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Functional nicotinic acetylcholine receptors
in the neurons of rat intracardiac ganglia

α-ñóáîäèíè÷íèé ñêëàä í³êîòèíîâèõ àöåòèëõîë³íîâèõ ðåöåïòîð³â (ÍÕÐ), ùî åêñïðåñóþòü
íåéðîíè ³íòðàêàðä³àëüíèõ ãàíãë³¿â ùóðà, áóëî äîñë³äæåíî çà äîïîìîãîþ ìîíîêëîíàëüíèõ ³
ïîë³êëîíàëüíèõ àíòèò³ë ïðîòè α3-, α4-, α5- òà α7-ñóáîäèíèöü ÍÕÐ. Àöåòèëõîë³íâèêëèêàí³
ìåìáðàíí³ ïîòåíö³àëè íåéðîí³â ñóáåï³êàðä³àëüíîãî ñïëåòåííÿ, ùî áóëè ³çîëüîâàí³ ç ë³âîãî
ïåðåäñåðäÿ, âèâ÷àëè ìåòîäîì âíóòð³øíüîêë³òèííîãî â³äâåäåííÿ çà íàÿâíîñò³ α-ñïåöèô³÷íèõ
àíòèò³ë, ùî áëîêóþòü ÍÕÐ. Àíòèò³ëà äîäàâàëè îêðåìî ÷è â ð³çíèõ êîìá³íàö³ÿõ. Áóëî âèçíà÷åíî,
ùî íåéðîíè ³íòðàêàðä³àëüíèõ ãàíãë³¿â åêñïðåñóþòü α3α5; α7; α7(α5) òà α4-âì³ñí³ ÍÕÐ. Òå, ùî
íåéðîíè åêñïðåñóþòü ð³çí³ ï³äòèïè ÍÕÐ, ìîæëèâî âêàçóº íà ¿õ ôóíêö³îíàëüíó íåîäíîð³äí³ñòü.

INTRODUCTION

Neuronal nicotinic acetylcholine receptors
(nAChRs) are the members of a gene family
of ligand-gated ion channels formed by five
homologous subunits oriented around a cen-
tral ionic pore [11]. Neuronal nAChRs are
found in the brain, where they mainly regu-
late the activity of dopamine and glutamate
receptors, and in the autonomic ganglia, where
they are involved in synaptic transmission.
In contrast to muscle nAChRs, which are
similar throughout the body, neuronal recep-
tors are variable as to subunit composition
and, respectively, possess various kinetic and
pharmacological properties. Ganglia of dif-
ferent localization express different  nAChR
subtypes; moreover one neuron can express
several nAChR subtypes; finally, neurons
within one ganglion differ on the relative dis-
tribution of various nAChR subtypes [17].
The reasons for such enormous variability are
not clear.

The intracardiac ganglia (ICG) belong to
the parasympathetic nervous system. They are
localized close to the heart atrium and their
neurons project to different tissues of the heart

[5, 12]. These neurons are sensitive to ace-
tylcholine (ACh) and express the genes of
several nAChR subunits [14].

Previously, by using nAChR subunit-spe-
cific antibodies in immunocytochemical experi-
ments, we found that cultured ICG neurons
express α3, α4, α5 and α7-containing
nAChRs [16]. However, their functional role
remained unclear. Since the antibodies gen-
erated by us were functionally active and
blocked both acetylcholine-induced and syn-
aptic currents in several ganglia of the rat and
guinea-pig [7, 10, 16, 18], we employed them
in electrophysiological experiments to study
the contribution of each subunit-containing
nAChR to the overall neuron conductivity. In
the present study we describe the intracellu-
lar recordings of ACh-induced potentials in the
neurons of freshly isolated ICG made in the
presence of α3, α4, α5 and α7-specific anti-
bodies applied either separately or in various
combinations.

METHODS

Experiments were carried out in cardiac gan-
glia isolated from the subepicardium of the left
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atrium and interatrial septum of the rat heart.
The hearts were rapidly excised from the 21
day-old rats of either sex, decapitated under
light ether anesthesia, and were mounted in a
bath perfused with the Krebs solution of the
following composition (mM): NaCl � 137.7;
KCl � 5; MgCl

2
 � 0.5; CaCl

2
 � 2; KH

2
PO

4
 �

1; NaHCO
3
 � 12; D-glucose � 11. The prepa-

ration of non-dissociated intracardiac ganglia
was made under dissecting microscope as
described earlier [15]. The preparation usu-
ally contained several small ganglia, consist-
ing of one to tens of neurons each, and fine
fiber tracts passing through the ganglia, which
were observed under Nomarski differential
interference optics at 400x magnification. A
water immersion 40x objective was submerged
into the Krebs solution that covered the prep-
aration. Individual neurons were impaled with
microelectrodes filled with 2M KCl solution
(resistance 80-200 MΩ). The membrane po-
tentials were evoked by ionophoretic applica-
tion of acetylcholine (ACh) through extracel-
lular pipette. The ionophoretic electrodes had
the resistance of 50 MΩ and were filled with
1Mol/l ACh solution (�Sigma�, USA). The ion-
ophoretic currents ranged from 10 to 200 nA.
The membrane potentials were amplified by
standard direct current amplifier and were di-
gitized at a frequency of 100 Hz. The results
were analyzed with a self-developed comput-
er software.

Monoclonal antibodies 1D6 and 1E10, spe-
cific, respectively, to α3 and α5 nAChR sub-
units, and rabbit affinity purified polyclonal
antibodies (Abs) specific to α4 and α7 nAChR
subunits were obtained, purified and charac-
terized as described previously [16]. In the
course of intracellular recordings they were
added to perfusion solution in concentrations
30 mg/l (α3, α5 and α7-specific) and 40.5 mg/l
(α4-specific). These concentrations were
close to saturating ones found in our previous
experiments [16, 18]. All studies were carried
out at room temperature. The data obtained
are presented as means ± SE.

RESULTS

In total, 27 neurons of the intracardiac gan-
glia were investigated. The data were ob-
tained from the neurons exhibiting stable rest-
ing potentials throughout 15 min after punch-
ing with intracellular electrode. ACh-induced
potentials exhibiting plateau after 0.5 � 1.5 s
ACh-application in the absence of the Ab
were used for further analysis. The amplitudes
of resting membrane potentials and ACh-in-
duced potentials varied among the neurons
from -20 to -50 mV, and from 11 to 21 mV,
correspondingly. The blocking effects of the
Ab were hardly reversible; therefore, one
neuron per preparation was usually investi-
gated. The inhibitory effect reached plateau
in 10 to 15 min after the Ab addition to perfu-
sion solution. A depression of the ACh-poten-
tial was observed in 10 out of 18 neurons for
α3-antibody (55%), in 8 out of 14 neurons for
α4-antibody (57%), in 7 out of 9 neurons for
α5-antibody (78%) and in 17 out of 22 neu-
rons for α7 antibody (77%), and was equal to
22.6 ± 4.8 (n=10), 18.8 ± 4.0 (n=8), 26.1 ±
6.0 (n=7) and 25.1% ± 3.9% (n=17), corre-
spondingly.

These data suggested that rat ICG neurons
expressed nAChRs containing each of the
above subunits. To clarify whether the same
neuron possessed nAChRs with different
α subunits, we studied the blocking effects of
two or more different antibodies applied to the
same neuron in succession. Each subsequent
antibody was added to a perfusion solution 10
to 15 min after the application of a previous
one, when the ACh-potential reached a pla-
teau.

The combined blocking effect of two, α7-
and α3-specific Abs, was observed in three
neurons out of four investigated (75%) indi-
cating for the presence of both nAChR sub-
units in these cells.

The combined blocking effect of three, α7-,
α3- and α4-specific Abs was investigated in six
neurons. The presence of α3- and α7- , as
well as of α4- and α7- subunit pairs was de-
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tected in one neuron each. The α3-, α4- and
α7- nACR subunits were present in two
neurons. No blocking effect with either of the
Ab tested was observed in other two neurons
(Fig. a, Table 1).

In the last set of experiments we studied
the combined blocking effect of four antibod-
ies, α3-, α4-, α5- and α7-specific, applied in
succession to the same neuron (Fig. b). Six
neurons were analyzed in such a way. The
following Ab combinations were found block-
ing (in one neuron each): (α3+α4+α5+α7),
(α3+α4+α5), (α3+α5+α7), (α5+α7) and
(α4+α7). In one neuron only α4-specific Ab
exerted a blocking effect (Table 2). Each sub-
sequent Ab increased the blocking effect of
the previous one by 5 to 10%; in no case the
complete depression of ACh potential was
observed.

Table 2. The presence of blocking effect of four
ααααα-subunit-specific Abs in the individual neurons of

the rat intracardiac ganglia

Cells         Abs specific to subunit

α3 α4 α5 α7

neuron 1 + + + +
neuron 2 + + +
neuron 3 + + +
neuron 4 + +
neuron 5 + +
neuron 6 +

DISCUSSION

The data presented here demonstrate that the
neurons of ICG express functional nAChRs
containing α3-, α4-, α5- and α7-subunits that

is in accord with our previous immunocy-
tochemical data [16]. When tested with indi-
vidual Abs, α3- and α4-subunits were detect-
ed in 56�57% of neurons, while α5- and α7-
subunits were observed in 77�78% of neu-
rons. These values are somewhat different
from those obtained in immunocytochemical
experiments, where α3-subunits was found in
32% of neurons, α4-subunit in 47% of neu-
rons, α5-subunit in 14% of neurons and α7-
subunit in 22% of ICG neurons [16]. mRNA
encoding the α3 nAChR subunit was found in
all ICG neurons [14]. Possibly, this difference
is explained by the fact that here we worked
on native ganglia, and not in cultured neurons
as in two papers referred. In addition, the lat-
ter work was performed in the ganglia of new-
born rats, while the properties of autonomic
ganglion neurons from immature and adult
animals are different [8].

Each Ab used reduced the ACh-potential
amplitude by 19 to 26%; correspondingly, the
summarized depression was about 93%. Ac-
cording to these results, the α3-, α4-, α5- and
α7-containing nAChRs, in total, were respon-
sible for almost 100% of ACh-potential am-
plitude.

To detect, in which combinations nAChR
subunits are found in ICG neurons, we ap-
plied two, three or four different Abs in suc-
cession. Each subsequent antibody was added
when the ACh-potential reached a plateau.
This approach was previously shown informa-
tive in superior cervical ganglia of the rat [18]
and in the inferior mesenteric ganglia of the
guinea-pig [10]. We found the additional de-
crease of the ACh-potential amplitude upon
the application of subsequent Ab (Fig. a, b).
However, the additional decrease was much
less than that observed with the corresponding
Ab taken alone; in no case the complete inhi-
bition of the response was achieved. In
contrast, in the rat superior cervical [18] or
guinea-pig inferior mesenteric ganglia neurons
[10] the same Abs applied sequentially were
much more effective. From our point of view,

Table 1. The presence of blocking effect of three
ααααα-subunit-specific Abs in the individual neurons

of the rat intracardiac ganglia

Cells              Abs specific to subunit

α3 α4 α7

neuron 1 + +
neuron 2 + + +
neuron 3
neuron 4 + +
neuron 5
neuron 6 + + +
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this may be due either to bad availability for
the Ab binding of nAChRs in enzymatically
non-treated ICG neurons or to close co-
localization of different nAChR subtypes in
the synaptic areas of these neurons. As shown
by us previously in superior cervical ganglia
neurons, the latter may prevent simultaneous
binding of two and more Ab molecules [18].
Nevertheless, even the small additive block-
ing effect of certain Ab combinations indicated
for the presence of corresponding nAChR
subunits in the neurons studied. The results
obtained demonstrate that the neurons were
very heterogeneous as to the nAChR subunit
combinations found, however, some generali-
zations can be made.

α3-subunit alone was found in 56% of
neurons, in combination with either α5-or α7-
subunit in 50�53% of neurons and in combi-
nation with either α4- or (α4+α7), (α5+α7)

and (α4+α5) subunits in 33% of neurons
(tables 1, 2). These data suggest that all α3-
containing neurons also had either α7- or α5-
subunit and at least half of them also had α4-
subunit.

α3-subunits are important components of
autonomic ganglia nAChRs [1]. As shown in
canine intracardiac ganglion, the functional
ganglionic transmission is mediated primarily
by receptors containing α3β2 nAChRs [2].
α3-subunits are often found in combination
with α5-subunits, which are also abundantly
expressed in central and peripheral nervous
system [3, 6, 14, 20]. We found this subunit in
superior cervical and intracardiac ganglia of
the rat [16], in the submucose plexus and
inferior mesenteric ganglia of the guinea-pig
[7, 10], as well as in the solar plexus of the
guinea-pig and superior mesenteric ganglion
of the mouse (Voitenko, unpublished). In the

The combined effect of three (a) and four (b) different antibodies recorded from the same neuron.
The bars under the curves indicate the time of Ach application.
Each subsequent antibody was added to a perfusion solution 10 t0 15 min after the application of previous one, when the
Ach-potential reached a plateau: 1 � control, 2 � Ab α7 15 mg/ml (Fig.a), Ab α7 30 mg/ml (Fig.b), 3 � +Ab α3 30 mg/ml,
4 � +Ab α4 40,5 mg/ml, 5 � +Ab α5 30 mg/ml, 6 � wash
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inferior mesenteric ganglia of the guinea-pig,
α3α5-containing nAChRs were solely respon-
sible for the synaptic transmission [10]. These
data are in accord with our present results,
which, therefore, suggest that ICG neurons
also express α3α5-containing nAChRs.
However, α5-subunits alone were found in
more neurons than α3- ones (77% compared
to 56%) suggesting that they might be included
in the structure of other, non-α3α5 nAChRs.

α7-subunit-containing nAChRs are the
second most abundant nAChR subtype found
in both central and autonomic nervous sys-
tem [9, 14, 17]. This is in good agreement with
our data showing that about 77% of ICG
neurons examined were sensitive to α7-spe-
cific Ab. According to our data, α7-contain-
ing receptors could be found on the same
neurons as α3 (or α3α5)-containing ones; the
same was shown previously for superior cer-
vical ganglia [16, 18]. About a half of α7-con-
taining neurons (33% compared to 77%) had
also α5-subunit; therefore, α5-subunit could
be included within heteromeric α7α5 nAChRs.

The presence of α4-containing nAChRs,
which are abundant in the brain, was ques-
tionable in autonomic ganglia [4, 7, 10, 16].
But it was found in ICG [14]. Here we show
that more than 50% of all neurons examined
were sensitive to α4-specific Ab. This sub-
unit was present in more than a half (33%
compared to 56%) of α3-containing neurons
and α7-containing neurons (41% compared to
77%). In contrast,  the combination of
α4+α5+α7 subunits was found in 17% of cells
only (Tables 1, 2). These data allow suggest-
ing that α4-containing nAChRs comprise a
separate receptor subtype found in about a
half of neurons bearing either α3(α5)- or α7-
containing receptor subtypes.

Taken together, our data suggest that the
neurons of the ICG of the rat express several
nAChR subtypes containing the following
combinations of a-subunits: α3α5; α7;
α7(α5) and α4. This is in agreement with
numerous literature data showing that a single

neuron can express more than one receptor
subtype (reviewed in [17]). The neurons stud-
ied were very heterogeneous as to the
combinations of subunits expressed that is
also in accord with our previous data on su-
perior cervical ganglia neurons [16, 18]. How-
ever, the distribution of nAChR α-subunits in
the neurons of intracardiac ganglia differed
from that observed in the other ganglia stud-
ied with the same set of the Abs. The most
pronounced difference was in the relatively
high number of α4-positive neurons in ICG
compared to rat superior cervical ganglia [16,
18], guinea-pig submucose [7] and solar plex-
uses (Voitenko, unpublished), inferior mesen-
teric ganglia [10] and mouse superior mesen-
teric ganglia (Voitenko, unpublished). The
physiological significance of this difference
is not clear, but it is probably due to the spe-
cial functional properties of intracardiac gan-
glia. Cardiac parasympathetic nerves may act
selectively at discrete cardiac sites possibly
explaining the high heterogeneity of the ICG
neurons as to their nAChR composition [13].

In conclusion, the studies presented here
show that rat intracardiac ganglia neurons
bear α3α5; α7; α7(α5) and α4-containing
nAChRs. Each nAChR subtype is present
only in a part of the neurons; the neurons are
heterogeneous as to the nAChR subtypes ex-
pressed that possibly indicates their functional
differences.
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FUNCTIONAL  NICOTINIC  ACETYLCHOLINE
RECEPTORS  IN  THE  NEURONS  OF  RAT
INTRACARDIAC  GANGLIA

The alpha subunit composition of nicotinic acetylcholine
receptors (nAChRs) expressed in the neurons of intracardiac
ganglia of the rat was investigated using monoclonal and
polyclonal antibodies against α3, α4, α5 and α7 nAChR sub-
units. The acetylcholine-induced membrane potentials in the
neurons of the subepicardial  plexus isolated from the left
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atrium of the heart were studied by intracellular recording
performed in the presence of subunit-specific nAChR-block-
ing antibodies applied either separately or in various
combinations. It was found that intracardiac ganglia neurons
express α3α5; α7; α7(α5) and α4-containing nAChRs. The
neurons were heterogeneous as to the nAChR subtypes ex-
pressed that possibly indicated their functional differences.
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