RNA isolated from an entire dish of neurons (Fig. 5) is expressed
by at least one of the neurons we have examined individually (Fig.
6 and Table 2). Thus, the subunit mRNA expression by neurons
can account for all of the subunit mRNA expression seen at the
dish level and supports the hypothesis of heterogeneous expres-
sion of nAChRs among individual neurons.

DISCUSSION
Our results show that individual parasympathetic neurons of
neonatal rat intracardiac ganglia express a heterogeneous popu-
lation of nAChR subunits. At the whole-cell level, the rank order
of potency of several nicotinic agonists varied among individual
neurons. Single-channel recordings demonstrate the presence of
at least three distinct conductance classes (18, 24, and 31 pS).
When the expression of nAChR subunit mRNAs was examined by
RT-PCR, these cultures of neurons were found to express a wide
array of subunit mRNAs (a2, a3, a4, a5, a7, b2, b3, and b4). At
the single-cell level, RT-PCR demonstrated that individual neu-
rons expressed distinctly different arrays of nAChR subunit
mRNAs. These results are consistent with the hypothesis that
individual neurons in this preparation express distinct subsets of
several different nAChR classes.
When we examined the whole-cell agonist pharmacology of rat

intracardiac neurons, we observed a greater number of rank
orders of potency than seen in exogenous expression of nAChR
subunit mRNAs, and none of the profiles in neurons matched
those in oocytes (Fig. 1B). The dissimilarities of the profiles
between neurons and oocytes suggest a greater degree of heter-

ogeneity of subunit expression in neurons than the pairwise or
homomeric expression of subunits in oocytes. However, exoge-
nous expression data provide useful observations. For example, in
oocyte expression experiments both the a and b subunits contrib-
ute to the pharmacological profile of neuronal nAChRs (Luetje
and Patrick, 1991). Responsiveness to cytisine seems to be influ-
enced primarily by the identity of the b subunit, because nAChRs
containing b4 are several-fold more sensitive to cytisine than to
ACh, whereas those containing b2 are many-fold less sensitive to
cytisine than to ACh. The cell-to-cell variation in the cytisine-
evoked responses in the present study (Fig. 1) could, therefore,
reflect differing ratios of b2 and b4 subunits, with cell 1 containing
a higher proportion of nAChR channels composed of b4 subunits
and cell 11 having channels containing primarily b2 subunits.
Similarly, intracardiac parasympathetic neurons expressing vary-
ing ratios of nAChR receptors composed of different combina-
tions of a and b subunits could account for the diversity observed
for the other agonists.
Our single-channel experiments, conducted on outside-out

membrane patches, yielded results consistent with the presence of
at least three different conductance levels for nAChR channels in
rat intracardiac neurons. The consistent expression of a3 mRNA
in every neuron examined and the presence of the medium con-
ductance in every patch suggest that the nAChR responsible for
the medium conductance contains a3. The expression of multiple
neuronal nicotinic ACh receptors also has been studied in thin
slices of rat medial habenula via patch-clamp techniques (Con-
nolly et al., 1995). The heterogeneity of nAChRs in cells of this
preparation was suggested by the presence of at least two single-
channel conductances (51 and 41 pS) with distinct open times.
Detailed analysis concluded that these conductance classes were
produced by two molecularly distinct nAChR subtypes. In con-
trast to our findings, although rat superior cervical ganglion
(SCG) neurons express five nAChR transcripts (a3, a5, a7, b2,
and b4), Mandelzys et al. (1995) used pharmacological analysis to
suggest that the nAChRs on these neurons are a uniform
population.
To begin to understand the molecular basis for the pharmaco-

logical and biophysical diversity that we have observed, we
adapted the RT-PCR strategy of Lambolez et al. (1992) for
neuronal nAChR subunits. We found that individual intracardiac
parasympathetic neurons express distinct subsets of nAChR sub-
unit mRNAs. The subunit mRNA expression pattern of individual
neurons ranged from simple to complex (e.g., in Table 2, compare
neuron F, expressing a3 and b4, with neuron A, expressing a2, a3,
a4, a7, and b2). Differences in nAChR subunit expression result-
ing from differential mRNA expression, then, may account for the
observed variability in both whole-cell pharmacology and single-
channel conductance. It is important to note that protein levels do
not necessarily parallel mRNA levels. Thus differential transla-
tion, protein stability, or receptor assembly could provide addi-
tional levels of regulation. Although it is possible that the heter-
ogeneity we observe might be generated artifactually as a result of
studying these neurons in culture, the results of Connolly et al.
(1995), as noted above, suggest that this diversity also occurs in
vivo. Also, Ullian and Sargent (1995) used subunit-specific mono-
clonal antibodies to identify at least five distinct classes of neurons
in the chick lateral spiriform nucleus on the basis of differential
expression of nAChR subunits. These reports, together with our
findings, indicate that the classification of nAChRs in neurons will
not be a simple task.
Our analysis of nAChR subunit mRNA expression patterns in
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individual neurons relies on the use of the PCR technique, raising
several concerns. We describe our controls in detail in Materials
and Methods, but two issues deserve discussion here. One poten-
tial problem is that there may be an intrinsic bias within our
degenerate primer sets that favors one subunit mRNA over an-
other. The evidence suggesting a lack of bias in the b2/4 primer
pair is discussed at length in Results. For the a5/b3 primer set,
one or the other of these PCR products does not predominate
consistently in our results, and in many of our experiments we
probed for the two subunits in separate reactions. Bias conceiv-
ably could be a problem with the a2/3/4 primer set, because the a3
product does predominate consistently in our experiments. We
can argue against this possibility in two ways. First, although a3 is
predominant in all of the cells tested individually (Fig. 6 and Table
2) as well as in dishes of neurons (Fig. 5), the a4 PCR product
predominates over the a2 and a3 products when we probe rat
brain RNA (Fig. 4), consistent with the known predominance of
a4 mRNA in rat brain. Second, similar to the b2/4 pair, in control
experiments we have demonstrated a lack of bias in the a2/3/4
primer set. Thus, when one degenerate primer set is used in a
single reaction, differences in levels of products are likely to be an
approximate reflection of differences in levels of mRNA tran-
scripts in the cells. A second concern is the sensitivity of our
methods when we are working at the single-cell level. Failure to
detect transcripts encoding a particular subunit simply may reflect
a level of subunit mRNA expression below our threshold level of
detection. Because the reverse-transcribed cytoplasm is split into
four or five PCR reactions, we are attempting to detect subunit
mRNAs in less than a single cytoplasm. We have been unable to
devise an appropriate and feasible control for this, and so expres-
sion of subunit mRNAs below our level of detection remains a
possibility.
Pharmacological analysis and single-cell RT-PCR performed

on the same neuron proved problematic in this study. We believe
this is attributable to the extended length of time required to
obtain a full pharmacological profile for each neuron. These
experiments typically took 30–45 min to complete, during which
time the RNA in the cell had ample opportunity for degradation.
In any event, it seems that the length of time required by the
electrophysiological recordings ruined the chance of success for
the PCR. The use of a noninvasive technology (e.g., Ca21 fluo-
rescence imaging) is being explored for pharmacological analysis
in future experiments.
An intriguing issue is the potential importance that heteroge-

neous expression of neuronal nAChRs may have in the control of
cardiac function. Mammalian epicardial ganglionated plexi are
composed of different types of neurons, including both cholinergic

4

Figure 6. Individual intracardiac parasympathetic neurons express diverse
arrays of nAChR subunit mRNAs. Second-round PCR (i) and restriction
digestion (ii) results for neurons A–E are shown. A, Neuron expressing a2,
a3, and a4 (lanes 2i and 2ii), a7 (lanes 5i and 4ii), and b2 (lanes 3i and 3ii). B,
Neuron expressing a3 (lanes 2i and 2ii), a5 (lanes 4i and 4ii), and b4 (lanes 3i
and 3ii). C, Neuron expressing a3 (lanes 2i and 2ii), a5 (lanes 4i and 4ii), a7
(lanes 6i and 5ii), and b2 (lanes 3i and 3ii). D, Neuron expressing a3 and a4
(lanes 2i and 2ii), b3 (lanes 5i and 4ii), and b4 (lanes 3i and 3ii). E, Neuron
expressing a3 (lanes 2i and 2ii), a5 (lanes 4i and 4ii), and b2 (lanes 3i and 3ii).
Neurons C and D were harvested from the same culture dish. Negative
controls are run in lane 6 for neuron A and lane 7 for neurons B–E. 100 bp
size standards are run in lane 1 of each second-round PCR gel (Ai–Ei); lanes
1 and 5 in Aii, Bii, Dii, and Eii; and lanes 1 and 5 in Cii. For clarity in
presentation, we have removed the lanes containing undigested samples
routinely run next to each digested product.
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and adrenergic postganglionic efferents, interneurons, and affer-
ent neurons (Moravec and Moravec, 1987; Armour, 1991; Ardell,
1994). Although ACh is the principal neurotransmitter found in
the vagal efferent fibers and the epicardial parasympathetic gan-
glia (Jacobowitz, 1967; Ehinger et al., 1968; Seabrook et al., 1990),
numerous putative neurotransmitters and neuromodulators have
been detected within intracardiac ganglia by the use of immuno-
histochemical techniques (Allen et al., 1994; Steele et al., 1994,
1996). In addition to this molecular complexity, the functional
properties of intrinsic cardiac ganglia differ in different regions of
the mammalian heart. For example, neurons in the right atrial
ganglionated plexus control the sinoatrial node (Butler et al.,
1990). The inferior vena cava–inferior atrial plexus modulates the
atrioventricular node (Ardell and Randall, 1986). The dorsal
atrial and the cranial medial ventricular ganglia modulate con-
tractile tissue (Yuan et al., 1994). Our results demonstrate that
individual intracardiac neurons differ in their nAChR expression.
Calcium permeability differs among neuronal nAChRs, depend-
ing on subunit composition, and thus intracellular calcium levels
and neuronal excitability may be affected to differing extents.
Neuronal nAChRs also can be differentially localized on neuronal
surfaces (Wilson Horch and Sargent, 1996). This differential lo-
calization may be determined by subunit composition and could
be involved in reception of multiple inputs. Thus, heterogeneous
expression of nAChRs by intracardiac neurons is likely to have a
profound influence on neural control of cardiac function.
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